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Abstract

The supply chain of perishable products, as fraiitd vegetables is affected by environmental abfnees
harvest to the final destination which are respgaasthe uncontrolled deterioration of food. In arde
reduce such phenomena the supply chain member&dstmnirol and monitor the conditions of goods in
order to ensure their quality for consumers andamply with all legal requirements (Garcia RuizQ8}

The most important factor influencing the food dfyak the temperature able to prolonging the slifelfof

the products. Since the temperature can inhibipromote the maturation and deterioration procdss, t
parameter is involved both in the growing procelsBuits and vegetables and in the transport andage
stages. Given this the aim of the present thedis §how that the monitoring of such parameterrduthe

pre and post harvest stages allows to improve duisibn making process. In the context of tempegatu
monitoring the introduction of emerging informatitechnologies such as the Wireless Sensors Networks
and the Radio Frequency Identification can now g®veal-time status knowing of product managecde Th
real time monitoring can be of great help in thénitgon of the actual maturation level of produdtsth in

the field and during the cold chain. The suitapitif such an approach is evaluated by means ofstadees.
The first case study concerns the monitoring opgsagrowth directly in the vineyard. The suitapilif
Wireless Sensors Networks in the monitoring of ginapes growth process is evaluated in terms of the
possibility to determine the date of starting odieg of phenological phases. This information aloie
make faster decisions about the vineyard operatidrish must be performed during the grape growtth an
finally allows to predict the maturation date irder to optimize the harvest operations. In the oase
study the possibility to apply the Radio Frequetasntification technology to the monitoring of tfresh
fruits along the cold chain has been faced andtiadity of the products at any stage of the supplin has
been determined through a mathematical model. Hosving of the current quality level allows to make
decisions about the destination of products. Is tidse those products having a shorter shelf dife e
distributed to a local market while those with lenghelf life can be distributed to more distamiakon. In

the next case study the information about the otirdeterioration state of perishable products heenb
translated into a warehouse management systemdar ¢o determine the operational parameters able to
optimize the quality of products stored. Even iis ttase the goal of the study was to provide asdeci
making tool for the proper management of the pabtd products stored. However besides the advatage
achievable by the real time evaluation of environtak conditions the costs involved with the
implementation of innovative technologies must le¢etmined in order to establish the suitabilitytioé
investment in such innovative technologies. Thesgmé thesis also faces this question by determitiing
optimal number of devices to apply to the stockpkeg unit in order to minimize the total cost asated to

the transferring batch from the producer to thérithistor. In this case the methodology employethé of a
mathematical model including all costs associatethé product management. Finally the study coretlict
through the present thesis shows that in all ofctees treated the use of the innovative techresaglows

to support the decision making process in the pik @ost harvest phases thus improving the perishabl
management.
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INTRODUCTION

Problem Statement

Perishable goods such as fruits, fresh cut prodowgt, and dairy products represent an important
percentage of the grocery turnover. In the US faneple they account for over 50 percent of the $400
billion annual turnover of the US retail grocergirstry. The management of such products is a driask

for the entire supply chain. In fact improper stwatransport, and handling conditions often regult
unsellable products and lead to out-of-stock sibnat The impact of inefficient management of gealdes
also becomes apparent on a broader economic salistance, llic and al. (2008) report that lilliom

tons or 10 percent of the total industrial and cargial waste in the UK are caused by perishablel foo
products. Such losses not only represent an indlstost, but they also constitute an ethical and
environmental concern which severely influencesstigtainability of agro-industrial supply chaingcnt
studies (Broekmeulen and Van Donselaar, (200®8pent that perishables stand for almost one tHirthe
sales of the supermarket industry and approximdtelgercent of the perishables are lost due tdagpmiln

this context the need is perceived to develop supphin models able to optimize the management of
perishables. Such task involves the important ehbetween supply chain efficiency and responsivgenes
Generally speaking this decision must be takerherbasis of the product and market characteridtidact
there are products whose quality with time candresiered fixed and others which lose quality vtitie.
With regard to the latter category, a further disfion must be done between models that deal with
degradation of product quality and value over ti@encerning this topic a number of frameworks haeen
proposed for supply chain design. Fisher (1997p@sed a taxonomy for supply chains based on theeat
of the demand for the product. He distinguishedvben functional products (stable, predictable deman
long life cycle, slow “clockspeed”) and innovatiygroducts (volatile demand, short life cycle, fast
“clockspeed”). The first require that the supplhaichbe designed for cost efficiency, while thedathat the
supply chain be designed to be fast and resporisater on Blackburn et al. (2004) find that, foturmed
products that lose value rapidly over time, thepbpghain should be responsive in the early stages
efficient in later stages. These studies suggestsinpply chain strategies based on a simple chigiteeen
efficiency and responsiveness can be inapproprib the product undergoes substantial differaatiair
change in value as it moves through the chain.hEurtore research on the perishability of fresh pced
indicates that the loss in product value and quaditat its highest rate immediately post-produtt{at
harvest), and the rate of loss in value declindg8 tire produce finally “spoils” (Hardenburg et #1986),
Appleman and Arthur (1919)). Given this Blackbundal. (2008) showed that this is the case forspafile
produce: the value of the product changes sigmifigaand the appropriate supply chain structueugthbe
responsive in the early stages and efficient inlaéer stages. This condition allows to reduceldss of
quality during the early stage of the supply ch@noduction) and to optimize the management costs
(transportation, stock, disposal and deterioratiosts) during the other stages. As results cleatithited
lifetime and the deteriorating quality of perishalgioods over time contribute greatly to the complexf
their management. The reaching of a tradeoff batwesponsiveness and efficiency in the supply chain
mainly depends on the possibility to timely knove ttuality level of products both along the matwrati
stage and within the cold chain. This informatidioves to properly select the products on the basisheir
remaining quality. The major challenge in this et however, arises from the dependency of the
remaining lifetime and quality on environmentaltéas such as temperature, relative humidity, amalshin
most supply chain operations, these factors afiewifto control. Even if the products are distribd being
stored at proper environmental conditions somerenmental abuses can occur that often lead to tguali
drops. In addition, two other conditions must bketainto account consisting in the variability diet
maturation level of products due to decisions abfmuvest scheduling and the harvest phases wheh ar
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performed outdoor under uncontrolled environmeataiditions. These two conditions affect the prodyct
giving an intrinsic variability in the initial quig&y of products entering the cold chain. Consedyemven
products which have been harvested at the sameriayearrive at the consumer with different quality
levels. The quality decreasing are often diffi¢alassess by using the sensorial analysis. Pdbtephianges
in color and consistency mostly become apparent duting the later stages of a product's life (mestly
on the sales floor), and therefore human-sensedbasaminations are hardly able to aid decision n@ki
with respect to the future distribution of produdtee llic and al. (2008)). Furthermore it mustbasidered
that the temperature is the factor which most grilting the product quality since it can promoteénbibit
intrinsic properties of products like the pH, thear content, etc., which are indicative of theedetation
state, and the traditional sensorial analysis arteable to detect these intrinsic properties. Agesult,
inherent supply chain problems are often not rezeghwhen they occur, deficient shipments are @irth
processed as planned even if the product will lndtdpefore reaching the end customer, and productihe
sales floor cannot be arranged in an optimal walk véspect to their remaining shelf life. While theman
senses have only a limited capability to assessnthiasic product properties, modern sensor tetdgies
such as the Wireless Sensor Networks and the Radiquency ldentification can help to provide the
required information. Tracking environmental partene such as temperature for individual logistictsun
allows problems in the supply chain to be spotted the actual quality levels of individual produtisbe
more precisely predicted (Sahin and al. 2007)phMvhich aids the decision making with respecttie t
future distribution of products. Naturally the irapientation of innovative technologies involve some
infrastructural costs. The economic impact of thesnologies must be taken into account when dtuely
ability to improve the supply chain management.

Scope of the thesis

In this work the attention is focused on the stoflthe application of innovative technologies te Supply
chain of perishable products in order to show thetribution of these technologies in realizing theal
aspect of responsiveness/efficiency of the supgigirc This goal is achieved by monitoring the
environmental conditions of products both during thaturation process in the field (preharvest p)aesed
along the supply chain (postharvest phases). Wigland the preharvest phases the monitoring allows t
optimize the scheduling of operations which muspbgormed in the field as fertilization and prumias
well as the harvest operations. The precise scimgdubf operations contributes to improve the
responsiveness of the supply chain by allowingféisé response to market requirements. With regatte
postharvest phases the attention is focused fiostlthe entire supply chain by showing that the itooimg

of environmental conditions can be translated theocurrent quality level thus optimizing the eifficcy of
the supply chain by choosing the proper destinatfgeroducts on the basis of their quality leveftefwards
the focus is paid on the warehouse managementnsysteshowing that the efficiency in terms of supply
chain costs can be achieved by accurately chodbmgperational parameters consisting in the optima
batch size and the picking policy for products oirig the warehouse. Even in this case the mongosin
current quality level of products stored contrilsute optimize the costs involved by allowing the
picking policies based on the current quality lev®hce showed the contribute that the innovative
technologies can bring in the achievement of tispaasiveness/efficiency of the supply chain therditbn

is focused on the affordability of the investmentrinovative technologies. To this respect the $aswone

on the determination of the optimal number of desito apply to the stock keeping units in order to
minimize the total cost function involved with theansfer of the products from the producer to the
distributor. The scope of the present thesis idaeelop models and methodologies to support thelgup
chain members and their decisions in order to ptppeanage the perishable goods along the stagdwof
supply chain thus improving the responsivenesshefdhain in the early stages and its efficiencyhm
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others. The models proposed will be implementethbgn of innovative technologies, in order to shiogirt
contribution in the supply chain decision making.

Structure of the thesis

The present thesis is organized as follows:

» Section 1 deals with the use of innovative techgie® for the monitoring of ripening process of
grapes. This section is divided in four chaptersfirat a brief introduction about the expert sysse
has be made (Chapter 1), thus the monitoring gdeggrowth is faced on the basis of the traditional
methodologies and of new methodologies based omlimatic detection (Chapter 2). Afterwards
the Wireless Sensors Network technology is presdeiteorder to explain the potential of such
technology in the vineyard management (Chapten8)fimally a case study is presented in which a
model for an expert system capable to predict the sr the end of each phenological phase is
proposed.

» Section 2 deals with the monitoring of environmémianditions of perishable products along the
supply chain with the aim to determine the remargnality of products at each stage of the chain.
The section is divided in three chapters. At fist introduction about the relation between the
product quality and the environmental conditionslasie and a methodology for the assessment of
the quality level of products by starting from thavironmental conditions is taken into
consideration (Chapter 1), thus the Radio Frequdtentification technology is presented in order
to explain the tool employed to perform the momitgr(Chapter 2) and finally the case study is
presented (Chapter 3).

» Section 3 deals with the decision making procesthéinventory management. This section is
divided in three chapters. The first argument &éais about the perishable inventory theory
(Chapter 1), thus the design of simulation expemnit®ids presented in order to illustrate the tool
employed to perform the warehouse management systeahysis and finally a warehouse
management system is proposed through an expeahandlysis (Chapter 3).

» Section 4 deals with the affordability of the intreent in innovative technologies and it is divided
two chapters. The first argument treated is abbatitinovative techniques able to predict the
remaining quality of products by starting from tenditions characterizing the environment around
the product itself and a methodology using the Ra@iequency ldentification technology is
presented (Chapter 1). On the basis of this metbggda mathematical model is presented and the
optimal batch size as well as the optimal numbedenfices to apply to the stock keeping units is
determined (Chapter 2).
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SECTION 1: INNOVATIVE TECHNOLOGIES FOR THE MONITORING OF
RIPENING PROCESS
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INTRODUCTION

The monitoring of ripening process is a topic esteely faced by viticulturist due to the importarafesuch
process in determining the quality of wine. In fdet knowledge of the maturation level allows ttirjze
the scheduling of vineyard operations to be perfsfrduring the growth process (as the fertilizateord
other operations aiming at avoid pest and diseas®&) the harvest operations. However the assessofient
the correct ripeness depends on the intended udbdayrapes and it is influenced by the varietiticated

in the growing region. In such context even theroom maturity parameters based on chemical compositi
of grapes as sugar, acid and pH depend from theetyarconsidered. Generally speaking they are
determined by genetic makeup of the variety anldented by environmental conditions and growing
practices. Since environmental parameters play addimental role on grape maturation, several
researchers have faced the problem of determirhiegriaturation level of grapes starting by the numnig

of pedoclimatic conditions. They have establisheelation between the temperature perceived andchédat
stored by plants which can be used to determinenthturation level as a function of temperature.sThi
relation can be expressed through some indexes rkrasvpedoclimatic indexes. Traditionally they are
employed to determine the territorial vocationhe tultivation of a specific variety of wine. Iististudy the
attention is focused on the application of pedoatimindexes to the determination of the maturaterel of
grapes. In this context the monitoring of environtakparameters is of fundamental importance. Umdilv
this task has been accomplished by using weath8oss aerial or satellite systems. However thgstesns
are not able to monitor the microclimate in theeyard where due to the disposition of grapes, ¢énein
slope, the light exposure of terrain and the hutyidthe temperature perceived by grapes can be
significantly different to respect the air temperat Today the monitoring of the microclimate coiodss in
the vineyard is made possible by innovative teadgiets as Wireless Sensor Networks (WSN), compgsed b
pervasive sensors able to detect environmentalrpatars around the plant during the ripening procdsse
present section aims at presenting an expert sysssmmd upon the monitoring of environmental paranset
in the vineyard by means of a WSN. The core ofxpert system proposed consists on the applicafi@n
growth model based on pedoclimatic indexes to tedigtion of the start or the end of phenologichhpes

of grapes by using a knowledge base which make®fueesholds. By starting from the pedoclimatics
index value the inference engine of the experesygrroposed forecasts future value of such indardans

of statistical models. The possibility of realiziagsuch system will allow to reduce the need opgra
sampling and increase the precision of vineyardrafpens because of fact that the prediction of starend

of each phase allows to optimize those activitidsclv must be performed at the transition from a
phenological phase to another. The section is omghas follows: Chapter 1 deals with a brief ahstr
about expert systems. Chapter 2 is spent for thstiftion of pedoclimatics indexes. Chapter 3 egsoa
qualitative description of WSN and their main apalions fields. Finally the model of the experttaysis
exposed through a case study presented in Chapter 4
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CHAPTER 1

1.1. Expert Systems

Expert Systems (ES) are interactive computer-bdsetsion tools that use both facts and heuristicsotve
difficult decision making problems, based on knalgie acquired from an expert. They are designed to
simulate the problem-solving behavior of an exped narrow domain or discipline . ESs are useskweral
fields to perform many services which previouslguieed human expertise. An ES reasons with judgatent
knowledge as well as with formal knowledge of elishled theories, it is transparent i.e., it progide
explanations of its line of reasoning and answergueries about its knowledge, and flexible i.e., i
integrates new knowledge incrementally into itsseé®g store of knowledge. ESs have a humber of imajo
system components and interface with individuals viliteract with the system in various roles. Such
components are illustrated in Figure 1. As you s from this figure an ES is composed by:

- Knowledge base

- Working storage

— Inference engine

— User interface

— Individuals who interact whit the system.

User
Domain
Expert
Expertise
System
Engineer
Knowledge Inference \
Engineer Engine
Encoded
Expertise Knowledge Working
Base Storage

Figure 1. Components of an Expert System

The operating principle of an ES consists of aadjaé conducted by the user interface between greans!
the system. The user provides information aboufptiodblem to be solved and the system then attetopts
provide insights derived (or inferred) from the Wwledge base. These insights are provided by tleeente
engine after examining the knowledge base.
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Theknowledge baseconsists of some encoding of the domain of exgeftr the system. This can be in the
form of semantic nets, frames, or production ruBsmantic nets represent the knowledge in terrobjetts

and relationships between objects. Objects aretddras nodes of a graph. The relationship betwbptts

are denoted as a link between the correspondinghtdes. The most common form of semantic nets uses
links between nodes to represent IS-A and HAS ioglahips between objects. Frames represent the
knowledge by decomposing it into modular piecesedaframes, which are generalized record structures
Knowledge consists of concepts, relationships betweaoncepts, and procedures to handle relationsisips
well as attribute values. In frame representatianheconcept may be represented as a separate frame.
Attributes, relationships between objects and pfooes are allotted to slots in a frame. The conceptslot

may be any data type — numbers, strings, functimnmocedures and so on. Frames may be linkedh&r ot
frames, providing the same kind of inheritance lzet fprovided by a semantic network. A frame-base
representation is ideally suited for object-orientgrogramming techniques. Production rules occur in
sequences and are expressions of the form:

if < conditions > then < actions >

where if the conditions are true then actions axexeted. Conditions are expressions involving laitgs
and the logical connectivand Several examples are:

temperature > 110
distance < velocity*(timel - time2)
cost > budget and demand = low

Attributes are of course like programming languagdables and have types which must be numerical or
string. (A string type variable can possess a vidom a set of strings, for example: {true, falsa}{red,
yellow, green}.). An action list consists of taskkich must be executed when the conditions arsfisti(

e.g. a “print” command).

The inference engineis a generic control mechanism for navigating uigfo and manipulating knowledge
and deduce results in an organized manner. Theeimde engine’s control mechanism applies the kndyde
present in the knowledge base to the task spetdfia to arrive at some conclusion. In the casesefaf
production rules the inference engine operates<aynening rules and actions are executed if thermétion
supplied by the user satisfies the conditions ia thles. The most common techniques for drawing
inferences from the knowledge base are the Foralaathing , the Backward chaining and the Tree $earc
Forward chaining is a top-down method which taleds as they become available and attempts to draw
conclusions (from satisfied conditions in rules)iethlead to actions being executed. Backward chgiig

the reverse. It is a bottom-up procedure whichtstesth goals (or actions) and queries the usewu@bo
information which may satisfy the conditions conga in the rules. It is a verification process eatthan an
exploration process. Tree search represents thall&dge as a branching network or tree. Many tree
searching algorithms exists but two basic approaehe depth-first search and breadth-first search.
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1.2. Expert Systems in agriculture

Agricultural production has evolved into a complasiness requiring the accumulation and integration
knowledge and information from many diverse sourdesorder to organize these information into the
knowledge and facilitate the decision making, exmyistems were identified as a powerful tool with
extensive potential in agriculture. Expert systérage been in fact developed for many kinds of apfibns

in agriculture (Carrascal and Pau, (1992)), and ithportance of climatic conditions in scheduling
harvesting (see for example Machado et al, (20849)) soil management operations such as weed control
herbicide selection and pest control and irrigat®onowadays well recognized (e.g. Castro-Tendatba
(1995), and Murali et al., (1999)).

Main application fields in agricultural are:

1. Diagnosis of disease

2. Assessment of the climate, water and soil propertie
3. Scheduling of maintenance operations in the field
Fertilization

Irrigation

Pest control

Pruning

4. Control of environmental growth factors

ESs for each of these application are listed erdiure. For more detail about e ESs in agriculsee for
example Rafea and Prasad (2006). In all thesecapipin fields ESs help to make a decision aboubrsto
be realized in order to optimize operations infthlgl.

The aim of the present study is to propose a mimden ES which allows to monitor the ripening ss of
grape berries in the vineyard by starting from thenitoring of environmental factors affecting grape
growth. The ES will make use of a growth model dase pedoclimatic indexes which will be illustratied
the next Chapter 2. This will allow to predict ttigte of starting or ending of each phenologicalsphius
helping farmers to properly schedule interventibath during ripening process and at the harves.tifhe
model of the ES proposed will be illustrated in Qtlea 4.
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CHAPTER 2

2.1. Introduction

In the previous Chapter the main characteristicE®$ have been briefly illustrated. The main casiolu
has been that ESs are useful tools in agricultapglications. Furthermore it has been underlined th
climatic information can be comprised in the knadge base of an ES in order to properly schedule
agricultural operations. In this study the applmaiof ES to the monitoring of grape ripeness &spnted. In
order to achieve this goal the ES proposed make®ipedoclimatic indexes able to predict the siathe
end of phenological phases. In this Chapter enwikntal factors affecting grape ripeness are ilstt and
pedoclimatic indexes are presented to explain tpetential in determining the start or the end of
phenological phases.

2.2. Grape ripeness assessment

The production of high quality wines requires psecand accurate operations both in the vineyardratia
vinery. In order to achieve high quality productiagnis crucial that viticulture operations and Vesting
activities occur at the correct phenologic matoratievel. In particular the scheduling of the hatirey
operations has a fundamental role, as in fact gripa are harvested before the optimal maturitglleesult

in the production of green, acidic wines while ldtarvesting generally results in unbalanced fruit
composition. The decision processes concerningyaiteoperations are mostly subjective and invohes t
interaction between the enologist and the vineyaathager, which have different priorities and olyjest.
The enologist is mostly concerned about wine qualitile the vineyard manager considers more sijgecif
agricultural variables, including operational coshais originating the well known tradeoff betwegrality
wine and grapes yield. The vineyard managemensidecprocesses hence involves different stakehslder
with different objectives, multi criteria decisianaking methods (MDM) should therefore be applied to
determine the best compromise decisions.

Generally speaking the vineyard operations canrbadbed into two main areas: viticulture maintemanc
and harvesting. Viticulture maintenance concerhthal operations related to fertilization irrigatipest and
disease control, pruning level and soil managenvemie harvest operations involve sampling, momfgy
ripeness assessment and all other activities mdjus establish the harvesting time and to schetthde
harvest operations. In both contexts, the assessofiggrape maturity level is a primary informatidor
winemakers and enologists. The date when optim#élinibhais reached or when a new phenologic phase is
entered, varies depending upon the quality of wihe, varietal typology of the vines, the site cliiba
conditions, the seasonal specific factors and tieuiture practices. A general classification bételements
which influence vineyard operations is represeiméte following Table 1.

Soil Management | Climate Cultural practice

Radiation Vine density
Temperature| Section and rootstock variety

Depth

Humidity Fertilization
Texture . L
Phitosanization Windspeed | Irrigation

Rainfall Pest & Disease control

Evaporation | Pruning Level
Table 1. Elements which influence viticultural maint@mance decisions and operations
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Due to the complexity of the decision processe®lired in vineyard management, viticulturists have
developed an assessment method based upon thdisbstaint of a set of indicators to be evaluated
experimentally by periodically sampling the vinaya®ince ripe wine grapes are very perishable aaadt
their best for just a few days, the decision althatharvesting time is such an important decisha most
winemakers and grape growers start sampling grapesral weeks before the harvest time and continue
sampling with increasing frequency as harvest amgroaches. The maturation process is then moditore
the basis of growth models and corresponding m@bmrecurves reporting flavor aroma constituents,
phenolics, color compounds, sugar content, pH atad acidity of the samples. The decision abouéeyard
management operations and harvesting time are hambertaken when in the ripening process a correct
balance among such indices is achieved, considehiegtypology of wine to be produced. The values
generally considered for the harvesting decisioméAne et al. (1980)), for example, are given ia th
following Table 2, while Figure 2 shows an examglienaturation curves.

Kind of wine Solublg solids .T.otal oH
(Brix) Acidity (g/l)
Sparkling wine 18.0-20.0 7.0-9.0 2.8-32
White wine 19.5-23.0 7.0-8.0 3.0-33
Red wine 20.5-23.5 6.5-75 3.2-34
Sweet Wine 22.0-25 6.5-8.0 3.2-34
Dessert Wine 23.0-26 50-7.5 3.3-3}7

Table 2. Parameters for harvesting decision for diffrent wines

Berry size

Relative sioe or conceniration

Anthocyanin

I >
Start Sprouting Veraison Ripening

Figure 2. Maturation curves

Recent efforts for reducing the vineyard sampliogtg and improving management strategies havettead
the establishment of precision farming techniquesed on the correlation of the climatic conditiorthie
growth of the vine grapes, thus relying on envirental data to support the vineyard operations. &ffext
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of climatic conditions on the ripening process haen studied by several researches (Jones and Davis
(2000), Laszlé et al. ( 2009)) although the remgltgrowth models are mainly employed to assess the
compatibility of a certain area with a certain esyirather than supporting the vineyard decisiacesses.
Environmental conditions that essentially affechpg ripeness are temperature, solar irradiatidative
humidity, and rainfall. Table 3 summarize the dffgfcsuch parameters on grapes development.

Effect on Period of Importance of
Parameter . . Damage caused .
ripeness action detection
can anticipate From Below 10 °C or
P . above 35°C | Prediction of maturation
Temperature | or delay each| Flowering to
L development of of grapes
stage ripening
plant stops
Especiall rapes may have - .
Solar affects sugar P . y |gdrep y Possibility to establish
- . during a sugar content .
Irradiation accumulation o . optimal level of sugar
ripening not ideal
. Especiall Development of
. contributes to P . y . .p
Relative - during infections and L
. germination of . . Allows to establish risk
Humidity .| flowering and | diseases that tg . .
some fungi . . of disease and realize
veraison kill the plant . . .
actions of infections
allows the Especial Allows the revention
Rainfall development durirl? S ri)rll development of P
of molds g spring molds

Table 3. The parameters mainly influencing the grapeipeness

In particular the temperature plays a fundamerdbd for grape maturation, since it influences btith
chemical composition of grapes by inhibiting ormpaiing sugar accumulation and sensorial aspediseas
aroma and the coloration (Tonietto and Carbonn2@04) ). The importance of monitoring such paramete
is due to the fact that it triggers the start oérgvphenological phase of ripening process. Sprgufibr
example generally starts when daily temperaturehesmthe minimum temperature that ensures the eegov
of vegetation (between 8 to 13 °C). Flowering haysp@- 8 weeks after sprouting and generally stainisn
temperatures reach 16 — 20°C. Veraison happens tgmperatures reach 22°C and involves the sugar
accumulation and acidity reduction processes akasedccumulation and processing of many other glleen
substances (see Figure 3). As the berries apptfodlcmaturity, berry size reaches a maximum andasug
accumulation slows (see Hellman (2004)). This pmagaires temperatures between 18 and 24°C.
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Buds unfold Flowers sprout Flowers turn into Fruits grow in size Berries end growth
(8°C - 13°C) (16°C - 20°C) fruits (20°C- 22°C) and are colored (~18°C - 24°C)
(~22°C)

Figure 3. The phenological phases of the ripening pcess

2.3. Grape growth models: Pedoclimatic indexes

According to aforementioned considerations, gromihdels have been developed taking into account the
relation between the temperature and the ripenmeggss. In such context hence, grapes ripenesbean
related to the heat that the plant has stored allpitto move from one phenological phase to teetnHeat
needed to reach one phenological phase is comnexplsessed through the heat quantity that a plamt ca
store depending on daily temperatures, which defiee'Sum of Active Temperatures”(STA), expressed i
“degree day”(DD). STA allows to express phenololjicgcle length or single phase length in terms of
thermal units according to the following equati@u¢héne and al. (2005)):

STA = Z?ﬂw — cardinale min (1)
where Tyax and T, are the maximum and the minimum of daily tempeestuif Tyax is more than 35°C,
Twmax IS posed equal to this valu€ardinale min is the “zero vegetative”, i.e. sprouting tengiare. The
cardinalemin value must be determined each in turn becdwepiends on the climate of the area and by the
type of cultivation considered. It has been vedifithat the “zero vegetative” can move from 6.9°C
(Typically in Valle d’Aosta) to 16.5°C (TypicallyniArgentina). As an alternative the zero vegetatie be

set equal to 10 °C (Branas and al. (1946)). Onbhgis of this growth model some researchers have
proposed numerical index such as the Winkler IneR (see Winkler and al. (1962) and Winkler (1948)
the Huglin Index (see Huglin (1986) and Huglin (38 and the Fregoni Index (see fregoni and al0220.

WI is known also as “thermal sum”, because it isuated as sum of all average daily temperatufgsy)

that there are from sprouting to ripeness and lsarifeat is supposed to be on October. Becauseimbst

of cases it is acceptable that the minimum tempezadt which grape develops is 10°C, this valuetrbas
subtracted from the sum of daily temperatures. &gresents the concept that “more heat more rip&ness
and it is calculated by means of the following doura( found in Orlandini et al. (2005) ):

Wi = 334" (Tieq — 10) )

where negative values of {J+10) should be set to zero.

Because WI does not consider days with averageeianpes less than 10°C, the Huglin index has been
proposed which also includes the maximum daily emajre (Ti.x) and takes into account the different
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length of day between areas that are to differatitutle by means of a coefficielt which increases with
latitude (see Orlandini and al. (2005) ).

HI = Zi?ﬁ‘) (TMed_lo)';(TMax_lo) K (3)

Winkler and Huglin indexes applied to each pheniclphase allow to determine when a phase happehs an
then when grapes move from one phase to the naxll\ Fregoni index allows to evaluate grape vine
quality, when the following conditions are satigfighe daily temperature range is high, in the ment
preceding the ripeness grapes have to reach STWewalllowing the start of ripeness and in the month
preceding the harvest temperatures are cool.

FI = ZiO(TMax = Tnin) * Nh(T<10°)v (4)
whereNhr<107is the number of daily hours with temperature tess0° in the thirty days previous harvest.

Finally, since when temperature is more than 354bg development partially stops it is more realist
consider this value as upper bound for the tempexatAccordingly to this it is possible to define a
Standardized Winkler Index that reset to zero teatpees over 35°C. WI can be formulated as follawin

3600 4392 .
553392*21 Ty ®)

NWI =

where T are the average hourly temperatures in the 438shoetween 1/4 and 30/9. For a more detailed
discussion about pedoclimatic indexes see EynaddDaimasso (1990) . The establishment of referenced
growth models based upon the aforementioned indidiesvs to determine the phenologic maturation
process by means of suitable thresholds. In p#atichresholds calculated with Winkler and Huglinléxes

for the ripening process for different cultivar iedies and wine products are given in the followiraples 4
and 5.

Winkler Index Red White
at ripening stage

Chardonnay, Riesling, Traminer

1,200 - 1,400 Gamay, Pinot Nero )
Aromatico

Cabernet Franc, Cabernet Sauvignan,
Gamay, Albana, Chardonnay, Riesling, Pino
Grignolino, Malbech, Merlot, Pinot | Bianco, Sauvignon, Trebbiano Tosca
Nero,Ciliegiolo

—

1,400 - 1,600

Albana, Montuni, Pignoletto,

Pinot Bianco, Riesling Italico,

Sauvignon, Trebbiano Toscano,
Trebbiano Romagnolo

Cabernet Sauvignon, Grignolino,
1,600 — 1,800 Lambrusco Grasparossa, Malbech|
Refosco, Ruby Cabernet, Sangiovese

Y2}

Aleatico, Barbera, Nebbiolo,

Lambrusco di Sorbara, Lambruscq
Salamino, Refosco,

Ruby Cabernet, Sangiovese

Table 4. The Winkler Index for different varieties

Malvasia Bianca, Montuni, Moscato
Bianco, Pignoletto Trebbiano
Romagnolo

1,800 — 2,000
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Huglin Index

. . Black White
at ripening stage

Chardonnay, Pinot bianco,
Pinot Grigio, Riesling, Sauvignon,
Sylvaner

Cabernet franc, Gamay, Pinot Nerd,

1,600 - 1,800 Ciliegiolo

Cabernet Sauvignon, Lambrusco

1,900 - 2,100 Grasparossa, Merlot, Sangiovese,
Ciliegiolo

Carignano, Lambrusco Salamino,

2,200 - 2,400 Lambrusco Sorbara, Sangiovese,
Nebbiolo

Table 5. The Huglin Index for different varieties

Albana, Chenin Blanc, Pignoletto,
Riesling, Semillon, Trebbiano Toscano

Montuni, Pignoletto, Trebbiano
Romagnolo

According to the above considerations, heat sunomdiased growth models in conjunction with maturity
thresholds allow to approximately forecast the ropti dates for viticulture operations. Such ripening
assessment procedure however is uncertain and pooeerors, as in fact degree-day models involve
significant approximations. In particular, a masusce of error is that the degree-day model usi@sear
equation to model a nonlinear phenomenon (temperdeependent growth and development).

Another source of error which compromises the ghdf pedoclimatic indexes to precisely determihe t
start or the end of each phenological phase afises the quality of data detected. In fact tempened
which characterize the microclimate in the vineyead be very different from air temperatures; ferthore
due to the slope of the terrain, the light expostine relative proximity of plants and the humidity
temperatures can vary a lot from a zone of theyareeto another. Thus in order to optimize the iy aif
data detected it is required to precisely meadwe=tivironmental data in the vineyard. In such eseasent
ubiquitous computing technologies may represergféactive solution which easily integrates with sig
decision processes, providing extremely detailed agliable information about environmental data.
Pervasive computing technologies such as sensworiesystems give new capabilities for sensing and
gathering environmental data and offer new digitacessing opportunities. Innovative infrastrucsusased
on Wireless Sensor Networks (WSN) are a real-tipegyasive, non intrusive, low-cost, and highly i
data analysis technologies that can ensure highracyg in detecting micro climatic conditions on the
ground. Recently, WSNs have been employed in tleeifsp area of farming monitoring and precision
agriculture (Wang et al. (2006)). Additionally, tbapability of a WSN to collect a large amount afadcan

be effectively exploited in the context of expgrstems and decision tools for farming and soil nganaent
(Zzhang (2004)), and few prototypal applications atgrently being developed in different sectors of
agriculture including vinery management (Kim anda&s (2009), Matese et al (2009) ). The WSN will be
treated in the following Chapter 3 in which the maharacteristics of such technology will be préséras
well as its main application fields.

The aim of the present study is to show that a tfrawodel based pedoclimatic indexes can be used to
realize an expert system able to predict the atatitor the end of each phenological phase by mgafitom
environmental factors detected by a WSN in ordesgtimize the vineyard management both in vitia@tu
operations and harvesting activities. This moddlilva presented through a case study in Chapter 4.

24



CHAPTER 3

3.1. Introduction

Chapter 2 dealt with pedoclimatic indexes and aitoegkplain their potential in determining the saation

of phenological phases. The conclusion of this trawas that the ability of pedoclimatic indexesinha
depends on the quality of data detected. In facersé conditions related to terrain slope, proxymuif
plants, light exposure, etc., determine the faat the microclimate in the vineyard can be veryed@nt
from the air temperature and temperatures can adot from a zone of the vineyard to another. lis th
context recent pervasive technologies as WSNs attovprecisely monitoring the microclimate on the
ground level. In the present Chapter this innoeatiechnology is presented in order to explain it8hm
characteristics and application fields.

3.2. Wireless Sensor Networks

A Wireless Sensor Network (WSN) is composed of rgdanumber of sensor nodes, which are densely
deployed either inside the phenomenon or very dose The WSN can have either a predetermined or
dynamic topology, i.e. the position of sensor naaesd not be necessarily engineered. This alloe/¥UBN
actually reflects the shape of the site of interEgjure 4 reports a typical WSN architecture inchht is
possible to distinguish the fundamental componehésWSN:

- Several sensor nodes

- A gateway or access points which enables commuoicéietween the central remote system and
field devices.

- A central remote system which is responsible fer generation, storage, and management of data
detected by sensors.

Central Remote System
Sensor Node

Figure 4. Wireless sensor network architecture
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Sensors nodes are autonomous; they are batteryrgdvaed they can run unsupervised. This capability
ensures that the measurements of interest cantbmatically detected. Another unique feature ofssen
networks is their cooperative effort. Sensor nag@amunicate to each other by sharing informatioorder

to accomplish various high level tasks. Sensor s@de capable. They are fitted with an on-boardgssor
which makes them able to memorizing, computing semking. Instead of sending the raw data to theshod
responsible for the fusion, sensor nodes use thmeicessing abilities to locally carry out simple
computations and transmit only the required andigllyr processed data. The data store function ressu
that measurements of interest will be made avail&in future processing. Sensor nodes must be deadhiin

in order to ensure the communication between therdact when a sensor node fails (because, for pigm
its battery is exhausted) the redundancy of the@srensures that exists an alternative routetalten the
remaining nodes. Moreover the redundancy capatlalltyws to carry out the interest measure diffusely
the environment. This is of fundamental importanden, for example, it must be detected environnhenta
parameters which can change from a zone to andtelly sensor nodes are programmable as they can
programmed in order to detect the interest phenomeith a desired frequency.

3.3. Characteristics of the WSN

In this paragraph the most important factors infltieg the design of a WSN are presented on thes lodisi
the publication of Akyildiz and al. (2002) . Thexea

3.1.1 Sensor network topology
3.1.2 Fault tolerance

3.1.3 Scalability

3.1.4 Production costs

3.1.5 Operating environment
3.1.6 Hardware constraints
3.1.7 Power consumption

3.3.1 Sensor network topology

As we have just said in a WSN the position of semsmles need not be necessarily pre-determined. Thi
ensures that the topology of the WSN actually otflehe shape of the site detected. However some
topologies having a predetermined configuratiorehaeen designed in order to simplify the effortdezkto

built a WSN. The most common topologies are:

3.3.1.1 Star Network topology (Single Point-to-Multipoint)

A star network (Figure 5.1) is a communication fogy where a single basestation can send and/eiveec

a message to a number of remote nodes. The reradts rcan only send or receive a message from the
single basestation, they are not permitted to seadsages to each other. The advantage of thisafype
network for wireless sensor networks is in its dioily and the ability to keep the remote node’svpo
consumption to a minimum. It also allows for lowelacy communications between the remote node and th
basestation. The disadvantage of such a netwattkaisthe basestation must be within radio transgonss
range of all the individual nodes and is not asusblas other networks due to its dependency onglesi
node to manage the network. Furthermore if thedtasen node fails the whole system is compromise.
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3.3.1.2 Mesh Network topology

A mesh network (Figure 5.2)lows for any node in the network to transmit by ather node in the network
that is within its radio transmission range. THiswas for what is known as multihop communicatiotigt
is, if a node wants to send a message to anotluer that is out of radio communications range, fit cge an
intermediate node to forward the message to thieedesode. This network topology has the advant#ge
redundancy and scalability. If an individual no@dd, a remote node still can communicate to amgrot
node in its range, which in turn, can forward thessage to the desired location. In addition, thgeaf the
network is not necessarily limited by the rangenaein single nodes, it can simply be extended byngdd
more nodes to the system. The disadvantage ofyipésof network is that the power consumption foe t
nodes that implement the multihop communicatiomsganerally higher than for the nodes that dorvieha
this capability, often limiting the battery life.déitionally, as the number of communication hopsato
destination increases, the time to deliver the agsalso increases, especially if low power opamati the
nodes is a requirement.

3.3.1.3 Hybrid Star — Mesh Network topology

A hybrid between the star and mesh network provides robust and versatile communications network,
while maintaining the ability to keep the wirelesmnsor nodes power consumption to a minimum. Ik thi
network topology, the lowest power sensor nodes)ateenabled with the ability to forward messagdss
allows for minimal power consumption to be mainéginHowever, other nodes on the network are enabled
with multihop capability, allowing them to forwardessages from the low power nodes to other nodes on
the network. Generally, the nodes with the multilsapability are higher power, and if possible, aiften
plugged into the electrical mains line. This is tlopology implemented by the up and coming mesh
networking standard known as ZigBee.

3.3.1.4 Peer to peer Network topology

Peer-to-Peer networks (Figure 5.3) allows each nodeommunicate directly with another node without
needing to go through a centralized communicatiob. Eeach peer device is able to function as both a
“client” and a “server” to the other nodes on tle¢work.

3.3.1.5 Tree Network topology

Tree networks (Figure 5.4)se a central hub called root node as the main aorniwation router. One level
down from the root node in the hierarchy is a @dritub. This lower level then forms a Star netwdrke
Tree network can be considered a hybrid of botittiae and Peer to Peer networking topologies.
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Figure 5. WSN topologies

3.3.2 Fault tolerance

Some sensor nodes may fail or be blocked due todapower, have physical damage or environmental
interference. The failure of sensor nodes shoutdaffect the overall task of the sensor networkisTis the
reliability or fault tolerance issue. Fault tolecanis the ability to sustain sensor network fundidies
without any interruption due to sensor node fasurEne reliability R(t) or fault tolerance of a sensor node
is modeled using the Poisson distribution to capthe probability of not having a failure withinethime
interval (O - t):

Ry (t) = exp (—4,(t) (6)
wherel, and t are the failure rate of sensor nk@ad the time period, respectively.

3.3.3 Scalability

The number of sensor nodes deployed in studyindiengmenon may be in the order of hundreds or
thousands. Depending on the application, the numiagrreach an extreme value of millions. The dgrddit
the sensor networks can be calculated as:

u(R) = (NmR?)/A ()
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where N is the number of scattered sensor nodesgion of area A; and R, the radio transmissiorgean
Basically, u(R)gives the number of nodes within the transmissiius of each node in region A. By
knowing the density.(R) it is possible to determine the number of sensarst be employed to ensure the
coverage of the region of interest.

3.3.4 Production costs

Since the sensor networks consist of a large nurabesensor nodes, the cost of a single node is very
important to justify the overall cost of the netkar If the cost of the network is more expensivanth
deploying traditional sensors, then the sensor ortvws not cost-justified. As a result, the costeafch
sensor node has to be kept low. The state-of-thteahnology allows a Bluetooth radio system tddss
than 10$. Also, the price of a PicoNode is targeétetde less than 1$. The cost of a sensor nodddsbeu
much less than 1$ in order for the sensor networket feasible. The cost of a Bluetooth radio, whgh
known to be a low-cost device, is even 10 timesenexpensive than the targeted price for a sensie.no
Note that a sensor node also has some additioital suth as sensing and processing units. In addliti
may be equipped with a location finding system, iimdy, or power generator depending on the
applications of the sensor networks. As a resilt,dost of a sensor node is a very challengingigdten
the amount of functionalities with a price of mdehs than a dollar.

3.3.5 Operating environment

Sensor nodes are densely deployed either very clod@ectly inside the phenomenon to be obsenfed.
regards to the application WSNs can be classifieal fwo main categories: monitoring and trackinge(s
Figure 6). Monitoring applications include indoarfdoor environmental monitoring (biocomplexity
mapping of the environment, flood detection, fofest detection, precision agriculture), health aveliness
monitoring (as telemonitoring of human physiologidata and drug administration in hospitals), power
monitoring, environmental control in office buildis, inventory location monitoring and managing
inventory control, factory and process automatiamd sismic and structural monitoring. Tracking
applications include tracking objects, animals, hos) and vehicles. This list gives us an idea abonder
which conditions sensor nodes are expected to Wdrky work under high pressure in harsh environgjent
under extreme heat and cold and in an extremeblyresivironment.
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Figure 6. (taken in Yick and al. (2008))

3.3.6 Hardware constraints

A sensor node is made up of four basic componensfi@wn in Figure 7.1: a sensing unit, a processiity

a transceiver unit and a power unit. They may absee application dependent additional componerdb su
as a location finding system, a power generator amadobilizer. The processing unit, which is gerigral
associated with a small storage unit, managesrtieegures that make the sensor node collaboraltetheat
other nodes to carry out the assigned sensing.tAskansceiver unit connects the node to the ndéwOne

of the most important components of a sensor nedke power unit. Most of the sensor network rautin
techniques and sensing tasks require the knowlefdigeation with high accuracy. Thus, it is comntbat a
sensor node has a location finding system. A nzsbithay sometimes be needed to move sensor nodes whe
it is required to carry out the assigned tasks.tAdlse units must be fit into a unique module flze sf
which may be smaller than even a cubic centiméggart from the size there are also some othergstrih
constraints for sensor nodes. Such nodes must:

- consume extremely low power

- operate in high volumetric densities

- have low production cost and be dispensable
- be autonomous and operate unattended

- be adaptive to the environment.
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Figure 7. Wireless sensor node
3.3.7 Power consumption

The wireless sensor node, being a micro-electrdenice, can only be equipped with a limited powairee
(<0.5 Ah, 1.2 V). In some application scenarioglenishment of power resources might be impossible.
Sensor node lifetime, therefore, shows a stron@muidgnce on battery lifetime. In a multihop ad hexassr
network, each node plays the dual role of datairmtgr and data router. The disfunctioning of fesdes
can cause significant topological changes and nregpiire re-routing of packets and re-organizatbthe
network. Hence, power conservation and power manage take on additional importance. In sensor
networks though, power efficiency is an importaetfprmance metric, directly influencing the network
lifetime. The main task of a sensor node in a sefistl is to detect events, perform quick locateda
processing, and then transmit the data. Power ogptson can hence be divided into three domainssiagn
communication, and data processing. Sensing poarm@es/with the nature of applications. Sporadicssen
might consume lesser power than constant eventtarong. The complexity of event detection also glay
crucial role in determining energy expenditure. héig ambient noise levels might cause significant
corruption and increase detection complexity. @ftthree domains, a sensor node expends maximumgyener
in data communication involving both data transiois&nd reception while the data processing regquéss
energy expenditure.

3.4. Types of sensors networks

Current WSNs are deployed on land, underground uadérwater. Depending on the environment, a sensor
network faces different challenges and constraiviisk and al. (2008) classify the WSNSs in: terriggt
WSN, underground WSN, underwater WSN, multi-medi&SNY and mobile WSN (see Figure 8).
Terrestrial WSNs typically consist of hundreds to thousandsexpensive wireless sensor nodes deployed
in a given area, either in an ad hoc or in a pegipbd manner. In ad hoc deployment, sensor nodekeca
dropped from a plane and randomly placed intodihget area. In a terrestrial WSN, reliable commaiima

in a dense environment is very important. Terrastensor nodes must be able to effectively comoati
data back to the base station. While battery pasvemited and may not be rechargeable, terressealsor
nodes however can be equipped with a secondary rpssgce such as solar cells. In any case, it is
important for sensor nodes to conserve energyaRerrestrial WSN, energy can be conserved withimul
hop optimal routing, short transmission range, ebwork data aggregation, eliminating data redunglanc
minimizing delays, and using low duty-cycle opeayasi.Underground WSNs consist of a number of sensor
nodes buried underground or in a cave or mine tsadonitor underground conditions. Additional sink
nodes are located above ground to relay informafifom the sensor nodes to the base station. An
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underground WSN is more expensive than a terreatvi@N in terms of equipment, deployment, and
maintenance. Underground sensor nodes are expéesiaeise appropriate equipment parts must be aglect
to ensure reliable communication through soil, spakater, and other mineral contents. The undergtou
environment makes wireless communication a chaflehge to signal losses and high levels of atteonati
Unlike terrestrial WSNSs, the deployment of an ugdeand WSN requires careful planning and energy and
cost considerations. Energy is an important condernunderground WSNSs. Like terrestrial WSN,
underground sensor nodes are equipped with a tirbisdtery power and once deployed into the groitnsi,
difficult to recharge or replace a sensor nodettebya As before, a key objective is to conservergy in
order to increase the lifetime of network which ¢@nachieved by implementing efficient communiaatio
protocol. Underwater WSNs consist of a number of sensor nodes and leshiteployed underwater. As
opposite to terrestrial WSNs, underwater sensoresiatte more expensive and fewer sensor nodes are
deployed. Autonomous underwater vehicles are uge@xploration or gathering data from sensor nodes.
Compared to a dense deployment of sensor nodetemestrial WSN, a sparse deployment of sensoesiod
is placed underwater. Typical underwater wirelesmmunications are established through transmission
acoustic waves. A challenge in underwater acoustimmunication is the limited bandwidth, long
propagation delay, and signal fading issue. Anotteallenge is sensor node failure due to environahen
conditions. Underwater sensor nodes must be aldelteconfigure and adapt to harsh ocean envirohmen
Underwater sensor nodes are equipped with a lintegtery which cannot be replaced or recharged. The
issue of energy conservation for underwater WSMslves developing efficient underwater communiaatio
and networking techniqueMulti-media WSNs have been proposed to enable monitoring racttibg of
events in the form of multimedia such as video,j@uahd imaging. Multi-media WSNs consist of a nemb

of low cost sensor nodes equipped with camerasnaincbphones. These sensor nodes interconnect with
each other over a wireless connection for datéeketl, process, correlation, and compression. Muéia
sensor nodes are deployed in a pre-planned mamtoethe environment to guarantee coverage. Chakeng
in multi-media WSN include high bandwidth demanijhhenergy consumption, quality of service (QoS)
provisioning, data processing and compressing tqaks, and cross-layer design. Multi-media conseich

as a video stream requires high bandwidth in dimlethe content to be delivered. As a result, idgha rate
leads to high energy consumption. Transmissionnigdes that support high bandwidth and low energy
consumption have to be develop&tbbile WSNs consist of a collection of sensor nodes ¢hatmove on
their own and interact with the physical environménobile nodes have the ability to sense, compae,
communicate like static nodes. A key differencenzbile nodes have the ability to reposition andaoize
itself in the network. A mobile WSN can start ofitivsome initial deployment and nodes can thenagpre
out to gather information. Information gatheredébynobile node can be communicated to another mobile
node when they are within range of each other. Agrokey difference is data distribution. In a StAWSN,
data can be distributed using fixed routing or dimg while dynamic routing is used in a mobile WSN.
Challenges in mobile WSN include deployment, Iazlon, self-organization, navigation and control,
coverage, energy, maintenance, and data procedsleM&/SN applications include but are not limited t
environment monitoring, target tracking, search esgtue, and real-time monitoring of hazardous rizdte
For environmental monitoring in disaster areas, umhmeployment might not be possible. With mobile
sensor nodes, they can move to areas of eventglaftoyment to provide the required coverage. ilitary
surveillance and tracking, mobile sensor nodes amlaborate and make decisions based on the target.
Mobile sensor nodes can achieve a higher degreewerage and connectivity compared to static sensor
nodes. In the presence of obstacles in the fietthile sensor nodes can plan ahead and move apgadpri

to obstructed regions to increase target exposure.
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cation, energy cost, and — Threats to device such to environment effects width demand — Must
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- Minimizing energy cost and animals - Battery power cannot equipment coverage - Localization with
- Reduce the amount of - Battery power cannot easily be replaced ~ Flexible architecture to support different mobility
data communication easily be replaced - Sparse depluyn}em appli:_a[ions ) - Minimize energy
- Finding the optimal route - Topology challenges - Limited bandwidth - Must integrate various wireless cost
- Distributing energy with pre-planned - long Ppropagation technologies - Maintaining net-
consumption deployment delay, _hlgh latency, - QoS provisioning is very difficult due to  work connectivity
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connectivity tion and signal loss in — Effective cross-layer design processing
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tural monitoring monitoring - Military
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Figure 8. Types of sensor nodes
3.5. Communication protocols

The most common communication protocols for WSN thee Bluetooth and ZigBedluetooth (IEEE
802.15.1) was developed as a wireless protocokMiart-range communication in wireless personal area
networks (PAN) as a cable replacement for mobilacés. It uses the 868 and 915 MHz and the 2.4 GHz
radio bands to communicate at 1 Mb per second leetwie to seven devices. Bluetooth is mainly designe
to maximize ad hoc networking functionality. Somiate common functions are passing and synchrogizin
data, e.g. between a PDA (personal digital asdjstamd a computer, wireless access to LANs, and
connection to the internet. It uses frequency-happspread-spectrum (FHSS) communication, which
transmits data over different frequencies at d#fértime intervals. Bluetooth uses a master-sliaset
MAC (medium access control) protocol. ThigBee standard is built on top of the IEEE 802.15.4 d#ad.
The IEEE 802.15.4 standard defines the physicalMA€ (Medium Access Control) layers for low-rate
wireless personal area networks. The physical laypports three frequency bands with different gteta
rates: 2.4 GHz (250 kbs-1), 915 MHz (40 kbs-1) 868 MHz (20 kbs-1). It also supports functionatitfer
channel selection, link quality estimation, enemggasurement and clear channel assessment. ZigBee
standardizes both the network and the applicatigerl The network layer is in charge of organizamgl
providing routing over a multi-hop network, speaiiy different network topologies: star, tree, peepeer
and mesh. The application layer provides a framkwior distributed application development and
communication. Aside from the agriculture and fandustry, it is widely used in home building contro
automation, security, consumer electronics, petsoomputer peripherals, medical monitoring and toys
These applications require a technology that offeng battery life, reliability, automatic or semtamatic
installation, the ability to easily add or removetwork nodes, signals that can pass through walts a
ceilings and a low system cost.

Table 6 provides a comparison between ZigBee andtBbth. For applications where higher data rates a
important, Bluetooth clearly has the advantageesihccan support a wider range of traffic typesntha
ZigBee. However, the power consumption in a semstwork is of primary importance and it should be
extremely low. Bluetooth is probably the closesemp® WSNSs, but its power consumption has been of
secondary importance in its design. Bluetooth ésdfore not suitable for applications that requiltea-low
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power consumption; turning on and off consumeseatgdeal of energy. In contrast, the ZigBee prdtoco
places primary importance on power managemenias developed for low power consumption and years of
battery life. Bluetooth devices have lower batt#iey compared to ZigBee, as a result of the pracgsand
protocol management overhead which is requiredaftbrhoc networking. Also, ZigBee provides higher
network flexibility than Bluetooth, allowing diffent topologies. ZigBee allows a larger number afaso—
more than 65,000. For more details about thesestarmdard see Ruiz-Garcia and al. (2009).

Bluetooth ZigBee
Standard IEEE 802.15.1 IEEE 802.15.4
Data Rate 1Mb s 20-250kb S
Latency (time _to establish a <10s 30 ms
new link)
Frequencies 2.4 GHz 2.4 GHz
No. of nodes 8 65,000
Range 8m (Class II, 1ll) to 200 m (Class I) 1-100 m
Modulation FHSS DSSS
Network topology Ad hocpiconets Ad hog star, mesh
Data Type Audio, graphics, pictures, files Small data packet
Battery Life 1 week >1 year
Extendibility No Yes

'DSSS: Direct Sequence Spread SpectfiHSS: Frequency Hopped Spread Spectrum.

Table 6. Comparison between Bluetooth and Zigbee
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CHAPTER 4

4.1. The case study: Introduction

In this Chapter a model for an Expert System ablautomatically forecast the dates of each pheitdbg
phase of the ripening process on the basis of @mviental data gathered by a WSN is presented. Bhe E
proposed determines a pedoclimatics index by staftom temperature values detected in the vinegadl
forecasts future values of such index. Thus thecisted value of the index is compared with a fixed
threshold and the forecast of the date of staendrof each phenological phase is determined. Tddehof

the ES proposed will be illustrated in this Chagggmeans of a case study conducted in a Siciliaeyard.

4.2. The methodology proposed

The methodology proposed starts by gathering timpéeature values in the vineyard by means of th&\WS
Such data are transferred to the ES and the Wirkigex (WI) (discussed in Chapter 2 (eq. 2)) is
determined. The ES assesses temperature dataen tordietermine whether they are suitable to fateca
future values of WI. In this case a statistical eiaalith level and trend is used in order to perfamort-term
forecasts of WI. The values forecasted are compaittda threshold depending on the variety culiédband

the optimal date for each phenological phase ierdéhed. The forecast model employed aims at
representing the linear growth model given by the wiile the ripening process cannot be considéner
with time especially when the temperatures becowteirh summer. Thus the ripening process is a non
stationary process. This causes a risk that thecésted value exceeds the threshold. In order nomze

this risk two features are included in the ES: gmebability of the forecast violating the threshotd
determined and the forecast value of the WI isinapnusly updated as the temperature values become
available.

4.3. The case study proposed
43.1 The monitoring of temperature in the vineyard: 48N deployed

The site chosen for the study is a vineyard locateRicily which has been divided in 15 zones deliggon
terrain slope and solar irradiation. As stated feefothe ES is based on the measurement of local
temperatures for the evaluation of the WI. The ficatapplication of the proposed methodology tfanee
requires a reliable measurement system allowing &l precise evaluation of local micro-climatic
parameters such as air temperature, relative htynidnd solar irradiation. Sensor based ubiquitous
computing techniques are spreading nowadays asapcand effective technology capable to deliver a
higher accuracy compared to traditional weatherosts aerial or satellite based monitoring. In ti@search

a WSN has been designed and deployed in the vidéyarder to have extremely precise local estisafe
the temperature. As discussed in Chapter 3 a WSiNnstwork of devices, denoted as nodes, which can
sense the environment and communicate the infoomaththered from the monitored field through wissle
links (Raghavendra et al (2004)). The data is fooed, possibly via multiple hops, to a sink that cae it
locally or is connected to other networks (e.gg, lttternet) through a gateway.

Deploying such technology in a vineyard requires tefinition of the density and number of sensors
according to the vineyard topology. In the presgaty the determination of the optimal number ofsee
nodes has been not dealt. In fact the monitoringeimicroclimate in the vineyard makes necessapfdace

a high number of nodes. This high number ensurasthie transmission range of nodes will cover the a
area under study. Vineyards are typically organired a hedgerow system, which is characterizedh by
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supporting structure made of zinc-plated iron, wagdor concrete poles, and some lines of steelswioe
hold the vine canopy. The microclimate of the guape is affected by the environmental conditionsaof
limited area close to the rootstock. Battery powemmperature wireless sensors have been placeachn
pole in the vineyard while sensor nodes have bésreg along the rows of grapevines to form a cotaukec
multi-hop network which, once configured, runs ypewised. Concerning the WSN topology, the distance
between the hedgerows is 2.20 m, while iron potespasitioned at 80 cm from each other. A node was
positioned on each pole at 90 cm, in order to ol@a@asurements about the micro-climate at the ptivdu
area of the grapevine, measurements about the -clionate of the leaf-covered area, measurements fro
the top of the green canopy to be used as refefflentlee lower areas. For further details aboutrteevork
topology refer to (Anastasi et al (2009)). A qualite representation of the WSN deployed is degidte
Figure 9.

Multi point
Portion of a zone network

of vineyard
(22m x 5m)

Poles ]

[External pole [Sensor nodes]

Figure 9. Topology of WSN in the vineyard

In the context of this research, the sensor nodge been employed in order to measure temperatilye o
however different technologies allow the evaluatad additional parameters such as light exposack a
humidity. Such elements, therefore, can be furthexgrated in the decision support system as s@on a
suitable ontology and corresponding decision modeéts developed. All the nodes are constituted by
commercially available TelosB boards equipped Wit Sensirion SHT11 combined temperature/relative
humidity sensor. The TelosB (Polastre et al (20089te, given in Table 7, is a 2.4 GHz, IEEE/ZigBee
802.15.4 (LAN/MAN Standards Committee of the IEEBn@uter Society (1999)), device used for low-
power, wireless, sensor networks. It has USB pragrag capability, Chipcon’s CC2420 IEEE 802.15.4
standard-compliant radio transceiver for commuiocat with integrated antenna, a low-power
microcontroller (TI-MSP430) from with 128kB instimn memory, and 4KB RAM. Zigbee wireless
technology is a short-range communication systeanded to provide applications with relaxed thrqugh
and latency requirements in WPAN, mainly devotedh® implementation of WSNs. The key features of
802.15.4 wireless technology are low complexityw lgost, low power consumption, low data rate
transmissions, to be supported by cheap eithed fixanoving devices (Chessa et al (2007)).
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The Sensirion SHT11 temperature and humidity seissarsingle chip module providing calibrated digit
output. Both instruments are coupled to a 14 bit édhverter and a serial interface for superior aign
quality, low power consumption (tipically 30 pW)ast response time and insensitivity to external
disturbances. The relative humidity (RH) sensoadsurate to <3% between 20-80% RH, <5% outside of
that range as given in Figure 11.1. The temperataceiracy is within <2.5° C between -40° to 100%€,
given in Figure 11.2. Figure 10 gives the typigaplacation range for such device.

CPU Memory Radio
TelosB Description Energy . Sleep Description Energy \dle
consumption | power per bit | Power
: 4KB
. CC2420
<
’ TIM$P430 Active power 154w RAM 250kbps IEEE 430 7 mA
16bit 3mw 1MB . nJ/b
Flash 802.154/Zigbes

Table 7 Sensirion SHT11 Typical range of employment
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Figure 10. Sensirion SHT11 Typical range of employmen
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Figure 11.1 — Relative Humidity (RH) Accuracy Figue 11.2 — Temperature Accuracy

Figure 11. Temperature-Humidity range
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4.3.2 Quality control of data detected

An immediate advantage of the adoption of a WSNetlagpproach is that corrective actions on the
cultivations may be timely and selectively chodenthermore, the system allows to collect a histafrpast
events, and stored data may be analyzed in ordesxti@ct potential hidden correlations among the
environmental variables and the obtained resuhg. dvailability of a considerable amount of predsaés,
superior to what is commonly attainable throughlitrenal random sampling, allows for the constromstdf
accurate models, and thus favors the proposatsmiovements in the cultivation process. In additmthis
parameters surveyed around the plants allow usetermiine more accurately the microclimate in the
vineyard and, consequently, to assess the ripgmiagess. On the other hand, the large amount @af dat
collected requires solid Quality Assurance (QA) &uhlity Control (QC) procedures. This is a common
feature of climatic monitoring systems, and stadidad procedures are typically enforced including
threshold, persistence, and spatial regression {sst for example Hubbard et al. (2005)). In tystesn
developed in the present research, spatial consistests consisting in comparing the values ofsuime
parameter measured at the same time at nearbyrseaso implemented. Potential erroneous data are
automatically detected and purged by assuming neakirallowed variability in a certain area. In atilol a
time variability test is performed on a single istatby checking a minimal required variability dugi a
certain period.

4.3.3 The ES proposed

The proposed expert system aims at automaticalcésting the optimal ripeness dates on the basieo
environmental data gathered by the WSN deployed.skstem developed hence involves a proper designed
infrastructure for the transmission and storagéhefenvironmental data. Depending upon the poltaig

and the density of the sensors within the vinetarge amount of data can be easily collectedpperdata
warehouse has hence been designed in order tossicinedata for further elaboration. The data warsbas
periodically queried by a module for the evaluatidrkey-indices for decision process, which arelwatad

by processing the data stored, according to Widgsavth model.

The growth model and the environmental databasstitote the main elements of the knowledge base the
decision process is based upon. Such informatiproisessed by means of a module for the evaluafitime
maturity indices, which outputs the resulting value the forecasting module. The forecasting module
implements all required forecasting proceduresviauate the ripeness indices at a specified timehén
future. The forecasting technique employed is dised in detail in the following paragraph. The sieci
making module (or inference engine), finally, comgzathe forecasted values with a maturity threshold
assessing the probability that the threshold igeded in the future time considered. The scherstiticture

of the expert system developed is given in theWalhg Figure 12.
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Figure 12. Schematic structure of the expert systemeveloped.

This methodology will not allow to predict exactriast dates at the beginning of the season dubeto t
inherent approximations and to the many variattes influence the rate of fruit ripening. Howevetith
experience and record keeping, it is possible t&kemeeasonably accurate projections as the season
progresses. It is also expected that the perforenanhbievable with the initial setup of the systbased on
referenced parameters and thresholds will increasactual records of different seasons will belalvks.
Finally, at the initial deployment of the systeime tdates of major phenological stages, along vatirdsted
yield and fruit quality parameters obtained by dtad fruit sampling procedures should be recorde@dich
area of the vineyard together with local weatheprds and degree-day accumulations, in order te tym
growth models and the threshold values thus impgthe quality of the assessments. This is a common
feature in the deployment of expert systems.

The proposed methodology can ultimately allow tedpt the harvest dates for each zone of the wjnery
taking into consideration the optimal maturity b&tberries. Such information can be effectively keygd

to plan and schedule the harvesting operationsingowith constraints related to the limited stockin
capacity of the winery and the availability of tharvesting machineries (Ferrer et al. (2008)). Iginthe
degradation in quality caused by anticipating olayieg the harvesting operations with respect te th
optimal ripening dates ultimately results in logspooduction value as many hedonic pricing modeis f
grapevines confirm (Ashenfelter (2008)).

39



4.3.4 Short-term forecasting for the prediction of phegit maturity stages
4341 Statistical analysis of data detected

In this paragraph the problem of predicting theuvomnce of different phenologic maturation phases i
considered. The ES in fact aims at determine theokMVihe basis of temperature detected by the WSN an
then forecasts future values of such index by medrstatistical models. WI allows to represent ginape
growth as a linear function of the heat a plant stmne with time. From sprouting to maturation stepe of

this linear function changes when the daily averageperatures increase. The grape growth, in $aakts

by an initial slow heat accumulation process, whiymamically increases as the weather gets hot in
summer, thus resulting in a non-stationary prod@sghin the time in which temperatures can be cesd
nearly constant the future value of the WI can bke&nined through a linear model. In this sense the
usefulness of pedoclimatic indexes to estimategthpe growth is dependent upon the quality of datd.
Statistical quality control lends itself as a cameat means to screen these data. Shewhart istextefir
being the first to apply statistical methods tolgyaontrol. In 1924, he proposed the concept abatrol
chart. A control chart shows the value of the qualharacteristics of interest as a function ofetian sample
number. Generally, a control chart is made of derine which represents the mean value for theoimtrol
process, and two horizontal lines, the upper conimat (UCL) and the lower control limit (LCL) (s
Eching and Snyder). The applicability of the cohtohart is based upon the hypothesis of normal
distribution of the characteristic under studythis work the Shewhart control chart is used ireorno test

the quality of temperature values detected in theyard. The study is carried out by testing therradity of
data detected and successively by building a cociiart in order to investigate whether temperatwam be
considered about constant in the period of observaihe methodology here presented consists in the
determination of the WI by means of temperatureesidetected in the vineyard and a successivedfstret
future value of such index by means of statistinatlels. Naturally the model proposed is able toycant
only short-term forecasts within the time where germatures can be considered constant. The neathidf
term forecasts is often encountered in the desfgdeoision support systems. In such context, thetmo
common forecasting methods are adaptive and noptisdaregression models, generalized exponential
smoothing methods. The classical Bayesian linegitession models are unable to reproduce some of the
features frequently observed in non-stationary @sees, while, on the contrary, in such cases taniess
methods are extremely effective. In this reseahehgrowth of the berries is predicted on the batithe
heat summation measured by the WI. The heat surmmatilue, consequently, is updated daily with field
measurements, and it results in a non-decreasimgssef values, originating trended time seriestufau
values of heat summation have been predicted byisnefithe well known Holt's model (Holt (1957)),
which is an exponential adaptive forecasting mefloodrended data, based on the following equations

Xt+k = (Lt + kTy) 8
Ty =BLe— L)+ (1 —B) *Te—y) 9
Le=aX; + (1 —a) * (Le—q + Te—q) (10)

wherelLt is the level at time, T, is the trend a timg X,, is the forecast at timek, anda andp are the
smoothing constants for the level and the trersheaetively (see Figure 13).
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Figure 13. Level and trend of the forecasted measure

The three updating equations result in the evalnatf the heat summation at a future tité as a
weighted average of the (adjusted) previous estimad the most recent information acquired at time
Concerning to the establishment of the smoothingstamtsg, andg, practical issues are discussed in detail
in (Chatfield and Yar (1988)), however a commonrapph is to determine the values mofand S that
minimize the mean or median absolute error, omalai measure. Finally, as stated before, the @etis
about the harvesting time is based upon the cosgarof the predicted value with a pre-established
threshold (see Figure 14).
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Figure 14. Comparison between the forecasted valand the threshold

v

The violation of this threshold means that a newnglhogic phase has been entered. In order to suhor
decision process, hence the estimation of the pilityeof the forecast violating a threshold atuure time
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must be evaluated. This is generally accomplishgdedtimating the mean and variance of the future
observations and relaying on the assumption ofgjanigerror terms to estimate the probability oflating

the threshold. The standard deviation of the trdofleta can be considered approximately equal t6 1.2
times the mean absolute deviation, as usual refetio the Jensen’s inequality. The probability loé t
forecast of exceeding the ripening threshé)dat the (+k)™ period can hence be evaluated as:

O_XHn

Pepx = 1— F(E2tm (11)

For the decision model hence, the establishmean@icceptance probabilitgis required, resulting in a risk
of accepting the hypothesis of the achievemenhefoptimal ripening level at timtek when it is not 1-¢
and rejecting this hypothesis when optimal riperéwg! is achieved with probability(see Figure 15).
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Figure 15. Probability of exceeding a fixed threshd

In conclusion, the methodology proposed for prédictthe harvest date involves getting available
information on the lower developmental thresholehgerature, cumulative degree days, and the observed
temperatures for the area considered. On the basisch dataset it is possible to calculate the ddien
berries are expected to be in the desired stagewslopment, and ultimately establish the expebtedest
date. As the number of observed temperature datadses, the accuracy of the forecast will evelytual
improve. Additionally the proposed system takes amtcount the possibility that the same variety maty
achieve the same ripening stage in the same mdnoemibne area to another of the vineyard.

4.3.5 Experimental analysis

In order to evaluate the effectiveness of the psedomethodology an experimental analysis has been
performed involving the forecasting of the floweyidate on the basis of the experimental valuesgadhby
means of the previously described sensors netwbhnk. experiments were carried out in the area of
Monreale (Sicily) where many varieties of DOC wingsnsonica or Insolia, Cabernet Sauvignon,
Chardonnay, Muller Thurgau etc.) are grown. Moredals the typical Mediterranean climate, with raitdi
rainy winters and hot and dry summers; with an ayerannual rainfall of approx. 700 mm and average
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annual temperature of 18 °C. The experiments waneecl on Chardonnay variety, which typically sgsou
between the third decade of March and the firsadewf April, blooms between the third decade ofilAp
and the second decade of May and ripens betweesetiend and the third decade of August. The virkyar
has been divided in 15 zones measuring approxielgtit acre, each one with homogenous slope
(maximum 3% variation) and solar exposure, consatyerhis subdivision aims at highlighting by mean
of the experimental analysis the differences in itheguration process attributable to the microclimat
conditions in each zone. Sensors have been settwd temperature values each hour from April 2@08
May 2008. The experimental analysis here proposewlves the initial determination of the daily
temperatures for each zone and the calculatiohef¥|. The sampling rate of the temperature sehaer
been set at 15 minutes, the whole dataset thugeltss given in Figure 16.

Winkler Index Plot

Winkler Index (DD)

31-mar 10-apr 20-apr 30-apr 10-mag 20-mag 30-mag

Date

—o—zonel —8—zone2 —A—zone3 zone4 —O— zone5 —— zone 6 —®—zone7 —A— zone8
—%—zone9 —@— zone 10--¢~- zone 11--E- zone 12-A-- zone 13--%-- zone 14~ zone 15

Figure 16.WI calcultion based on the measured tempatures

In order to investigate the possibility of applyiadinear model to predict future values of Wisitrequired

to test temperature data detected to establigteyf &re in control. To achieve this goal for eashezof the
vineyard two samples consisting of daily averageperatures detected during 12 days of April and May
have been considered. The analysis aims at shaWwiigemperatures detected are constant in avetage.
the basis of considerations done in the previouagoaph at first a normality test was performedtifi@r two
sample. The results reported in each of the 15szareeshown in Figures 17 e 18.
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Figure 17. Normality test of sample of April
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Figure 18.Normality test of sample of May

The Figures 17 and 18 show that the normalitydesfirms the hypothesis of the normal distributafrthe

two samples (pvalue >0.05 everywhere). Thus thdraboharts for each sample and for each of the 15
zones have been realized in order to show if teatpe¥s detected are in control. For this purpose th
Shewhart control chart has been built. The UCLthed_CL have been calculated as follows:
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UCL=x+k=*s

LCL=Xx—k=*s

where:

X= sample mean

k = an integer multiplier equal to 2
s = sample standard deviation

The results for the two sample of April and May esported respectively in Figures 19 and 20.
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Figure 20. Schewhart control chart for the sample tMay

Results show that temperatures detected in eath abnes of the vineyard are substantially in a@ntn

fact only one point of zones 3-4-5-6-7-8 of sampleApril and one point of zone 12 of sample of May

exceed the UCL. Each of them represent the 8.3%hefsample considered. This means that the
temperatures referred to time under examination lmanconsidered constant. Accordingly to this it is

possible to represent the WI as a linear funct@awirig a constant slope. In Figures 21 and 22 théowthe

two samples are shown. For each of 15 zones anelfdr of two samples the regression analysis hers be

conducted and the’Roefficients have been determined. Results arertegin Tables 8 and 9.

61



300,00

250,00

200,00+

=

ul

o

o

o
!

Winkler Index

g zONE 1
e=iE=—70Ne 2
—fr=7z0NE 3
e=pe=7z0Ne 4
e=jie==7z0Nne 5
w=G==zone 6
e zONE 7

zone 8

100,00

50,00

Days

12

e—7z0ne 9
=g z0Ne 10
e=fE==z0ne 11
zone 12
w=e==zone 13
zone 14
«=G==z0ne 15

Figure 21. WI for the 15 zones- Sample of April.

440,00

390,00

w

N

o

o

o
!

N

©

o

o

o
!

Winkler Index

240,00+

190,00

3 4 5 6 7 8 9 10 11

= z0NE 1
=iE=7z0ne 2
e=ge=70N€E 3
=== 70NE 4
==jie==70Ne 5
==G==z0ne 6
e z0NE 7
wm==z0ne 8
—zone 9
==g==7z0ne 10
e=E==z0ne 11
zone 12
==t==z0ne 13
zone 14
«=o==z0ne 15
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Sample of April
Linear regression Linear regression 5
Zone (Slope) (Level) R
1 7.794 112.8 0.9902
2 7.9421 94.198 0.9803
3 7.553 149.1 0.9902
4 7.6104 139.79 0.9903
5 7.8124 145.16 0.9902
6 7.524 135.19 0.9901
7 7.73 150.35 0.9898
8 7.52 170.7 0.989
9 8.3 145.84 0.9854
10 8.72 189.71 0.983
11 8 151.39 0.9818
12 7.673 131.54 0.974
13 8.5097 148.82 0.9825
14 7.9481 157.2 0.977
15 7.942 83.946 0.9803
Mean 7.905 140.38 0.98494
Table 8. Regression of the WI - Sample of April
Sample of May
Linear regression Linear regression 5
Zone (Slope) (Level) R
1 10.689 216.66 0.9896
2 10.352 196.26 0.9848
3 10.584 247.5 0.9906
4 9.824 240.63 0.9881
5 10.145 251.18 0.9921
6 10.329 233.72 0.9924
7 9.6283 247.95 0.9838
8 8.8792 268.5 0.99
9 11.98 255.03 0.9851
10 7.666 303.76 0.9794
11 9.489 257.69 0.9857
12 10.061 234.4 0.9936
13 8.4817 260.14 0.9902
14 8.0591 262.12 0.994
15 10.352 186 0.9848
Mean 9.767 244.10 0.98828

Table 9. Regression of the WI - Sample of May

Results show that the average value disRabout equal to 0.98 for all zones of two sampléss suggests
that in each of 15 zones of the vineyard abouto®f of variation of the WI is due to the linearaten
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between the WI and the time of detection. This rmdhat a statistical model including level and drean

be used to forecast the future value of the WI. s reason short-term forecasts of WI have been
determined by means of Holt's model discussed e grevious paragraph. In order to apply the Holt's
model the initial values of the level and the tréladte been determined by a linear regression, wialled
have been chosen in order to minimize the Mean Whsdeviation (MAD), on the basis of the data
acquired in the first 20 days of monitoring, namétgm April the £'to April 20". This way,a andp values
have been determined for each zone of the vineyandlly, the reference values (Policarpo et 28008 )
given in Table 10 have been considered as thehiblies corresponding to the most significant phegick
phases of the grapes ripening process for sometisincluding the one considered (Chardonnay).

Cultivar Star'F End : Stgrt En.d Maturation
Flowering Flowering Veraison Veraison
Ansonica 345,6+13,6 441+ 11 1335,8 £+ 57,11462,6 + 147,9 1510,5 + 165,5
Cabernet franc 292,8 +22,6| 424,8+21 1032+11,54 1335%116,2 6114+ 83,6
Cabernet sauvignon| 314,1 + 21,7 452,723 | 1109%73,1] 1324,6+ 138,2453,7+94,4
Chardonnay 270,9 £ 30,2 386,9 £ 32,2 1010,3+£82,7 1256 +96,3 | 1319,6 +130,5
Muller Thurgau 297,2+£26,2 372,3+21,9 843,4+ 11,63 10859 +52,7| 1205,7 +46,2
Nero d'Avola 340,7 +22,3 437,1+37,4 11285+61| 1437,8+31,1 1544,4+199
Pinot Noir 268,1 + 30,7 366,3 £ 28,1 1019,5+ 84,2 1250,1 + 78,8 1283,8 £ 99
Viognier 363,7+25| 457,8+31,61186,3+76,7 1397,1+ 38 1474,7 £ 95,9

Table 10. Triennal average (2005-2007) of WI (averagestandard deviation).

According to the thresholds given in Table 10, emthe WI values calculated by means of the tentpeza
monitoring system, the forecasts for the start @ong date and the end flowering date have beanleatd

for each zone of the winery. Also the standard atéwn was calculated assuming a random error and
considering an acceptance probability of 0.5. T@sults obtained, in terms of forecast dates arengiv the
following Figures 23.a and 23.b. The proposed nuhagy allowed to cluster the 15 zones of the vardy

in 9 different forecasted start flowering dates 8nidrecasted end flowering dates. The average auwib
days required to start and end the flowering pliaisall the zones of the vineyard is 30 and 41 eetipely,

with a corresponding average duration of the flomgephase of 11 days, as given in Table 11.

Start Flowering Date

hal

End Flowering Date

24 apr

27-apr

30-apr O03rmag Oé-mag 09-rag

C7-mag 09-mag 11-mag 13-meg 15-mag 17-mag

23.a 23.b

Figure 23. Forecasted start flowering (a) and end flowering dtes (b) for the sampled areas of the
vineyard
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Days from 1 April to | Days from 1 April | Distance between Start
Start flowering to End flowering and End flowering
Average 30+ 3,288 41,33+ 2,748 11,00

Table 11. Average number of days required to startrad end the flowering phase for all the zones of théneyard and
corresponding average duration.

Finally, in order to evaluate the forecast errbe forecasted values of the WI are compared wihvdiues

of WI calculated by means of the actual temperatiatasets acquired by the sensor network in the day
subsequent to the forecast date. In other wordsfairecasted dates are compared with the dates thieen
reference thresholds are achieved by the WI vataézilated by means of the temperatures acquiree. T
values thus obtained have been employed to ben&hwoén the forecasted values obtained by the pexpos
methodology based on the Holt's model and the wahigtained by means of a simple linear regression.
Common error measures have been employed to benclimeaforecasts. Table 12 gives the average values
of the Mean Squared Error (MSE), Mean Absolute Begon (MAD) and Total Error (ET) calculated for
each zone of the vineyard. The forecast errors dihadvthe Holt's outperforms the Regression model i
forecasting the values of the WI.

Average Holt's model R(Ie_gl;ssa;ion
MSE (DD) 657,98 1610,57
MAD (DD) 20,53 29,91
ET (DD) 194,47 -302,95

Table 12. Average forecasts errors
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Start Flowering End Flowering
Linear Holt's Linear Linear Holt's
zone  Actual Linear. Holt's Reg. model Actual Regressio Holt's Reg. model
Regression model error error n model error error
(days)  (days) (days)  (days)
1 6-May 6-May 6-May 0 0 15-May 21-May  15-May 6 0
2 4-May 8-May 3-May 4 -1 15-May 25-May  14-May 10 -1
3 1-May 29-Apr 29-Apr -2 -2 12-May 12-May  11-May 0 -1
4 1-May 1-May 30-Apr 0 -1 13-May 13-May  10-May 0 -3
5 1-May 29-Apr 29-Apr -2 -2 12-May 11-May 12-May -1 0
6 3-May 2-May 3-May -1 0 13-May 15-May  12-May 2 -1
7 2-May 30-Apr 2-May -2 0 11-May 12-May  10-May 1 -1
8 30-Apr 26-Apr 29-Apr -4 -1 11-May 8-May 10-May -3 1-
9 30-Apr 29-Apr 30-Apr -1 0 10-May  11-May 8-May 1 -2
10 24-Apr 24-Apr 26-Apr 0 2 8-May 4-May 7-May -4 -1
11 29-Apr 29-Apr 29-Apr 0 0 10-May  10-May 9-May 0 -1
12 29-Apr 29-Apr 29-Apr 0 0 12-May  12-May 9-May 0 -3
13 30-Apr 29-Apr 29-Apr -1 -1 11-May 11-May 10-May 0 1-
14 1-May 28-Apr 30-Apr -3 -1 14-May  10-May  10-May -4 4 -
15 9-May 8-May 9-May -1 0 18-May 24-May  19-May 6 1

Finally, Table 13 gives the comparison among the $towering date and end flowering date for eache
of the vineyard compared with the forecasts obthimg the Linear Regression and Holt's model methods
and the difference between the actual dates anfbtbeasts in terms of days before or days aftke. final
benchmarks among the actual start and end floweldntgs and the forecasted values obtained by nwans

Table 13. Comparison among the forecasts dates

the proposed methodology and a standard lineaessgm are given in Figures 24 and 25.
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Figure 24. Start flowering dates Comparison betweeforecast, regression and actual values
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4.3.6 Conclusions

In this section a methodology to predict the ocence of the most significant phenological maturatio
phases of the grape vines has been proposed. Sacmation is crucial for effectively planning viyerd
operations, as in fact monitoring activities basadmanual sampling of the berries are currently mom
practice in vineyard management. The methodologgreslly consists in the calculation of referenbedt
summation indicators of the ripening level of tieerkes, to be employed in order to forecast theeseiment

of pre-established threshold values. In particidathe case here proposed, the WI has been evdlbate
means on a micro-climatic monitoring system based SN deployed within the vineyard, thus obtainin
an extremely precise and detailed temperature mgppithin the vineyard. The experiments show that 9
different start flowering dates spanning an intefal5 days and 8 end flowering dates distributeén
interval of 11 days could be discriminated. Alse thtrinsic uncertainty measured by the standavéhtien

of the forecasts has been taken into account aadidtecast errors have been estimated showing the
accuracy of the results obtained. Clearly the amurof the results is drastically influenced by the
establishment of reliable thresholds for the paléicvariety considered and the growing zone, dsasethe
distance in time when the forecasts are perfori8edh issues are well known in expert systems itnglv
uncertain elements in the decision processes. Togoped research, hence, aims at demonstrating how
traditional vineyard management practices can begiated by innovative support tools, based on non
expensive technologies as ubiquitous computingsamdors networks. Therefore the proposed methoglolog
can be effectively considered as a useful decisiaking tool able to help in the optimization of eyard
operations during the ripening process and finatlfhe harvesting time. The methodology in fact ban
extended to the entire ripening process at the sawaener in order to predict the harvest date. The
methodology also allows to discriminate betweetfediint zones of the vineyard which are subjected to
different microclimate conditions. This allows tptmnize the harvest date and to make the supplinabfa
the wine industry more responsive with regard ®rttarket requirements. The methodology here prapose
however, is quite preliminary and further developtseshould be focused on the employment of multi
criteria decision making (MCDM) methods as wellaggproximate reasoning formulations in order to take
into account the objectives of different decisioakers, as well as imprecise and subjective judgsnéiso
additional information should be taken into accdiantexample resulting from monitoring humidity swlar
irradiation, taking advantage of the capabilitieffered by the sensor technology. These capabilities
however, pose several questions in the applicatiace regarding for example what data should bepzd
and how often, how information must be processed; $hould the result be presented to the user and h
can the knowledge based be employed to suppodetision processes. Therefore, in order to fullylak

the potential of such technologies and systems isgcles must properly investigated.
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SECTION 2: INNOVATIVE TECHNOLOGIES ENABLING THE DECISION
MAKING IN THE SHELF LIFE MONITORING
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INTRODUCTION

the management of perishable supply chains isfeculif task because of the limited life of suchducts.
Monitoring and keeping of proper environmental pasiers at every stage of the cold chain is a @litic
issue in order to preserve perishable products frameontrolled deteriorative processes responsible f
guality loss. Food quality can be defined by acdgiroduct attributes that influence a product’dueto the
consumer. This includes negative attributes suckpmslage, contamination, discoloration, off-od@sd
positive attributes such as the origin, color, fiavtexture and processing method of the food (Fh@
WHO, (2003)). A quantitative measure of productligyiés the Shelf Life (SL), defined as the timélun
product becomes unacceptable to consumers underea gtorage condition. The knowledge of the SL of
fruits and vegetables is a key issue in order tontipe the supply chain management since it alltws
improve both inventory and distribution strategi@saditionally the determination of such parametelies

on qualitative analysis based on the evaluatiomtrinsic factors related to the product. Howevhkese are
disruptive methods which can be applied only ta@pct sample. Furthermore they are time consuming
and expensive due to the human intervention andréabry instruments required. A recent approach
studied, e.g. by Doyle (1995) and Taoukis and E399) aims at establish a relation between the time
temperature history to which a product is subjected the remaining quality of the product in terafists
SL. This approach relies on the kinetic theory ediations and on Arrhenius equation. In this case th
precision of the SL value determined with respedhe actual value depends on the proper evaluation
reaction order, the validity of the Arrhenius laar the process under consideration and the possilib
detect the temperature conditions of the producarat stage of the supply chain. Today the possilnli
contemporary identification and monitoring of emrimental parameters is made possible by an inngati
and pervasive technology, such as the Radio Freguktentification (RFID). The monitoring of the cemt
guality of products allows to realize importanttiss in the optimization of the supply chain managgrmnin
fact the knowing of the remaining quality levelaasty stage of the supply chain allows to approphate
directing products themselves since those procheting a shorter SL can be send in a closer matet
avoiding further quality loss. Furthermore thosegucts which are considered perished and not mabiet

in the target market can be delivered in an altéwveamarket where they are still suitable for camgtion.
This ensure to achieve a profit also for these potsl which otherwise should be discarded by imphdimeg
pricing policies SL based by means of the applicatof differentiated prices representing the actual
remaining quality level of products. Finally thegsibility of monitoring the quality level allows toove
from traditional picking policies, such as First First Out (FIFO) to SL based picking policies asalst
Shelf Life First Out (LSFO). In this section a stuh the monitoring of the SL on supply chain perénce

is proposed. The study concerns the monitoringred-temperature history of peaches fruit alonggbpply
chain by means of a RFID system. The study aindetrmine the fraction of SL consumed from the
production site to the final destination by consikg the kinetic of the reaction triggering the deobration
process and by applying the Arrhenius law. Furthementhe performance of the chain is evaluated imge

of quality of products delivered in the case inahh& SL based picking policy is applied as an akére to
the FIFO policy. The section is organized as fofloat first a brief introduction about the kinetteeory and
the Arrhenius law is done in order to illustrateetielation between the kinetic model of deterianmati
reactions and the SL (Chapter 1); thus the RFIDwedogy is depicted as well as its main applicafiieids
(Chapter 2); finally an application of the methodgy here discussed is presented through a case stud
(Chapter 3).
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CHAPTER 1

1.1. The Shelf Life of perishable products

Consumers are increasingly demanding consisteigly food quality, and have corresponding expeatatio
that such quality will be maintained at a high leshering the period between purchase and consumptio
These expectations are a consequence not onle gdritmary requirement that the food should remafe,s
but also of the need to minimize unwanted changegmsory quality. Acceptable sensory charactesistie
consequently often defined by company policy, boheatheless it is important to understand how they
change during storage. According to IFST Guidelifi€93) the SL is defined as the time during whttod
food product will:

- remain safe;

- be certain to retain desired sensory, chemicalsipal/and microbiological characteristics;

- comply with any label declaration of nutritionaltdawhen stored under the recommended
conditions.

The IFST definition raises the important issuetofage conditions on product SL. Measurement obg®
characteristics takes place under carefully coleficdnvironmental conditions that are rarely megriactice.

In fact thermal abuse in the distribution chainc@mmon. Furthermore it is important for the food
manufacturer to have an understanding of the stochgracteristics of the perishable product undeide
range of storage conditions, and even under thetufing or cyclical conditions that are commonly
encountered in practice in the supply chain. Ifliebavior of the product on storage is to be undeds it is
equally important for the manufacturer to have ardgbgh understanding of the mechanism of the
deterioration process, which can be complex in mpesgishable foods, especially those with composite
structures (Kilcast and Subramaniam (2000)).

Another definition of the SL can be found in Ste€@04) where the SL is defined as the time until a
perishable product becomes unacceptable to consunmafer a given storage condition. This definition
allows to quantify the measure of SL and underlithed the SL is a measure which depends on consumer
preference and rather than the actual end of ptdidecFactors influencing the SL of perishablegucts

can be categorized between intrinsic (referrecheoproperties of the final product) as for exampbger
activity, pH value and total acidity, redox potahtiavailable oxygen, nutrients, natural microflemad
surviving microbiological counts, natural biochetmisof the product formulation, use of preservagive
product formulation, and extrinsic (the factorsttadinal product encounters as it moves throughftiod
chain) as for example time—temperature profile muprocessing, pressure in the headspace, temperatu
control during storage and distribution, relativenidity, exposure to light and environmental migabb
counts encountered during processing, storage asulibdtion, composition of atmosphere within
packaging, subsequent heat treatment (e.g. refeaticooking before consumption), consumer handling
The interaction of such intrinsic and extrinsictéas either inhibits or stimulates a number of psses
which limit the SL. These processes can be defawdicrobial (due to microbial growth during staag
chemical (due to reactions that occur between withe food or from reactions of food componenthwit
external species) physical (due to moisture migrgtior temperature related (due both to elevated or
depressed temperature). The effect of one of miaiteese processes in limiting the SL of perishainteduct
must be put in relation with the type of producnsidered as for example, fish, meat or fruits and
vegetables.
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1.2. The Shelf life prediction of fruits and vegetables

Fruits and vegetables, unlike other fresh produetmain as living tissues until the moment they are
consumed, cooked or otherwise processed. In thegkigts intrinsic and extrinsic factors change dbpi
during storage, thus accelerating unwanted qualitgnges that limit the SL. Another factor, which
differentiates fruit and vegetable from many otfeerd products, is the fact that their behaviorésedmined
by either the genetic make-up (species, cultiviane; etc.), its stage of development (maturatiage of
ripening, etc.) and the pre and post harvest comdithey have experienced (as already discussbeé icase
study of Section 1). So, for example, the positibra fruit on the tree will determine its nutrieartd water
status and its exposure to environmental factach as sunlight or pests and diseases. All theserfamay
ultimately influence post-harvest SL implying th@abducts harvested at the same time have diffésent
Table 14 summarizes the range of storage periadsefected fruits and vegetables under typicalagr
conditions of temperature and relative humidity.

. Temperature . Storage

Commodity °C) Humidity (%) period
Apples -1-4 90-95 1-8 months
Aubergines 8-12 90-95 1-2 weeks
Avocadoes 4,513 85-90 2-5 weeks
(unripe)

: 2-5 85-90 1-2 weeks
(ripe)
Bananas 13-15 85-90 10-30 days
(green)

: 13-16 85-90 5-10 days
(ripe)
Beans (French) 7-8 95-100 1-2 weeks
Broccoli 0-1 95-100 1-2 weeks
Cabbage 0-1 95-100 3 months
(green)
(white) 0-1 95-100 6-7 months
carrots 0-1 95-100 4-6 weeks
(immature)

0-1 95-100 4-8 months

(mature)
Cauliflower 0-1 95-100 2-4 weeks
Celery 0-1 95-100 1-3 months
Citrus 4-8 90 3-8 weeks
Courgettes 8-10 90-95 1-2 weeks
Cucumbers 8-11 90-95 1-2 weeks
Garlic 0 70 6-8 months
Grapefruit 10-15 90 4-16 weeks
Grapes -1-0 90-95 1-6 months
Kiwifruit -0,5-0 90-95 2-3 months




Leeks 0-1 95-100 1-3 months
Lemons 10-14 90 2-6 months
Lettuce 0-1 95-100 1-4 weeks
Mangoes 5,5-14 90 2-7 weeks
Melons 4-15 85-90 1-3 weeks
Mushrooms 0 90-95 5-7 days
Onoins -1-0 70-90 6-8 months
Oranges 2-7 90 1-4 months
Pears -1-0 90-95 1-6 months
Peas 0-1 95-100 1-3 weeks
Potatoes 4.5 90-95 3-8 weeks
(immature)

4-5 90-95 4-9 months
(mature)
Soft fruits 1-0 90-95 2 days- 3

weeks
Spinach 0-1 95-100 1-2 weeks
Stone fruit -1-1 90-95 1-7 weeks
Sweet peppers 7-10 90-95 1-3 weeks
Tomatoes 12-15 90 1-2 weeks
(green)
. 8-10 90 1 week

(ripe)

Table 14. Shelf life of most common fruits and vegables

The SL of fruits and vegetables is usually deteediby fixing the quality criteria and the standindt for
each of them. Naturally this evaluation do not take account the inherent variability in all quglfactors

of fruits and vegetables. Even if the measuremdntestain qualities were able to predict shelf-life
accurately, individual differences in produce me#rat, ideally, each individual item would needbe
assessed. Currently, many of the tests in usenéonteasuring of the SL cause damage to the praghate
therefore can only be used on a small sample opthéuce. The most common methods based on irtrinsi
factors for SL evaluation are: measurement of Visyalities (color, external and internal defects),
measurement of textural properties (firmness), omemsent of flavor factors [(taste and aroma
components) and sensory evaluation which appliespttinciples of experimental design and statistical
analysis to the use of human senses (sight, staslie, touch and hearing). Other methods for the SL
evaluation are based on the detection of extriagi@d intrinsic factors contemporary. Between them th
predictive models based on kinetic of chemical tieas and Arrhenius theory are increasingly used to
predict the SL of a product. In particular the ttyeof kinetic of reactions consists in determinthg SL of a
product by assessing how the deterioration prooselaves as a function of time. In chemical reastguch
information is provided by the order of reactiomeTArrhenius theory says that about all decay i@axtre
influenced by the temperature and uses this paeaniet determine the SL of a product. Finally by
combining these two theories it is possible to guenfaccelerated SL tests able to predict the SA product
subjected to stressed conditions. These modeldwiillustrates in the following paragraph.
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1.3. The Kinetic Theory of deterioration reactions

The kinetic of chemical reactions models says th@tloss of quality with time can be express, atstant
temperature, through the expression (see Tijsket$alderdijk (1996)):

a4 _ nn
+22=kQ (12)
whereQ is a measurable characteristic which expressegsrttict quality;

t is the time;

K is the reaction rate constant;

n is the order of reaction.

Equation (12) can take different forms dependinghenvalue o; in most casen is equal to 0,1,2 in order
to define kinetic of zero, first or second order.

1.3.1 Zero order kinetics (or linear kinetics) (Piergiamaand Limbo (2010))

In the case of zero order reaction the equation {@&es the following form (valid for product hagira
decreasing quality with time):

dQ

29—k (13)
ie.

dQ = —Kdt (14)

which can be formulated as:
JomdQ =~k f;dt (15)
WhereQ; is the initial quality,Q,;,,, the quality limit,t; the initial time, corresponding @, t,; the time at

which the quality limit is achieved, i.e. the SLtbk product. Generall@; must be measured immediately
after the production, whilg;;,,, is the quality level under which the product is$ sidl marketable.

thus:

Qum — Qi = —Ktg (16)
and

Quim = Qi — Kty 17)

74



Qi—Qiim
g = L= (18)

Equation (18) underlines that the keeping quas$itthe inverse of the raté of quality decrease. In order to
determine the-K value it is sufficient to know some value @fwith time, at constant temperature, and
apply equation (17). The-K value is the slope of the linear function expreskgdhis equation (Figure
26.a).

1.3.2 First order kinetics (or Exponential kinetics) (fievanni and Limbo (2010))

For first order reaction equation (12) takes tHe¥ang form (valid for product having a decreasiqgality
with time):

aQ
- = ke (19)

Assuming constant temperature, integration gives:
Qum = Qie™** (20)
mQyim = InQ; — Kty (21)

From this relation, the keeping quality can bedstias:

Q.
ln( L )
Qlim

K

(22)

ts1 =

The exponential relation can be represented byidersg n (Q) vst. This allows to determineK (the
slope of equation (21)) obtained by knowing somkeies of Q with time at constant temperature (Figure
26.b). As for linear decay, the keeping quality éaponential decay is proportional to the inversthe rate

K of quality decrease.

1.3.3 Second order reaction (see Piergiovanni and Lir2baq))

In this case the relation between the variatioquality attribute and the time (eq. (12)) is expuisd:

aqa _ 1,2
o - ke (23)
1 1
m = Q_l + Ktsl (24)
(a0
gy =~ (25)

The value of K can be obtained by knowing some value® ofith time and by plottind /Q vs t (Figure
26.c).
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1.3.4 Logistic kinetics (Tijskens and Polderdijk (1996))

Logistic behavior is also frequent in natural psses. The formulation of these types of reactiams ke
written in different form. One is shown in equati@®):

@ _ ko (1 _ L) (26)

dt Qinf
whereQ;, s represents the quality maximally possible at itditime.

By integration, assuming constant temperaturefdi@ving equation (27) can be obtained:

Qin
Q = 1+Cbaf€Kt (27)
with

Qinf— Qi
Cpa = # (28)

where(y, is a constant representing information about ibtogical age of the product. From this relation
the keeping quality can be derived as:

Qinf~Qlim
ln(i)
— Q1imCha

tsl - K (29)

Again the keeping quality is proportional to the@arse of the rat& of quality decrease. Figures 27 and 28
summarize the kinetics discussed.

Q loga(Q) 1/Q
A A A
(Zero order) Time (First order) Time (Second order) Time
Figure 26.a Figure 26.b Figure 26.c
Figure 26

76



Zero order

£ A
'ﬁ; First order
=
Secand order
-
Tune
Figure 27
£120
=
o
100 - =
~
\
80 X
“ Quality Limit
60
\
KQ.,, N
\
40 - A
KQiy \
€ 2 > ‘\
20 LY _
KQ].DE ~
€ : > Se
0 T T T T T -‘-I T T 1
0 3 10 13 20 25 30 35 40 45
time

Figure 28

As just mentioned, zero, first and second ordeetics can be represented by first degree polynowhiath
describe a straight line. Thus the order of reactiba unknown phenomenon (if it is of the zerostfior
second order) can be determined by checking theadity of Q vs t, In(Q) vst, and1/Q vs t of the
experimental data. The better the equations (2Z),4nd (24) interpolate the experimental dataasemuch

the determination coefficient’Rs close to one, the higher the probability taneste the order of reaction.
The first order kinetic is able to represent a davgriety of reactions, while zero order and secortkr
reactions are less common but also very numeroasvekier the differences between different order
reactions can be appreciated only for high vanatibquality with time. On the contrary if you drgerested

to a small variation of the quality index all phemna can be approximated with a zero order reaction
assuming the phenomenon having a constant spaedaifon. This is explained in Figure 29, from whit

is clear that the zero order reaction approximatemds to overestimate the speed of phenomenon thus
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underestimating the SL of the product; in fact ighhorder kinetics the speed of reaction will teid
decrease with time as the phenomenon evolveshar atords the hypothesis of constant speed of dedhy
lead to consider exhausted the marketability ofredpct when the product itself is still suitabler fo
consumption thus avoiding to sell expired products.

Quality A

Qlm| N

Zero Order

Figure 29

As you can see the kinetic theory aims at estirgatie SL of a product by knowing the order of reagt

the initial quality level and the quality limit mxred to a measurable intrinsic factor and the dpéeeaction

responsible for the deterioration process. In otlases it can be of great help to determine thbySitarting

from the knowing of environmental parameters toolhtthe product is subjected during its life. Irstbase it
is need to know the relation between the decredriggiality and the environmental parameter resiptms
for the decay process. This argument will be disedsn the following paragraph.

1.4. Temperature dependence of deterioration rate

Since almost all reactions of quality loss are ueficed by temperature, their dependency from the
temperature can be effectively expressed by thibehius law (30):

Eq

K = Koe_(ﬁ) (30)
Where:

K is a constant representing the speed of reaction

K, is a constant corresponding to the speed of maatiinfinite temperature;

E, is the activation Energy (J m9| independent from temperature;

R is the gas constant (8.314 Jrifol™)

T is the absolute temperature (K)
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The Arrhenius law expresses the concept that tledmwf reaction increases exponentially when the
temperature increases as well, based on e Eeaction. On the other hand as greater the Khéshigher
will be the deterioration rate. Equation (30) caréwritten in logarithmic form as follows:

Eq \ 1
logK = logK, — (2.3R)F (31)

Equation (31) allows to determine tBg as the slope of this equation by knowing someeslfK. The
higher is thee,, the higher will be the speed of reaction whentémeperature increases and vice versa. Since
the SL is the inverse of speed of reaction (seatens (18), (22), (25) and (29)), it is possildentrite:

tg o % (32)

This means that effects of temperature on the 3L lma expressed by an exponential relation as the
following:

Eq \ 1
logty = logt, + (ﬁ)? (33)

This equation allows to determine the SL of a pobdubjected at constant temperature.

Finally in order to underline the strong correlatlmetween the Arrhenius law and the kinetic of tieadt is
possible to rewrite the Arrhenius equation on thsid of equations (18), (22), (25), (29) by remgdihe
relation (32). For the zero and first order reagtior example, the expression takes the folloviorgs:

Eq
Ing, = In(q; — qum) — In(ko) + (34)

In,, =1In <ln (q;’—m)> — In(ko) + =2 (35)

Another method used to evaluate the SL is to caleuheQ,,, a dimensionless number, defined as the factor
of acceleration of speed constant when the temperatcreases of 10°C or 10°K s equal to the ratio
between two temperatures which differ for 10 degiree

Q10 = K10 (36)
K

and for eq. (32),
(37)

The Qo exponentially depends on temperature as can berluretl by following equations derived by
ed.(36):

10Eq

QIO = @RT(T+10) (38)
10E,
InQqo = RT(T+10) (39)
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It is clear by equations (36) and (37) that ¢hg can be calculated very simply by knowing the camist
speed of reaction of a phenomenon or the correspgrel for two temperatures which differ for 10
degrees. Furthermore it represents a simple wasakoulate theE, (eq.(38) and (39)). When thg,, is
known the dependency of K or SL from temperaturelmmexpressed by following expressions:

Kr = K, Quol"Tre)/10] (40)
and
SLy = SLr,, QsolTrer /10l (41)

It must be pointed out that tifg, depends on temperature and falls when the temperiattreases. Typical
values forQ,, are reported in Table 15 (Saltveit 2004).

Temperature range
C) Q1o
0-10 25104
10-20 20to 25
20-30 1.5t02.0
30-40 10to 1.5

Table 15

These typical); values allow us to construct a table showing thecebf different temperatures on the rates
of respiration or deterioration and relative SLadfypical perishable commodity as you can see ffaivle
16. The values reported have been determined wjth(41) by knowing the SL at 0°C and tlyg, at
different temperatures. This table shows that ¢dbenmodity has a mean SL of 13 days at 20 °C ithmn
stored for as long as 100 days at 0 °C, but wsli t®o more than 4 days at 40 °C.

Temperature Shelf Life
°C) %0 | (Days)
0 - 100
10 3.0 33
20 2.5 13
30 2.0 7
40 15 4

Table 16. The effect of temperature on deterioratiomate (Saltveit 2004)

1.5. ASTL tests

The knowledge of the kinetic of reaction (zercstfisecond order or logistic) in conjunction witke trelation
between the speed of reaction and the factor regiglerfor the deterioration process (defined foaragle
by the Arrhenius law) allows to perform acceleraBtdtests (ASLT). The basic premise of an acceddrat
test is that by changing a storage condition, timergcal or physical process that leads to detdrtras
accelerated, and that a predictive SL relationstigted to environmental conditions can be defifiéa key
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to this premise is the assumption that the detsmaer process limiting the SL remains the same utite
two conditions (accelerated and actual storageitiond). If this is not the case, and another detative
process dominates at the abuse condition, thenlid kelationship is not attainable (see Kilcast and
Subramaniam, 2000). The ASTL tests are carriedpsiampling experimental data concerning the spéed
reaction or the SL of a product; by knowing theilation with the factor responsible for the accien of
deteriorative process it is possible to determime ¢peed of decay or the SL at the interest comditi
Generally speaking the conditions which accelettagedeterioration process are related to the tesbymer
abuse. In this case the Arrhenius law can be wsedtimate the SL. By considering a zero ordertkinéor
example, the SL can be determined by substituing3®) in eq. (18):

ty = Q—Q(_'") (42)
Koe RT

Instead of determining th&, it is possible to calculate the SL by knowing tBg and K at certain
temperature to estimate the valuekddt the interest temperature. In fact by the equati
Eq

InK = InK, — (E) (43)

it is possible to write:

Ik, + -% = InK, = InK, + - 44
Ny T 2, = Mo = My T o (44)
thus:

Eq(1 1

and for eq. (21)

Eg( 1 1
By knowing theEa and theX; or the SL of a product at certain temperafyré is possible to determine the
K, or the SL at a different temperatdte TheEa can be determined by knowing tQg, by equation (38).

1.6. The Shelf Life for products subject to variable tenperatures

The model developed up to now can be exclusivepliegh under the hypothesis of constant temperatures
However when a product flows through the supplyirchiae thermal conditions to which it is subjected
such that the temperature cannot be considerediacinB this case we are interested in knowingitinaity

of the product subjected to variable temperatuté véspect to time. This goal can be achieved lowkmng

the time-temperature history of the product andkihetic of the reaction involved in the qualitys® In this
way it is possible to predict the SL of the prodatctany stage of the supply chain. Under the hygsishof
zero order reaction, for example, a simple appration which represents the solution to this probtsm

be expressed as follows (see Piergiovanni and Li{2610)):

Qiim = 0; fLL:l Knty (47)
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where Y31 | K,t,, is the summation of products of speed const&jtsat the average temperatufg,
multiplied by the interval time,, corresponding to this average temperature. Inratteeds, since the time
temperature history is known, it is divided in tinmervals and th&,, of each interval is determined. By
Arrhenius diagram it is possible to calculate tlmmstantk,, corresponding to each,; thus they are
multiplied by thet,. K,,t, are summed until they achieve t@g,, which corresponds to end of the SL.
Alternatively, instead of calculating actual ratnstants, the time for the product to become undabée
can be measured, and eq. (47) can be modifiedtsidering (32) to give:

Quim = Q; flL=1StL—n (48)
and
fo= 2|5 (49)

(as can be found in Giannakourou and Taoukis, (Z0D3

The SL can also be expressed in terms of the dracti SL remainingf,

fr=1-f (50)

Equation (49) shows that thg is calculated by combining the kinetic theory dahd knowing of the SL
calculated through the Arrhenius law. This undedirthe strong relationship between the quality loss
(expressed by the order reaction) and the speezhofion (expressed by the speed constant).

1.7. The Shelf Life in presence of more non interferingprocesses

As discussed in paragraph 1.3 the product quality¢onstant environment can be represented as:

kQ="2 (51)
Where f(Q) is an expression comprising the initial qual@y, and the limiting qualityQ;;,,. The exact
formulation off (Q) depends on the reaction kinetics governing theedse of the limiting quality attribute.
In many horticultural products, the quality attibuhat limits the acceptance by the consumerssfrfim
one attribute at a certain temperature to anottigbiate at another temperature. This can for exanbe
observed in chilling sensitive products. For theadgtion of this situation, let us assume that sterage
temperature remains constant during the whole géopariod, but the quality attribute that limite tkeeping
quality of the product changes from one attribudeahother, depending on the level of the constant
temperature. In tomatoes, for example, kept attaohsemperatures below 8°C the limiting factoussially
the color, above 13°C it is firmness. The extensmbe made to the previous model by determininghvh
quality attribute is limiting at which temperatugach separate quality attribute has to be destiyeits
own kinetic mechanism. For this goal a distinctioost be made between interfering and non inteiderin
guality processes. Non-interfering processes carcdmsidered as additive at the level of differdntia
equations, interfering ones as multiplicative. lansinterfering processes, the change of each gualit
attribute can be described by its own process withderference of other quality attributes. Sart jd the
overall quality decrease is connected to that fipgmiocess. The combination of each of these mweEe for
each of the quality attributes then describes therehse of overall quality. Assuming the same type
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kinetics for each process (e.g. first order), #itsiation for three separate processes, actinghersame
overall quality, is depicted in equation (52).

Assuming the kinetics of reaction following a filmtder kinetics the solution of this differentiajuation
takes the form of the following eq. (53):

Q; )
lo‘g<Qu’m

KQ = (53)
Each of the individual reaction rates, however,| vikhibit its own Arrhenius type dependency on
temperature. Consequently, the keeping quality kéllinversely proportional to the sum of the thrate
constants, each with its own temperature relatfdhen the processes or quality attributes do interf@th
one another, the situation becomes very complegiclab assumptions for obtaining a common or generic
model can no longer be made. In that case, therdift processes, including the interferences, havee
modeled separately (for more details about thegpaph 1.7 see Tijskens and Polderdijk (1996)).

1.8. Keeping quality for dynamic conditions

With a dynamically changing temperature acting aeareasing quality, the remaining keeping quadity
some standard temperature has to be calculatednpare different time-temperature combinations. The
quality function f(Q) for each type of kinetics is exactly the inversadtion of the quality behavior at
constant temperature. Consequently, the keepintityguall change linearly during the (very smaliyrte
period during which the temperature can be constieonstant. For each day of storage a certaitidraof
keeping quality will vanish. The slope of the linezhange will depend on the storage temperature as
described by the complex rate constant. Providedjtiality limit remains the same throughout theagie
period and provided the initial quality is the saaseor comparable to the measuring situation,erctse of
non interfering processes, the dynamic model cdorneulated as:

t g_%(T 5 _TL)
fo Z{\lzl Kref(i)*e ref ()
KQ = KQref - Z{V:1 K (Tst) (54)

WhereK Q.. is the keeping quality at the reference tempeeéfy, K,.ris the constant at the reference

temperatureTy; is the constant temperature of a specific apptinatr commodity N is the number of such
applications or processes (for more details abmuparagraph 1.8 see Jedermann and al. (2006)).

1.9. Arrhenius deviations

In this paragraph some consideration are done alobenius equation in order to establish whersit i
possible to properly use it. In fact although ithe most important relation for the study of degecy of
chemical reactions occurring in foods from temp@eathere are several reactions whose behaviootien
understand with Arrhenius equation. Some factorghviesult in deviations from Arrhenius law and gz
non linear trend of vst, In(Q) vst, and1/Q vst are:

— The phase transition in the product;

— The contemporary presence of various chemicalicrechaving different activation energy;

— The increase of water activity whit temperature;
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— The solubility of reagents with the temperature;

— The decreasing of the solubility of gas with ther@asing of temperatures;

— The loss of water at high temperatures.
A simple method to screen experimental data anoheléff the Arrhenius equation can be used congists
plotting In(SL) vs 1/T, and determining the correlation coefficient o fnear and polynomial regression
of experimental data as explained in Petrou an@2802). Generally speaking in the absence of pdu
specific kinetic data, the assumption of a lineardel for the reaction rate versus temperature rmeay b
justified by considering the range of temperatufes studied by Labuza (1984) there is an uppert lohi
temperature that can be used for acceleratingiogacthis temperature is about 40°C for canned$p85-
45°C for dry foods, 7-10°C for refrigerated produand -5°C for frozen foods. Typical range tempeest
for food supply chain are reported in Table 17.

Food Temperature Range (°C)
Frozen food (-24 to -18)
Fresh meat and mincemeat (Oto 2)
Chilled delicatessen (2to 4)

Fresh goods (dairy

products, fruit, vegetables
Sensitive to cold fruits and
vegetables

(4 to 8)

(8to 15)

Table 17

From Table 17 appears clear that the Arrheniusdamnot be applied to frozen foods. For more dets!
Petrou and al. (2002) in which the relationofSL) vs 1/T is studied for such products.

The application of deterioration models requires gossibility to gathering information of intrinsand
extrinsic factors. Today this condition is satidfiey using the Radio Frequency ldentification (RFID
technology, enabling the automatic identificatiatadgathering. In the next Chapter an ex cursuoie
about this technology in order to illustrate theinmeharacteristics of the RFID devices and theilinma
application fields.

The possibility offered by this innovative techngjaallowing the monitoring of the deterioration pess of
a product can be of great help in the optimizagbsupply chain management. This argument will ealtd
in the Chapter 3.
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CHAPTER 2: RFID TECHNOLOGY

2.1. Introduction

The Radio Frequency ldentification (RFID) is anaaodtic identification and data capture technology
composed by three main elements: a tag formed bli@a connected with an antenna, a reader with an
antenna that emits radio signals and receivestimmreanswers from tags, and finally a middlewarat th
bridges RFID hardware and enterprise applicati@evices of a RFID system communicate each other
providing a real-time communication with numerolgects at the same time at a distance, withoutaoont
or direct line of sight. The tag is placed on thxgeot that has to be identified. The tag contauitable
information of the object. The reader has a nunobeifferent responsibilities like powering the tagdentify

the tag, read and sometimes write data to theTtag.reader also communicates with the databaséiichw
information from tags will be processed. When thect that is tagged comes in a reader’s interiogat
zone (reading zone), where the tags are being thadeader sends out a radio wave to the tag.tdde
powers up and sends back its information to théerean some cases new information is sent from the
reader to the tag. The reader sends informatiendatabase that processes the data from the taguittable
way. The distance between the transponder andirdagends on which coupling and frequency are used.
is possible to achieve distances from a few centirsaup to hundreds of meters. The speed with wihieh
data can be transferred between tag and readdsasdapending on which frequency is used; lower
frequencies cannot transfer data as fast as tiehfgequencies, due to the higher clock frequeaiiopved

in the higher frequencies. This means that if inécessary to read many tags at the same timeharhig
frequency is preferred. Figures 30 and 31 showectsly components of a RFID system and its wagkin
scheme.

Antenna

Computer

Antenna IC (Integrated Circuit)
Figure 30
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Figure 31

2.2. RFID components
2.2.1 Tags

The tag or transponder (derived from the tertnarsmitter” and “responde”) is the part that collects real
time data and then transmits the data via radicesaf tag can perform some basic tasks like reagrite
data to its memory. When a tag is in a reader&riagation zone the data from its memory is re&ieand
transmitted to the reader. Tags usually have twispan integrated circuit whit memory (a chip) aard
antenna. Information is stored and processed bgtilpewhile the antenna is used to receive andinitrthe
information. The chip, in most applications, is dise store information about a product or a shipm&he
object, product or shipment that is being trackegyrovided with a unique identifying number. Thismber
is a part of the information that is stored in tigp that is embedded in the tag. Tags come in nshapes
and sizes. Tags also differ in memory capacity a&mahperature survivability. Almost all tags are
encapsulated for durability against shock, moist,ahd chemicals, but there are also cheaperwat®ut
encapsulation. The size of a tag depends primarilywo things, whether the tag have a battery ¢rand
the size and shape of the antenna. The size ape sifidhe antenna depends on the frequency thesteid
(see paragraph 2.5).

2.2.2 Tag types

RFID tags can be divided in three types: passiemj passive (or semiactive) and active.

Passivetags don’t have a battery; they use the energytiieatlectromagnetic wave from the reader induces
in the antenna to power up the chip and to trantmitdata back to the reader. Passive tags reffergy
from the reader or receive and temporarily stoee éhergy in order to generate the tag responsketo t
reader. Since they don’t have a proper source wepthe lifetime is almost unlimited. Afxctive tag has its
own power source, typically a battery, to run thgcand to transmit the data to the reader. Arvadig
allows very low-level signals to be received and stll generate high-level signal to be transnditback to
the reader. The active tag lies in sleep-mode iirgéts a wake-up signal from the reader. As sthe tag
gets the wake-up signal the data carrier getsap&ating mode. After the completion of the das@msaction
the tag gets into sleep-mode again. Because tlve dealy has a battery onboard they can transmi dat
without requiring a reader to power them. They hidnegefore much longer reading range then a passye
On the other hand because they have a batteryhtiney finite lifetime. Semi-passive, or Semi-actiags,
also have an onboard battery. The battery in s é¢s only used to power the sensor and recoloigig) (to
operate the chip). In fact, unlike active tags, ispassive tags are not able to initiate commuroeatiwith
the reader. Like the passive tag it uses the energlye electromagnetic field to wake up the chg &0
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transmit the data to the reader. Sometimes sersiygasags are equipped with a sensor enabling the
detection of environmental factors (like temperatinumidity, light and concentration of gases).

The main operative differences between passiveaatide tags are due to the additional energy afect
tags which has several advantages and consequénpasticular:

— Signal strength: active tags can receive very lowgy signals from the reader. Passive tags require
very strong signals from the reader, up to 1,00@4$ the power level necessary for active tags, and
the strength of the signal they return is very low.

- Initiation of the communication: passive tags regua reader to first send a signal in order to
communicate. Active tags can initiate the commuivca For example, active tags can be
programmed to send data (e.g. environmental selaa) at specific times or when external events
occur.

— Tag-reader distance is shorter for passive tags finaactive tags. Tags can be read from a few
centimeters away, to a few meters for passive tagd,up to hundreds of meters for active tags.
Reader distance depends on various factors ingutlie antenna’s size. In order to double the
reading distance of a passive tag, 16 times moveepds required from the reader. By contrast,
doubling the reading distance of an active tag eafyuires four times the power, since active tags
benefit from their onboard battery.

- Environmental sensors: passive and active tagsbeamassociated with sensors to monitor the
environment. However, passive tags can only use skesor capability when a reader is sending a
signal. By contrast, active tags can continuoushyitor the environment, regardless of the presence
of a reader field, store sensor data and timestafopmation, and send it to a reader at a specific
time or when requested.

- Read/Write capacity: technology is available told@gassive and active tags to store information
sent by the reader. However, energy constraintisailp limit data processing features for passive
tags which, in addition, do not usually featurggamemory space. Data processing capabilities for
active tags can include the use of more completopots, which limits, for example, transmission
errors.

- Tag memory capacity: Typical memory capacity ohaap passive identification tag is 64 bits to 1
kilobyte. Active tags can hold more than 128 kiltasy

— Frequencies: Typical frequencies of a passive tag-aw Frequency, High Frequency, Ultra High
Frequency and Super High Frequency while for atags are Ultra Wide Band

Table 18 summarize the fundamental differencesdmtvpassive and active tags.

2.2.3 Tag memory

The memory of a tag can be of three types: Reagt (RD), Read and Write (RW), Write Once Read Many
(WORM) and Electrically Erasable and Programmal@@VR(EEPROM). A RO tag has a pre-programmed
serial number written on its memory. The serial hams incorporated during chip manufacturing. Tiker
cannot alter this serial number or write new datthe tag. When the tag enters a reader’s intetioygaone

it will instantly start to send out its unique idiéication number and it will do so continuouslytiliit is out

of the reading zone. With a RW tag you can writevieformation to the tag or write over existing
information. It is only possible to write informati to the tag when it is in a reader’s interrogatione. You
can of course also read information from the tagy. tags usually have a pre-programmed serial nunhiaér
cannot be written over. But unlike the RO tags a R@/also have a memory space where the user ¢an pu
his own information. A RW tag has limited write és€ depending on which type of memory it is usiig.
WORM is a tag which is something between an ROamBW. It is possible to write to the tag one tenel
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read it as many as you like. When you have writtethe tag the data the tag becomes locked andaou
only read from it. An EEPROM tag is a tag whose mgntan be written several times. The EEPROM
memory capacity ranging up to more than 100 Kbyttessy can withstand up to 100,000 cycles of reatkwr

and can retain data written up to 10 years.

Passive RFID

Active RFID

Tag Battery

NO

YES

Tag Power Source

Energy transferred from the reader

Internal to tag

Availability of Tag
Power

Only within the field of an activated
reader

Continuous

Required Signal
Strength from Reader to
Tag

High (must power the tag)

Low (only to carry infation)

Available Signal

Strength from Tag to Low High
Reader
Communication Range | Short o very short range (3m or less) Long ran@@ifior more)

Tag Lifetime

Very long

Limited to battery life (depends on
energy saving strategy)

Typical Tag size

Small

Large

Multi Tag Collection

— Collects hundreds of tags within
meters from a single reader

— Collects 20 tags moving at 8
Km/h or shower

3~ Collects 1000s of tags over a 280(
m’ region from a single reader

— Collects 20 tags moving at more
than 160 Km/h

0

Sensor Capability

Ability to read and transfer sensor
values only when tag is powered by
reader; no date/time stamp

Ability to continuously monitor and
record sensor input; data/time stamp
sensor events

for

Data Storage

Small read/write data storage (Byte

syvith sophisticated data search and

Large read/write data storage (Kbytes

4
~—

access capabilities available

224

Table 18

Tag formats

Based on the paper of Weis it is possible to di#éD-style tags into five broad classes: EAS (Etmuc
Article Surveillance), read-only EPC (ElectronioBuct Code), EPC, sensor tags, and motes. Thekkewil
referred to as classes A through E. These fivesetaare summarized in Table 19.

Class Name Memory Power Features
Source
A EAS None Passive Article Surveillance
B Read-only Read Only | Passive Identification Only
EPC

C EPC Read/Write| Passive Data Logging

D Sensor Tags Read/Write  Semi Passive Environmeateddss
E Motes Read/Write| Active Ad hoc Networking

Table 19. Tag functionality classes.
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EAS tags are the most basic RFID-type tag. They do aouitain unique identifying information, so
technically are not RFID tags. They simply annoutihegr presence to a reader. EAS tags could beeaoti
semi-passive, but the added cost of a power sowmdd greatly outweigh adding unique identifying
functionality. Because of their limited functiongli EAS tags are the simplest and cheapest to raatuué.
Unlike EAS tags, read onligPC tags contain some identifying information. Thisormation may be a
product code or a unique identifier. Read only E®§> have a single identifier that is written omdesn a
tag is manufactured. Class B tags will likely bageely powered. Although they could be semi-passiv
active, again the cost of a battery would greatiyeigh the cost of re-writable memory. Class @nefo
simple identification tags offering write-once, demany or re-writable memory. Rather than having an
identifier set at manufacture time, identifiers nagy set by an end-user. If an EPC tag offers reatle
memory, its identifier may be changed many timeca®se of fact that these tags support non-volatile,
writable memory they may be significantly more axgige than read-only EPC or EAS ta§ensortags
may contain on-board environmental sensors, andlagagnd store data without the aid of a readees€éh
types of tags will be referred to here as clasS&nsor tags offer more than strict RFID functidgaland
are typically not thought of as RFID. Many sensagst may form a “sensor net” that monitors a physica
area’s environmental properties. This may includmperature changes, rapid acceleration, changes in
orientation, vibrations, the presence of biologmwathemical agents, light, sound, etc. Becausg dperate
without a reader present, sensor tags must nedgdsauisemi-passive or active. An on-board powerce
and sensor functionality comes at a much higheruf@aturing cost. Class E tags, or “smart dusttes are
able to initiate communication with peers or ottlevices, and form ad hoc networks. Motes are dalgnt
general pervasive computing devices and are muale mwmmplex than simple EPC-style RFID. Because
they are able to initiate their own communicatiomgte devices are necessarily active. Figures 32@&-3
show the most common tag formats.

\_/ul\./! o
-
O
\A\/

Figure 32.a Coin tag (EPC). Figure 32.b Tag lab€EAS or EPC).
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Fig 32. c. Temperature Sensor Tag Figure 32.d. Toslb mote

Figure 32

2.3. Readers

The reader is a radio frequency transmitter andivec. It is composed by two parts: a control @amt one
or more antennas. The first is a microprocessochvhiakes possible the communication with transpende
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and provide for data elaboration. Antennas actually the physic interface between tags and theradont
unit. Antennas are used to capture data from fHgs.data is then sent further to a computer focgssing.
Readers come, like tags, in a large number of rdiffiesizes and features. Readers come in many forms
operate on many different frequencies, and mayr eff@ide range of functionality. Readers may hdneirt
own processing power and internal storage, andaffay network connectivity. Readers can be affiked
stationary position, for example beside a conveyex factory, portable, integrated in a mobile coiep,

and even embedded in electronic equipment. In &HID systems, the reader’'s energy pulse functions
like an on-off switch. In more sophisticated syserthe reader’s radio-frequency signal can contain
commands to the tag, instructions to read or wagememory, and even passwords. In environments wit
many tags, a reader may have to perform an arlisionl protocol to ensure that communication catdlido

not occur. Anti-collision protocols permit readéosrapidly communicate with many tags in serialesrdin
important issue in the communication between thdeeand the tags occurs due to the interferengees
The main interferences in the communication betweaders and tags are due to the presence of lidaid
example water), metal, foil, or other metallic aftge high humidity, extreme temperatures (very aoldery
hot), motors and engines, wireless devices, suclkedsphones, wireless computer or communication
network, cordless phones.

How much these conditions affect a given RFID sy&teperformance depends on the operating frequency
(see paragraph 2.5). One of the most significdiesrim the success of a RFID deployment is the biya

to address interference issues.

Figure 33.a and 33.b show some example of RFIDersaavhile Figure 34 shows the communication main
components of the reader and the tag.

Figure 33.a. Reader for passive tag Figure 33.Reader for active tag
Figure 33
TAG INTERROGATOR
i microchip ' poer : P antenna data h: attenng : reader :
ot g o | [ ot | gy o |
E ...... ! irtetface H E
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E e
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Applcation Proceszhy electonics:

Figure 34
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2.4. Antennas

An antenna is connected to a reader (transceivel)sands out the reader’s signals. Basically, daeler
tells the antennas how to generate the properdid fThis field can cover an area from a few ceatérs up

to 30 meter or more. How large that area can bdepgnding on the power output and the frequencyerivéh
RFID tag moves into the antenna’s radio field,ecbmes activated. After the activation it sendkliae
information that is programmed into its memory. digh its array of antennas, the reader receivetatis
signal and decodes the signal. The decoded sigrthlen sent to the software system. A reader cam al
transmit special signals to a tag, for examplénigla tag to come alive, synchronizing a tag with teader
or interrogating all or part of the tag's conteAntennas can act continuously or on demand. The
continuously active system is used when tags aesept regularly or for multiple tag reading in the
antenna’s detection field. This detection field d#nactivated only when needed by a sensor of imae
and is called the on-demand method. Normally orfedo antennas can be attached to one reader. &here
some readers where up to eight antennas can lbbexdta

Tag and reader power level can be considerablyresiobby the nature of their antenna and in pasicitd
design and orientation. There are antennas whidhradiations in all directions equally (omnidirigtal)
and antennas which radiate in particular directi@msdirectional) with a longer range and bettgnai but
must carefully be aimed towards a particular dicectWhen either the transmitter or the receivemis
movement, it may not be practical to use direcliargennas at both ends of the communications link.
Antenna design and orientation also influencesatad) reader sensitivity. Tags’ and readers’ antesires
are also a key difference between induction antbnadve RFID. In general, electromagnetic inductiags
require a smaller antenna than radio wave syst8omme examples of antennas are reported in thedsgur
35.a-35.c.

Figure 35.a. HF antenna Figure 35.b. HF antenna Figure 35.c. UHF antenna

Figure 35
2.5. Frequency ranges

Each RFID system operates within a given frequeacge. The frequency range in which a RFID system
operates determines key capabilities and limitatiorthe system. For example, the higher the frequethe
shorter the wavelength and the harder for a radimasto go around or through obstacles to reaadtaiver.
Unlike some radio communications systems that apexilicensed frequencies (such as mobile telepbon
television), RFID systems operate at specific @mged frequencies that are not fully harmonized
internationally, in particular in the UHF and mierave ranges. Different frequencies for RFID in eliéint
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regions can be challenging for those who advodatedeployment of global RFID applications, although
technical solutions can cope with a certain le¥eligergence of frequencies (See Table 20).

Frequency Regions

Low Frequency (LF) 125 - 134 kHz in Canada, Europe, Japan and the US
30 — 300 KHz

High Frequency (HF) In all the word

13.56 MHz

Ultra High Frequency 433.05 — 434.79 MHz in most of Europe, US, and
(UHF) under consideration in Japan

300 MHz — 3GHz 865 — 868 MHz in Europe

866 — 869 and 923 — 925 MHz in South Korea
902 — 928 MHz in the US

918 -926 MHz in Australia

952 — 954 MHz in Japan

Super High Frequency 2.4 — 2.5 and 5.725 — 5.875 GHz in Canada, Europe,

(SHF) Japan and the US
2 -30 GHz
Ultra High Wideband 3.1 -10.6 GHz in the US
(UWB)
3.1-10.6 GHz
Table 20

25.1 Low Frequency

One of the biggest advantages with LF is that rtfasas affected by surrounding metal. Therefoig ideal

to use for identifying metal items. Depending orichlreader being used and the size of the trangpotite
reading range varies. It can be from a few cengénsaip to a couple of meters. LF penetrates mosriaks,
such as body tissue and water. One limitationas ¢hectric motors may interfere with the LF sysiérhis
used in the industry. Because of the antenna tied,F transponders are normally more expensive Hfa
transponders. That makes this frequency best $eiitabapplications where the transponders carehesed.
Other limitations are that the data transfer iatre¢ly slow, because the lower the frequency esslower is

the communication. One transponder at a time carebd in most LF systems and it does not support
simultaneous read of multiple tags.

25.2 High Frequency

The frequency used for High Frequency (HF) RFIDtays is 13.56 MHz. This is a globally accepted
frequency meaning that any system operating at &Fbe used world-wide. When using HF, the signal
travels well through most materials, even water bady tissue. Compared to LF, it is more affectgd b
surrounding metals. The advantages with HF, whempewing to LF, are lower tag costs, the commuricati
speed is better and it is possible to read multipls at once. The antenna length is based oremigghl of

the signal that is transmitted or received. You say that the higher the frequency the shorter the
wavelength is. Because of this, the antennas ifr &ydtem are smaller than the ones used in a LtErays
HF is designed for applications that require a comication range of one meter or less, with the emirr
power regulations. One thing that has an impacthencommunication range is the orientation of g t
with respect to the reader antenna. Both the rematenna and the tag antenna should be paralggttthe
best communication range as possible. If the tagédgendicular to the reader antenna, then the

92



communication range may be reduced. In HF RFIDesyst the communication range is highly dependent
on the reader design and the transponder antermramBters on which the maximum communication
distance is depended are RF power of the readespaxific antenna configuration. Factors that giyn
influence range are tag tuning, antenna size anidommental factors. With 13.56 MHz systems, watees

not interfere, but metal does. If there are megalvieen the reader and the tag, communication iessiple.

2.5.3 Ultra High Frequency

This frequency has become one of the dominatingRiD market space. One of the biggest reasons why
UHF has become more popular is the read range. HveR and HF are well established and robust
technologies, they fail where range of beyond oeéenread is required. On the supply chain marketres
longer read distances are required, UHF systempraferable. UHF range allows for shorter anteraras
longer read distances. In UHF, the anti collisieatfire implementation is achieved, thus a higherbau of
tags can be read simultaneously. It is possibledd about 200 tags at once. Today's UHF systemstio
work in presence of liquids and on metal. This ¢l poses a serious challenge. One problem witk U

is that it uses different frequencies in differeggions of the world.

254 Super High Frequency (Microwaves)

The frequency 2.45 GHz is also called microwaveSuger High Frequency (SHF). This frequency ranges
from 1 GHz and upward. For RFID systems, a typmalrowave operates either at 2.45 GHz or 5.8 GHz.
Microwave systems can use both semi-active andveatags. One great advantage is that these systems
have the fastest data transfer rate between tideread the tag. Because it is in the UHF bandrawiaves

got the same drawback when using it in presenceetél or water, as UHF. The antenna length is sefgr
proportional to the frequency and because of tiaphassive tag’s antenna has the smallest lengtparing

to the other frequencies discussed. That makesnagigrowave RFID systems, the ones with smablest.

255 Ultra High Wideband (UWB)

Ultra-wideband (UWB) technology applied to RFIDfagrly recent. Rather than sending a strong signah
particular frequency, UWB uses low-power signalsaowery broad range of frequencies. The signal on a
particular frequency used by UWB is very weak, butaggregate, communication is quite robust. In
practice, some implementations of UWB operate fbinto 10.6 GHz. The advantages of UWB are that it
has a very long line-of-sight read range, perhd&fsreters in some settings. UWB is also compatilille
metal or liquids. Since the signal on a particdtaquency is very weak, UWB does not interfere with
sensitive equipment. Consequently, an early apgpmicawas asset tracking in a hospital setting. A
disadvantage of current implementations of UWBh&t it must be active or at least semi-passive. ¢l@n
since UWB tags broadcast very weak signals, theg halatively low power consumption.

Table 21 summarizes the main application fieldstégy operating at different frequencies and theiinm
characteristics.

93



Main

Aiming of

Transmission

Frequency application Type of Metal Moisture transppnder Data . Tag. of energy and
i tag during rate | dimension
fields . data
reading
Car
immobilization Low
LF Access control . No No Not Medium/ | Electromagnetic
Passive (2-10 . .
(125 KHz) | systems effect effect necessary small induction
kbps)
Gas readers
Animal ID
Access control
systems
Contact —less
credit cards ID
badges
Baggage Approxi . Good
HF handling Passive mately Appro:(ljmately Not (20- Medium Electromagnetic
(13.56 MHz) | Ticketing no offect necessary | 100 induction
Tracking and effect kbps)
tracing
Multi access
Library
management
Payment card
Tracking Strong High
UHF Supply chain . reflection High . Sometimes| (28 — .
management | Passive absorption Small Radio waves
(868 MHz) from Lo necessary | 100
Inventory through liquids
metal kbps)
management
iFdlzs:ification very
. Passive| Strong High high
Electronic tool . . .
SHF . Semi- | reflection absorption (100 The .
Container . - Necessary Radio waves
(2.45 GHz) trackin passive| from through liquids kbps-| smallest
g. Active metal 1
Production Mbps)
control P
Very
. high
uws CpsemE No 100 |  The .
(3.1-10.6 | Assettracking| passive Necessary Radio waves
. effect effect kbps-| smallest
GHz) Active 1
Mbps)
Table 21

2.6. Signal attenuation

In RFID, attenuation normally refers to reductiarthe energy that is emitted by the reader or énethergy
reflected back from the tag. A tag must be clogsehé reader to be read if less energy is abledofrit. The
energy emitted by the reader is naturally decrgasith distance. This rate of decrease is propoatito the
inverse square of the distance. Passive UHF-tdlgtrdoack a signal at very low power levels. Galigr

speaking Low Frequency signals penetrate liquidsemeasily because longer wavelength is less sublkept

to attenuation. Therefore Low Frequency and HigigEency systems are better suited for tagging tsbijec

environments containing water (like humans or afsjnaMetal stops radiofrequency signals and redlect
them, creating interferences. Progress is beingemeagarding the management of interferences crésted
metallic environments. Low Frequency magnetic cimgplsystems can communicate in a metallic
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environment under certain conditions. A wide variet error-correcting coding techniques can be eygd
to try to mitigate the effects of noise. The greatee complexity of noise avoidance, mitigation and
reduction techniques in data channel engineeriteggteater will be the cost of the tag.

2.7. RFID costs

The cost of RFID tags was about a dollar each 002Many researchers believed hat extensive uBé-t
would not be possible unless tag unit cost reddcastically. There is a widespread view in the Biduthat

the tag cost would have to come down to 5 cents bafore the RFID industry could really take ofthase
“companies cannot afford more than five cents wart added cost”. The five cent tag is not yeeality,
even though the price is decreasing continuallgaihe down to 12.9 cents of US$ in 2005 and cuyréme
passive UHF tags sell for about 10 cents each wsdfan Zhu and al. (2011). As regard to the reatiegs
cost varies from US$100 (for LF readers) to US$Q,08igh-frequency reader modules) for readers of
passive tags, from US$1,000 to US$3,000 or moredaders that communicate with active tags oveg lon
distances. Finally the antenna costs range betW&@8-2,000$ depending on frequencies adopted and
applications.

Today the better way to determine if an investnenRFID is affordable is to verify if it will addalue for
the company. If there is no added value, then evémo-cent tag will not be attractive. The addetuea
would come from the effective use of all the infation that can be collected from the tags with no
additional labor cost. The data can be used toawgon-shelf availability, tracking life-saving ms or
parts movement. All these have tangible value ¢hatbe quantified. If this value, for a given compais
higher than the tag cost (whatever it is), thenRiSlavailable implementation. Table 22 summarihestag
costs divided by frequency.

Frequency Type of tag Unit cost (US$)
LF (125 KHz) Passive 1
HF (13.56 MHz) Passive 0.50
UHF (868 MH2z) Passive 0.10
SHF (2.45 GHz) Passive, ngi- passive, o5
Active
UWB (3.1 - 10.6 GHz) Semi- passive, Active 5
Table 22

2.8. Application fields

The information gathering, storing and transmittoapability of the RFID tag makes a variety of wsag
possible. Passive RFID tags, for example, are camymased in product tracking, building access aantr
airline baggage tracking, while the US DepartmdnbDefense has successfully used active tags toceedu
search and loss in logistics and to improve suppgin visibility. In this sense fields of appliaati of RFID
are very diverse. RFID technology is mainly appfed
— Retailing industry. Effective implementation of the quick responsstes requires an efficient
inventory management system and depends on coasolid integration, and analysis of data
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collected from different supply chain players sashsupplier, manufacturer, distributor, wholesaler
shipper and retailer. Traditionally, the methodsstufcking shelves and managing inventory were
used, but these are labor intensive, time consynaing error-prone. RFID can be of immense help
in this operation. A product with an RFID tag colld tracked immediately after it is delivered to
the store. Using this information, backroom inventcan be minimized and at the same time
shelves can be kept full. This will also improverstsecurity and analysis of sales data.

Smart shelf operations Smart shelves can detect RFID tags affixed toviddal items. These can
then be transmitted to the information system wiaigh place a replenishment order either from the
stock room to the shelf or from the manufacturehtoretailer for a new shipment.

Retailing industry-apparel. In this sector the use of RFID solution may hédpreduce the
inventory shrinkage.

Food and restaurant industry. In this industry, the inventory generally is géable with limited
life. If not handled properly while transporting,may get spoilt and its useful life reduces. Thas

a number of repercussions. First, the saleabléslifeduced thereby reducing the revenue generating
window of the product. Second, an outdated (orrexpiproduct can be delivered to a customer with
disastrous results. RFID enabled product identificacan reduce such spoilage substantially. RFID
system can track the items in real time withoutdpict movement, scanning or human involvement.
Active RFID tags can dynamically update informatimm the product. RFID can also be used to
integrate agricultural firms into the food chairdaeduce product recall costs.

RFID in health care industry. A number of applications of RFID technology aheady found in
the health care industry. They use it to improvéieph monitoring and safety, increase asset
utilization with real-time tracking, to reduce meali errors by tracking medical devices, and to
enhance supply-chain efficiencies.

Logistics industry. In the logistic sector the RFID can improve thehipping,” *“receiving,” and
“put-away’” processes; these technologies can ehnautomate, or automatically trigger some
business processes; they foster a higher levelfofmation sharing/synchronization between supply
chain members.

Travel and tourism industry. A major application of RFID came into play whehetUS
Government included RFID chips in US passport0@62 The chips store the same information that
is printed within the passport like the informatiabout the traveler, including name, gender, date
and place of birth, and a digital picture of thesggort holder. Apart from this huge application in
passports, there are many other RFID applicatiorisavel and tourism industry, as the interactive
museum and hands-free access to ski lifts.

Library applications. In this field RFID is applied embedding books lwWiRFID chip which
includes all relevant information. Since RFID tags be read through an item, borrowers can check
out several books at one scan. RFID could held staded up inventory management process,
reduce human errors and increase the accuracyeftory records. A whole shelf of materials can
be counted within seconds, reducing time of “shelding” and other inventory activities. Smart
Shelves are used to pinpoint the exact locatiobhooks in a library saving thousands of dollars in
misplaced and therefore lost books.

2.9. RFID standards

The two most relevant RFID standards are the Iatemnal Organization for Standardization’s (ISOpan
EPC global’'s standards. RFID ISO standards coveiffdrent areas: technology (e.g. ISO 18000 series)
data content (e.g. ISO 15418), conformance ancdpeance (e.g. ISO 18046), and application standards
(e.g. 1ISO 10374). The ISO standards are definedvaty high level, focusing on the interface ratian on
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the data which is transported. As a result, ISdsdeds are generic, being able to be supportednpy a
system and in any context, irrespective of the tlahis being carried. In contrast with ISO RFArslards
which are generic standards, EPC standards ardispE®C standards describe the tag and the tarface
depending on the data being carried. EPC stangmedsribe the physical implementation of the tagd a
readers, rather than specifying their generic aharistics. EPC global defines specifications f&Cetype
tags operating in the UHF range. The EPC globalopals assume the tag carries a unique identifier,
electronic product code (EPC). EPC's can be efieor 96 bits long (longer ID's are available fotufe
use), and are partitioned into a header descritiingePC structure, some information about the 'gana
(typically a company owning some ID space), aneéothformation about the type of object marked el
serial number. The standards are also much moitedirim their scope, for example where the ISO diaths
for air interface cover all the frequency range CEsperates only within the UHF between 860-930MHz
with one standard for 13.56MHz.

The ISO standard are divided in:

1. I1SO Standards for Proximity Cards: 1ISO 14443 fao¥amity” cards and 1ISO 15693 for “vicinity” cards
both recommend 13.56 MHz as its carrier frequefidyese standards feature a thinner card, higher
memory space availability and allow numerous candse field to be read almost simultaneously using
anti-collision, bit masking and time slot protocols

— 1SO 14443 proximity cards offer a maximum rangewfy a few inches. It is primarily utilized for
financial transactions such as automatic fare ctdle, bankcard activity and high security
applications. These applications prefer a verytbohrange for security.

— 1S0O 15693 vicinity cards, or Smart Tags, offer aximaim usable range of out to 28 inches (70cm)
from a single antenna or as much as 4 feet (12Qmimg multiple antenna elements and a high
performance reader system.

2. ISO Standards for RFID Air interface. The 1ISO 18@@des is a set of proposed RFID specifications fo
item management that could be ratified as standadwing 2004. The series includes different
specifications that cover all popular frequenciesluding 135KHz, 13.56 MHz, 860-930 MHz and 2.45
GHz.

— 18000 - 1 Part 1 — Generic Parameters for Air fater Communication for Globally Accepted

Frequencies

18000 - Part 2: Parameters for Air Interface Comigations below 135 KHz

ISO standard for Low Frequency
— 18000 - Part 3: Parameters for Air Interface Comications at 13.56 MHz
ISO standard for High Frequency
Read \ Write capability
— 18000 - Part 4: Parameters for Air Interface Comications at 2.45 GHz
ISO standard for Microwave Frequency
Read \ Write capability
— 18000 - Part 5: Parameters for Air Interface Comications at 5.8 GHz
— 18000 - Part 6: Parameters for Air Interface Comications at 860 — 930 MH
ISO standard for UHF Frequency
Read \ Write capability
Targeted for same markets as EPC standards.
— 18000 - Part 7: Parameters for Air Interface Comigations at 433.92 MHz
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3. ISO Standards for Animal ldentification
- 1SO 11748/ 11785

4. 1SO Supply Chain Standards

These are used to identify different types of logsscontainers and packaging, in addition to irciral
items.

— 1S0 17358 - Application Requirements, including tdiehical Data Mapping
— 1S0 17363 - Freight Containers

— 1SO 17364 - Returnable Transport Items

- 1SO 17365 - Transport Units

- 1SO 17366 - Product Packaging

- 1SO 17367 - Product Tagging (DOD)

— 1SO 10374.2 - RFID Freight Container Identification

Table 23 summarizes the ISO and EPC Global staridaftequencies adopted by RFID technology.

ISO EPC Global

Frequency Type of tag standard standard

LF (125 KHz) Passive 18000 -2  Not treated
HF (13.56 MHz) Passive 18000 -3  Not treated
UHF (868 MH2z) Passive 18000 - 6 Yes

Passive, Semi- ive
SHF (2.45 GHz) | = 2ooNVe, SEMIZPasSVe, 1 gn00 4| Not treated
Active
UWB (3.1 - 10.6 . . : Not
GHz) Semi- passive, Active treated Not treated
Table 23
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CHAPTER 3

3.1. The case study: Introduction

The case study here presented deals with the @nalf/she logistic chain of perishable productsmgo
typical perishables products are bread, meat, firest) ready-to-cook vegetables, dairy products, &he
characteristic that has the greatest impact osttirage life and safety of fresh perishable istiéneperature.
Effective temperature management is in fact thetiinggortant and simplest procedure for delayingdpiat
deterioration (Nunes and al., (2006)), although diterioration rate also depends on other parameter
relative humidity, solar irradiation, acidity, midryial growth, endogenous enzyme activities (Alasabnd

al. (2001), Howard and al. (1994), Riva and al.9@9. A way of delaying perishables deterioratisrta
properly organize the cold chain. Products hargestast be immediately transported to the warehanse
stored at their optimal temperature (Jedermannahn(2007)). In fact the storage at optimum tempeea
condition typically retards the aging and softenofidruit and vegetables, their textural and calbanges, as
well as their metabolic process, the moisture lasd, pathogen invasion. However even when theawih

is adequately organized products can anyway bessubp temperature abuses due, for example, to the
harvest phase and the loading and unloading phakah are performed outdoor and to the fact that
different supply chain stages are performed aterbffit temperatures. The variation of environmental
conditions affects the product by triggering detexiive processes. Such processes lead to theadetgen
the product quality attributes which ultimatelyuksn no longer marketable products. In absenceootrol

of product quality level these products could flthwough the supply chain and reach the consumesudh
case the members of the chain incur in deterioratiosts due to the wasted products, recall cosis an
consumers dissatisfaction. In order to reduce iitieficies related to deteriorative processes aiffgct
perishable products a suitable solution is giverth®y possibility of monitoring thermal conditionshieh
characterize the product life from the harvest®d¢onsumer and applying stock management policiesd

on the current quality level of a product. In fwe monitoring and controlling of storage tempemtilows

to determine the SL of perishable products. Theatiffe application of this approach requires thelefiog

of the SL from the temperature. The literature repseveral models which aim to determine the tuali
level of a product in terms of its Shelf Life stag from its thermal history. These models havenbee
discussed in Chapter 1 and deal with the combirssdai kinetic of reaction and the Arrhenius laweTh
accuracy with which these relationships are measmfiuences the reliability of the models. RecgfitTls
(temperature time integrators) have been used dapws perishable foods including fruit and vegkgsb
(Grisius and al. (1987), Singh and Wells (1987))nyans of compact temperature logging devices. With
modern information technology, it is relatively elpato continuously keep track and monitor the tawaipee

of products. By using, e.g. Radio Frequency Idamifon (RFID) technology, it is possible to updhte
remaining lifetime continuously and thus to avdid tisk that outdated products are delivered ttoowesrs.
The RFID can be attached to the object to be tchekel monitored, thus allowing to move from tramhial
stock management policies (First In First Out, (BJFFto new advanced policies based on the SL (Least
Shelf Life First Out, (LSFO)). Studies show that tiise of this new policy, consisting in releasst fihose
products with lower SL, can increase a retailersfip (Giannakourou and Taoukis, (2003-b), Dada and
Thiesse, (2008)) by reducing the amount of perishemtlucts and by implementing advanced pricing
policies. Consumers in fact can be less likely tochase perishable goods when their expirationsdate
near. For this reason, retailers frequently impletme discount pricing policies when the products ar
reaching their expiration dates (Sezen). In thigsthe kinetic equations discussed in Chapter re weed

to set up a mathematical model to predict the dtieland an experimental campaign, using Stockpitese
Units (SKUs) labeled with RFID tags, were carrieat ¢o validate the model. In the case study here
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presented a RFID system has been employed to mahgotime-temperature history of peaches fruit,
Elegant Lady variety, from the harvest phase uhél product reach the final destination. A RFID ath
temperature sensor incorporating a memory, a lyated a clock to record sensor data in memory at
constant intervals has been used. The two alteasfiolicies (FIFO and LSFO) were compared wittarég

to their effects on the quality of the productsténms of remaining SL, as well as to the impacttiom
economical performance of the system. The predady seports the technical/economic analysis rdl&be
the employment of a RFID warehouse managementrayistean agro-industrial supply chain, based upon
the experimental validation of the theoretical litd model and referred to actual product flows.

3.2. The proposed methodology

The case study here presented deals with the soppip of peaches which are monitored from the dwirv
to the final destination. The monitoring consistapplying a RFID sensor to SKUs and recordingtitihe-
temperature history of the product when it movesugh the supply chain. When the product reaches th
final destination the data detected are downloaflech the sensor and transferred to a computer for
processing. In order to verify the applicabilitytoe Arrhenius model to data detected at first @adyais of

SL dependence of peaches fruit from the temperdiaseebeen assessed. As explained in Chapter 1 the
guality loss for a perishable product can be evatighrough the decay of those attributes whiclndefs
sensorial profile. With regard to these attribuiles quality decay can be evaluated through a mebksur
parameter correlated to chemical-physical reactwimnish determine the decay. The variation of thaligy
with time can be expressed as in eq. (12). Whemtbduct is subject to variable temperatures thedion
between the measurable parameter and the time eaxgressed by the Arrhenius law (eq. (30)). This
relation rearranged as in (45) can be related ¢aQtly which defines the factor of speed of the reaction
acceleration when the temperature varies of 1B3Sed on relation (32) the use@f, can be defined as in
(37). The knowing of th&),, factor at different temperatures and of the Slueadf peaches at a certain
temperature can be used to determine other vafube &L of peaches. This allows to plot the Sluealvs

1/T and determine whether data plotted followsAh&enius law.

Once the validity of the Arrhenius model has beerified the data processing phase is performedistong

in determining the SL of peaches on the basis ®fettperimental data gathered by applying the Aitlsen
law. Finally the SL values have been used to deterie fraction of SL consumgg and residuaf;. as in
eq. (49) and (50). In order to show the usefulrefsthe monitoring system deployed in this study the
attention is focused on the effect of a SL basedagament system on the assessment of quality diipt®
reaching the final destination. For this reasonctbraparison between two alternative picking pofidielFO
and LSFO) has been performed on products storeslilfReshow that the knowing of residual quality of
products at any stage of the supply chain contibib optimize the decision process allowing tdyear
withdraw perished products and the application lob8sed picking policy allows to reduce the fractaf
products which perish in the storage phase.

3.3. The case study proposed
3.3.1 The RFID system deployed

The detection of thermal conditions to which a picids subject when it moves through the supplyrcisa

a central question in the application of the detation model proposed in the previous paragrapis |
necessary to record data related to the time-testyrer history of the SKUs and associate each SKitsto
time temperature history. In this way it will begsible to uniguely associate the SL calculatecatih SKU.

To achieve this goal the RFID technology can beery used. As seen in Chapter 2 RFID systems allow
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the reading of an unique identification code refdrto an object when it passes in proximity of ades.
Since a tag can be equipped with a sensor the RHFds the detection of time-temperature historyhaf
product. In order to monitor the temperature coodg at each stage of the supply chain it is necgdhat
each actor of the chain adopts a proper RFID systtawever for the case study here presented a @niqu
RFID system has been deployed at the final degtimafThe RFID system deployed consists in both
centralized and remote tools. Centralized toolsfandamentally constituted by a reader, an antetuds

for data transfer and systems able to processas@@oftware and middleware needed to implemen$the
model and to realize data transmission. Remotes tad constituted by the tags fixed on the SKUseund
examination. The main components of the RFID systeiplemented are illustrated in the following
paragraphs.

3.3.2 Components of the RFID system deployed
3.3.2.1 The reader

The i-PORT 3 reader is an Intelligent Long RanddRjlinterrogator. ILR provides highly accurate, Irea
time data collection with minimal human interventian wireless applications such as: identification,
tracking and tracing and localization of assetgample. Using UHF radio frequency technology, tRORT

3 transmits and receives data at distances frori06+teters. It has a anti-collision multi-tag-hangli
algorithm which allows communication to tags evdrewthousands of tags are within the interrogatedd
zone. The i-PORT 3 comes with a software packadp;hwis based on an industrially proofed Real Time
Operating System (RTOS). The built-in software deas allow various functions such as the commuioicat
with ILR tags, the concurrent management of 4 pelrahntennas, the concurrent signal strength
measurement (Signal strength measured simultaneouskll 4 antennas can be used as parameters for
position determination of tags), the possibilityidéntify simultaneously 2,000 tag, the communmatio
host system via Ethernet interface, the integratioexternal devices (e.g. GSM, GPS, modem ..a)seirial
interface, the data processing. The i-PORT 3 ireduan internal real-time clock to provide accutate
stamps for data captured from the tags. (see Figdirand Table 24 for the technical characterissicthe
reader).

Figure 36. The i-PORT 3 reader
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Fixed UHF Interrogator i-PORT 3

data

Performance

Read Range 100m
Write Range 100m

Max response time <150ms
Read rate — ID only 100 tags/s
Read rate — 128 bit 35 tags/s

Multiple tag handling

Up to 2,000 tags in the read
zone

Communication

Frequency 868MHz or 915 MHz

Certification EN 300 220 (EC); FCC part 15
(US)

Number of antennas 5

CPU

Data memory 128KB SRAM

Configuration Memory| 8KB EPROM

Electrical

Power Consumption |
Environmental
Operating Temperature 0°C to 50°C

Humidity 90% non condensing
Table 24. Technical data of the i-PORT 3 reader

7.5 W maximum

a)

-3

3.3.2.2 The antenna

The i-A9185 is an elliptically polarised UHF readrite RFID antenna meets all the requirementsdages

of up to 100 meters. Together with the i-PORT Zdixnterrogator, this antenna creates a very poNverf
combination for data communication. Because ofviltee apex angle (120°), a large read zone is aetijev
which is desirable when a large quantity of tagsdseto be read at the same time, or when tags mawin
great speeds need to be interrogated. The anteahards have been chosen so that even tags irtdiard-
reach places or mounted behind metal surfaceseaaad and written to. Since the antenna’s polzois#s
elliptical, the direction of the tag relative teethntenna does not matter. The antenna is designede in
industrial environments as well as in extreme temapees and damp surroundings (see Figure 37 ablé Ta
25 for the technical characteristics of the antgnna

e

= lh

Figure 37. The i-A9185 antenna
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UHF read/write Antenna i-A9185
Electrical
Working Frequency 850 — 930 MHz
Amplification (min.) 5 dBic

Emission Angle Azimuth: 360°
Elevation: 120°
Polarisation Elliptical
Environmental
Wind Stability 150mph
Operation -40°C to 70°C
Temperature
0,
Humidity 90% non
condensing

Table 25. Technical data of the Antenna i-A9185

3.3.2.3 The tag

The i-Q32T tag is a Long Range (ILR) active RFI@4alLR provides highly accurate, real-time data
collection without human intervention in wireleggphcations such as the identification, the tragkand
tracing, the localization and the temperature nuooimiy. Using advanced UHF radio frequency technglog
i-Q tags transmit and receive data at distancep @b 30 meters from a handheld device or up tort@ters
from a fixed interrogator. The anti-collision muifig-handling algorithm allows communication tosayen
when thousands of tags are within the interrogat@ad zone (2,000 tag can be identified simultasign
Because of its very low power consumption, thedag operate effectively for over 6 years. The batte
memory is of 32,000 Byte. The i-Q32T tag containsraernal sensor for temperature monitoring ineort
measure and log the temperature of goods in ddénalbervals. With its LED, the tag supports visual
recognition, such as, for example, for "pick byhtigapplications (see Figure 38 and Table 26).

o«

Figure 38. The i-Q32T tag

Active UHF Tag i-Q32T

Performance

Read Rate Up to 100 tags/s (Identification Codg)onl
Up to 35 tags/s @ 128 bit data reading

Max Response Time < 150 ms (single tag)

Multiple Tag Handling Up to 2,000 tags in the reade

Communication
Read Range to i-PORT 3 Up to 100 m free air*
Write Range i-PORT 3 Up to 100 m free air*
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Operating Frequency

868 MHz (EC) or 915 MHz (NAMIBand

Data Rate (download to
tag)

115.2 kbits/s

Data Rate (upload to
reader)

115.2Kbit/s

Maximum transmission
power

0.75 mW ERP

Standards / Certification

EN 300 220 (EC); FCC Part 15 (US); Industry
Canada

Electrical

Power source

Lithium battery (not replaceable)

Expected battery life

> 6 Years @ 600 times 128 bit readings/day

Battery monitoring Yes
Temperature Logging
Number of samples: 13,312

Interval

User definable in intervals from 1 to 2Bhutes

Accuracy

+0.5 °C (1 °F) over a range of —20 to +50 °C
(—4 to 122 °F); 1 °C over entire range

Metering range

—40 to +85 °C (-40 to +185 °F) with internal sen
—127 to +127 °C (-197 to +261 °F) with external
sensor, optional

50r

Resolution 0.25°C (0.5 °F)

Data

Data retention > 10 years without power
Write cycles 100,000 writes to a tag
Memory size 5,791 bytes, user definable

Identification code

48 bit fixed ID

Environmental

Operating temperature

—40 to +85 °C (=40 to +185 °F

Shock

50 G, 3 times DIN IEC 68-2-27
Multiple drops to concrete from 1 (3 ft)

Vibration

3 G, 20 sine wave cycles, 5 Hz to 150 Hz, DIN |
68-2-6 5 G, noise 5 Hz to 1000 Hz, 30 minutes
DIN IEC 68-2-64

=C

Table 26. Technical data of the i-Q32T tag

Stock rotation systems for perishable products
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The supply chain of fruits and vegetables is charamed by transport and storage phases whichnatier
from the field to the final destination. With redao the transport phases the focus must be onirigeépe
correct temperature; while the load and unload g@hatould be rapidly performed in order to redinee t
time the product passes at environmental temperatinich can trigger the deterioration process.
Concerning the storage phases the optimizatiohefjtality of products stored depends not only fthen
keeping of proper temperature but also from thekstotation system adopted. The most employed micki
rule used to manage perishable products is the FIHE This rule assumes that the obsolescence of
products is strongly correlated to their arrivaderin the warehouse. This is true for exampleprkaged



product in which the expiration date increases withorder of arrival of food in the warehousethis case

in order to optimize the quality of products stoiedill be useful to release first (First Out) S®products
which are arrived first (First In) (see Figure 39Fhis is not the case of fruit and vegetable Wwidae to the
intrinsic variability of the maturation level atetharvest phase have different SL when they ehtecold
chain. In this case it is preferable to releasepttoelucts from the warehouse on the basis of thetinal
quality as in the LSFO rule. The possibility tolgatinformation on actual quality level of produatlows

to implement SL based picking rules. In this cdms®sé products having a shorter SL (Least Shelf) lifié

be released first (First Out) (see Figure 39.bpgBiand Wells (1987) were among the first to pibas
issuing policy based on the actual quality of @mit Motivated by temperature-aware chemical sensors
called Time-Temperature Indicators (TTI), they deped a type of Shortest-Remaining-Shelf-Life (SIRSL
issuing policy. Their policy took into account treatery individual item can have a different deteximn
history and thus a different remaining shelf liféwey conducted computer simulations and showedfdiat
frozen goods the SRSL policy outperformed LIFO &iBO policies. The results outlined the value of
sensor-based strategies for the special case z#rfrgoods. Taoukis and Giannakourou (1998), demadast
that compared with FIFO policy, the LSFO would reglurejected products and eliminate consumer
dissatisfaction since the fraction of product witiacceptable quality consumed can be minimized.

.j ﬁﬁlj

SL=20

m SL=18
. . SL=22
FIFO — LSFO
L Omm L mom |
Figure 39.a Figure 39.b

Figure 39. FIFO and LSFO policies

In this study the two aforementioned picking pa@gihave been taken into consideration to show the
effectiveness of the monitoring system proposedha case of fresh produces. For this reason the two
picking policies were compared in order to showitf@easing in quality of products stored achiegdty
implementing SL based policies instead of tradaigrolicies.

3.34 Experimental analysis

The case study is applied to the supply chain atpes fruit, Elegant Lady variety. The supply chaiwder
study is composed by the production, transportsamichge phase, as illustrated in Figure 40.
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Transportation in . Transportation in Final destination
Harvest . First warehouse .
refrigerated trucks refrigerated trucks

Figure 40. The supply chain under study

The experimental analysis carried out consistechpglying the RFID tags illustrated in the previ
paragraph immediately after the harvest phase, Wi&logistic unit is built At this moment some SKlare
equipped with the RFID tap record the thermal history of products. Thusgheductis transferred to the
first warehouse where it ®ored at a temperature of 5°C. In the success$igsgthe product his sent in a
truck freezer to the final destination which is tharket wlere the product will be sold to the consumel
this moment the tags have been removed from thesSKthperature data te been downloaded from t
tags andransmitted to the centralized syste

The following Figure 4Xeports the average ti-temperatire history for SKUs tested with the experime
analysis. These SKUs can be considered as a saepksentative of the population. Data reportedws
that the variability in temperature is mainly doethe initial harvest phase. This variability ats the initial
SL of products. In fact even though products hasenbharvested about at the same maturation ldne
variability due to times required to harvest praduand environmental conditions which cannot
controlled causes that productshave a different S This results inan intrinsic variability in the SL ¢
products entering the cold chain, characterizewelk by variable transport and storage tir At last the
effect of such variability elements results in Hailent SL valus of SKUs reaching the final consun As
results from Figure 41he monitoring has been carried out for 120 houey &farvest, consisting of 5 hot
(first stage) to complete the harvesting phase tearsportation to the first warehouse, 50 hoursqse
stage) in storage in a refrigerated warehouse, 4@sh(third stage) of transportation, in which tengpere of
truck freezer was higher than warehouse temperatmeé 25 hours (fourth stage) of storage at am!
temperature when the product is arrive destination.

I'emperature CK)
[S=]
el
[=] [

20 40 b0 80 100 120 140
le < >le > >
1% stags 2= ztaze 1= staps 4% stags

Time (hours)

Figure 41
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Once detected the time-temperature history of tieelyct it is required to apply a temperature-depend
deterioration model to determine the SL of the pobddht any stage of the supply chain. For thisaedke
next step of the study involved the determinatibthe deterioration model which can represent thality
loss of peaches with time as a function of tempegatThus in order to apply the Arrhenius law (d&sed
in the Chapter 1) it is required to evaluate whethe deterioration process follows the equatid).(3o do
this by considering eq. (33) it must be demonstraéibat the SL of the product considered linearlpedels
from the temperature. This assumption can be shdwegplotting some SL values vs 1/T and verifying
whether they interpolate a straight line. By remermy the meaning of th@,, value (discussed in the
Chapter 1) and by considering information repomnte@able 27 referred to peaches fruit (see Testadial.
(2006)), it is possible to determine the SL fofafiént values of temperature. Table 28 report®thevalues
for several temperatures.

The plot ofin(SL) versusl/T is reported in Figure 42.
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Fruit Ea (J/mol) SL (Days) | T (°C)
Peach 77,900 22 0.5
Table 27

T=10 T=20 T=30
Qio 2.5 2.5 2.0
Table 28
SL values are reported in Table 29.
T(°C) | SL (hours)
0.5 528
5 334
7 278
10 211
20 84
25 60
30 30
35 24
Table 29
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Figure 42

By performing a linear regression bf(SL) versus1/T , the determination coefficied®? resulted equal to
0.975. This value confirms that the(SL) varies linearly withl /T. This means that the deterioration process
of the product under consideration follows the Amtus law. Thus in the experimental analysis cdraet
theIn(SL) has been calculated with Arrhenius equation andomgidering data reported in Table 27 and the
time-temperature history of the product showed igufe 41, and the fraction of SL consumgdand the

fraction residuaf,. have been determined by using eq. (49) and (583ul& are showed in Figure 43 where
thef. is represented.
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Figure 43

Figure 43 shows that th& increases until it reaches about the value of chvborresponds to the end of
the marketability of the product. This figure alslmows that about the 80% of the SL has been comsume
within the cold chain and the remaining life of gm@duct when it reaches the final destinatiorbisua of 20
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hours. This information which can be simply getrbgans of a RFID system allows to establish, at each
stage of the chain, the quality limit of the prodbeyond which the sending of the product is noteno
convenient, since would be high the probability pneduct arrives perished at destination. In thislyg af,

limit has been fixed equal to 0.7, which means thase products which presenf.aequal or greater than
this threshold at the time of the shipment fromfile& warehouse are considered not suitable ferténget
market, since even if they were maintained at tbpiimum temperature conditions during the follogvin
phases, they would arrive perished at the finatigison. In such a situation it could be possitaesend
these products in an alternative market where #&y considered still suitable for consumption thus
achieving a salvage value in this alternative marke

3.3.5 Economic Analysis of SL based warehouse policies

Once the evaluation of the shelf life has beengoeréd another important issue is related to theipiisy

of applying a SL based picking policy to produ&aving the warehouse instead of the FIFO pickifizyo

In this study this comparison has been done onuatsdeaving the first warehouse, however the @hoic
made about the picking policy affects the entiriel @main. In order to show the impact of the pickpolicy

the f, of products entering the cold chain has been ohted equal about to 25% in average, having a
normal distribution with a standard deviation d®which is attributable to the harvest phase. Sihdy has
been conducted on the basis of the actual repleaishcycle (Figure 44) of the season 2009. The ddma
rate has been considered equal to 15 tons atifixexvals of 4 days.

25,000
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&
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Figure 44
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Given these considerations an economical analyasss been performed by fixing a selling prigg =
0.6€/Kg and a threshold. = 70%, considering that with a lower residual SL evermjptimal storage and
transportation conditions the product will be peed at the end of the supply chain. The produatmst of
peaches i€, = 0.1€/Kg. Subsequently according to the constant demansiaened, outgoing SKUs are
selected according to the FIFO rule in the firstecand to the LSFO rule in the second case. Wheas (St
monitored and the FIFO policy is adopted all pradugould be eventually delivered through the supply
chain and the perished products would be detedtdeeaend of the supply chain when they are ndalsiel
anymore. The price of the perished products atetigk of the supply chain is simply considered nall a
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transportation and waste costs are neglected. Toeoeic loss for perished products can thus be
determined. When the LSFO policy is adopted praaudtich achieve a residual SL value minor thanif.7
the first warehouse are immediately discarded, thegl do not enter the supply chain. In such coorlti
their transportation cost is avoided and a salvadge could be considered since they are stilabtdlin the
local market. In this study however salvage valug @ansportation costs are not considered hercprtfit

is only related to the reduction of the quantitypefished products achieved by selecting the oaggBKUs
with relation to their SL value. Results of the momic analysis carried out for 20 days show thatloying
from the FIFO to the LSFO policy it is possiblegithieve a saving in terms of perished products®f3Kg
(equivalent to 3,884€) which corresponds to a raducof 32.25% of fraction of perished products as
showed in Table 30.

FIFO LSFO
Kg € Kg €
17,068 | 11,948 11,519 8,063
Table 30

It is clear that the wastes due to the deterionatiave a little influence on the revenue at theistpof the
season but they become very onerous when the groduncreases involving the stratification of dtec
Finally another aspect which should be taken istmant is related to the increasing of the avexadee of
initial SL consumed as the season progresses angrdlducts ripen, but this aspect is not considerekis
study.

3.3.6 Conclusions

The study presented is related to the applicatfdRFID systems to the supply chain of perishabtepcts.
The advantage attainable by the automatic mongasfrenvironmental conditions affecting the qualéyel

of products concerns the possibility to early idgrthe perished units and the withdrawal thus dwa the
related transport and disposal costs. The useR#IB system specifically deployed also allows tplgBL
based picking policy to products stored thus reuydhe fraction of perished product and increasirey
quality of products stored. In order to validategh affirmations a case study has been carrieth autich

the supply chain of peaches has been analyzedtimbeemperature history of products along the Bupp
chain has been recorded. Once the deterioratiorehf@as been validated the fraction of SL consuned a
each stage of the supply chain has been deterrmnedler to know the residual quality level of puats.
Two different picking policies (LSFO and FIFO) haveen applied to products leaving the first warsleou
and the technical-economical analysis conducteevaetiche improvement achievable by applying the SL
based picking policy instead of the traditionalipyl
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SECTION 3: DECISION MAKING IN A WAREHOUSE MANAGEMENT
SYSTEM

111



INTRODUCTION

As discussed in the Section 2 the management ishpbles throughout the supply chain is a crititsue

due the limited life of such products. In the poegi section we discussed the importance of thetonmg

of the actual quality level of products through gwply chain and the results showed that the métion
related to the SL of the products at any stagdefsupply chain can be of great help in the degipimcess
involving the possibility to locally distribute the@ products that are soon to expire and to mor¢adis
locations less deteriorated products. Furthermdre knowledge of the SL of products in conjunctigth w
the SL based picking policy allows to reduce tlaetfon of perished products in the storage phasehis
section the attention is focused on the storages@lead a warehouse management system for perishable
products is presented. The warehouse managemesséntially characterized by the replenishmentcgoli
(Economic Order Quantity, (EOQ)) and the issuindiqgyoestablished by the distributor which must be
specifically chosen in relation to the charactddst of products managed. These choices affect the
warehouse performance in terms of quality of prasiistored and profit achieved. Other elements which
affect the warehouse management are representedtbgnal parameters, as for example, the demare] rat
which cannot be controlled. With regard to the eséhment policy, traditional warehouse management
systems are based on the Wilson’s model, whilesfiueng policy relies on the choice between FinsFirst

Out (FIFO) or Least In First Out (LIFO). The choicd the proper picking policy is usually relatedttee
maximization of the utility of products stored, theimization of perished product or the maximizatdf

the profit achievable from the products sold. Hogvehhe management of perishable products is noaygdw
properly carried out by traditional replenishmemdiissuing policies especially when the obsolese@rfic
the product cannot be correlated to the arrivaléiwf the product in the warehouse. This is the ch$eesh
produce as fruits and vegetables having a randdetiie. In this case, knowing the quality condgiof the
product entering the warehouse and monitoring o#ligyy decrease during the storage phase is of
fundamental importance in order to optimize theldyaf products leaving the warehouse. The pobsibi

of the real time detection of product quality islag enabled by innovative technologies as discusstte
Sections 1 and 2. In this section the attentiofocaised on the assessment of a warehouse management
system for perishable products with the aim to shioat once the warehouse goal has been defined, the
optimization of the stock management is closebteel to the picking policy adopted, the decisionsua the
replenishment policy and the monitoring of deteat@n process during the storage phase. In paréctihis
study aims at -proposing a methodology to quathiféybenefits achievable by enforcing a SL basedrnigs
policy rather than a traditional policy based orethrrival order (FIFO). In order to apply this paly the
quality level of products stored must be closelyitooed by means, for example, of the RFID techymplo
and by applying the methodology already showedhénSection 2 allowing the determination of the IBL.
order to take into account the deterioration praz@d products during the storage phase a replengstim
policy including the deterioration costs is propdsa the present study. To show the improvement
achievable with the LSFO policy to respect the FlpQicy the methodology proposed is the design of
simulation experiments where the warehouse repgiemst cycle is simulated on the basis of an
experimental plan in which the input factors are #iverage RSL of product entering the warehouse, th
demand rate and the initial deterioration rate aey vary on two levels. The response of the pbasists

in the average Remaining Shelf Life (RSL) of prodie&ving the warehouse. The experimental plan has
been replicated in order to ensure a desired pieni®f the interest measure. The section is orgahias
follows: Chapter 1 presents a literature reviewissfuing policies and EOQ models for perishable piis;

a taxonomy of the main characteristics of the EOQeis for perishable is done in order to explaie th
fundamentals of the perishable inventory theoryafiiér 2 presents the design of simulation experirren
order to illustrate the tool employed and finallyhapter 3 presents the warehouse management system
proposed by means of a case study.
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CHAPTER 1

1.1. The inventory management for perishable products

The choice of the optimal batch size (EOQ) andhefissuing policy are strongly related to the styat goal

of the warehouse and to the product characteridtidact given the goal it is necessary to take account
the lifetime of the products which can be deterstioiand fixed or random. It is clear that for eefi-life
commodity, the issuing of the oldest units firstHB) minimizes expected outdating (Nahmias (1982)).
However, in many real systems the user determimesssuing policy and when the utility of new urigs
higher, LIFO issuing will be the result. An examderetail food distribution where consumers obeesm
expiration date on shelf items and choose the nev@gnificant research has been done to deschibe t
optimal stocking policies for items with a fixedelime. The issuing problem, as originally formelhtby
Derman and Klein (1958), is to determine an optisgjuence to remove items from a stockpile ofdinit
many units of varying ages. It is assumed thatean which is issued at agdas a "field life" ofL(s), where

L is some known function. An item is issued only whige previous item issued has expired so thatotiaé
field life of the stockpile will depend upon thegsence in which items are removed from the stoekfihe
general approach has been to specify conditioris fon which issuing either the oldest units first®) or
the newest units first (LIFO) is optimal. Dermamutfid that giverlJ(S) the expectation df(S) if U(S)is a
convex function, then LIFO is an optimal policyorder to maximizes the total field life obtainedrfr the
stockpile. He also found the optimality conditimr £IFO policy consisting in the form of th€S) function
(linear and decreasing) (Nahmias (1982). Veino®68) treats periodic review and known demand. He
examines three distinct problems: (1) determiningpptimal ordering policy when the disposal andiisg
policies are given, (2) determining optimal ordgremd disposal policies when the issuing policgiien,
and (3) determining optimal issuing and disposét@s when the ordering policy is given. (Dispossters

to the reduction of stock levels without satisfyoigmand.) For problem (1) he shows that when #id hife
function is nonincreasing in the item's age atdsand a FIFO issuing policy is used, an optimaicgohill
order an amount equal to demand over a sequengeriofds (Fries (1975)). Fries and especially NabBmia
(1975) have studied fixed lifetime models for prowuwith arbitrary but fixed lifetimes under the
assumptions of first-in-first-out (FIFO) issuinglioy and fresh supply. Chazan and Gal (1977) cansitdl a
Markovian model for perishable products inventdrgey proved that in the case in which the daily ded

is a discrete random variable the expected oufgliithe steady state is a convex function of tiieioup to
level S. In addition, they provide a rigorous proof thatrwlative outdating is minimized under a FIFO
issuing scheme. Cohen and Pekelman (1978) exartfieegffect of LIFO and FIFO accounting systems on
inventory control policies. Although that paper so®t deal directly with perishables, considering age
levels of the different stock is necessary for paxposes. One very interesting result is that thenl
inventory policy does not vary greatly with the wation scheme used (but does depend strongly on the
explicit inclusion of taxation). Cohen and Pras&a¢t978) deal specifically with the effect of FIM®rsus
LIFO depletion policies on both the system perfarmogand ordering decisions. The analysis is résttim

m = 2 lifetime periods. The critical numbers obtained-eveelatively insensitive to the choice of the iagu
policy even though the optimal expected cost wgsifscantly higher for LIFO. This result is importain
that it suggests that the relatively simple appr@tions derived in Nahmias which assume FIFO caldd

be used effectively in the more complex LIFO casevell.

As you can see the literature mentioned is abotitenrelated to the problem of optimal order qtitgn
under FIFO and LIFO policies when the lifetime loé fproducts can be considered known and fixedh@n t
other hand for many inventories the exact lifetimhstock items cannot be determined in advancedtare
discarded when they spoil and the time to spoilagg be uncertain. Fresh produce is a typical exanipl
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this case it is necessary to define the probalfilitgtion of a product of surviving at certain titnd he most
known probability functions employed are the binaimexponential and Weibull deterioration functions
The deterioration function must be taken into aotoo both the issuing policy and the EOQ model. As
regards the issuing policy this involves the padBgiio move from the FIFO policy to the LSFO pofi(as
already discussed in the Section 2, Chapter 3gpgph 3.3.3). Concerning the EOQ model, the exptiale
and Weibull distributions will be treated in moretail in the next paragraph in which the EOQ theory
perishable products will be illustrated. The aintti$ study is to show that when the goal of theelause

is to maximize the SL of products stored some irtgrdrdecisions involving the optimal batch sizes th
picking policy and the monitoring of the deteriavatprocess must be taken. The goal of the presedy is

to show that an EOQ model including the deterioratiosts, a methodology able to determine the RSL o
products stored and a SL based picking policy allowicrease the SL of products stored compareteo
traditional warehouse management system relyinghentraditional EOQ model and the FIFO issuing

policy.
1.2. A brief introduction on the EOQ theory

1.2.1 The traditional EOQ model

The replenishment policy aims at establish thenogtiOrder Quantity (EOQ) which minimizes the tatast
related to the operative management of the warehduee first EOQ model is that of Wilson (as ilhased

in Wilson (1934) and Roach (2005) in which suchtdesthe sum of production cost, holding cost and
ordering cost. In this model the following assurop$ are made:

* Demand is continuous and constant

» The process continues infinitely

* There are no quantity constraint (on order quawtitgtorage capacity)
* The replenishment is instantaneous

* No shortages are allowed

» Costs are time and quantity invariant

The model assumes the following notations:

e cis the product cost. This is the unit cost of paing the product as part of an order. If the st
independent of the amount ordered, the total &ost, iwhere c is the unit cost ads the amount
ordered. Alternatively, the product cost may beerdasing function of the amount ordered.

* c¢(z) is the ordering cost. This is the cost of placamgorder to an outside supplier or releasing a
production order to a manufacturing shop.

* K is the set up cost. A common assumption is thabtidering cost consists of a fixed cost, that is
independent of the amount ordered, and a variaddé that depends on the amount ordered. The
fixed cost is called the setup cost.

* his the holding cost. This is the cost of holdimgitem in inventory for some given unit of time. It
usually includes the lost investment income caulmsebaving the asset tied up in inventory. This is
not a real cash flow, but it is an important comgrarof the cost of inventory. &is the unit cost of
the product, this component of the costds, wherea is the discount or interest rate. The holding
cost may also include the cost of storage, insasaand other factors that are proportional to the
amount stored in inventory.

* aisthe demand rate. This is the constant ratehathwthe product is withdrawn from inventory.
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» (Q isthelot size or EOQ. This is the fixed quantiégeived at each inventory replenishment.
» T isthe cycle time . This is the time between contiee inventory replenishments is the cycle time.

For the models of this sectiGh= Q/a
* TC is the Total Cost per unit time. This is the tafhll costs related to the inventory system #rat
affected by the decision under consideration.

The assumptions of the model are described inlpyaRigure 45, which shows a plot of inventory leasla
function of time. The inventory level ranges betw@eand the amou®. The fact that it never goes below 0
indicates that no shortages are allowed. Peridgieal order is placed for replenishment of the imoey.
The order quantity i€. The arrival of the order is assumed to occuramsineously, causing the inventory
level to shoot from 0 to the amou@t Between orders the inventory decreases at aamtnstte a. The time
between orders is called the cycle tieand is the time required to use up the amouttie@brder quantity,

orQ/a

The total cost expressed per unit time is:

TC = Setup cost + Product cost + Holding cost = % +ac + hZ—Q (55)

Where% is the number of order per unit time a%ds the average inventory level. Setting to zere th

derivative of TC with respect to Q we obtain antyisg with respect to Q we obtain:

0 = [ (56)

*

and7* =< (57)

The optimal batch size is showed in Figure 46. Fegmation (56) is clear that the optimal policy sloet
depend on the unit product cost. The optimal Ip¢ sncreases with increasing setup cost and floevaad

decreases with increasing holding cost.

Substituting the optimal lot size into the Totals€expression (55), we see that:

TC* = /aZ—K+ac+ /ahTK=ac+v2ahk (58)

Q

Inventory Level

0 Q/a 2Q/a time

Figure 45
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As seen the Wilson model is a deterministic modbictv aims at optimizing the lot size by balancing
holding and ordering costs. In this model the degieof the inventory level is only due to the demaOn
the other hand when the products managed are gblish more realistic condition is that the depleiin

the inventory level is also due to the deterioragwocess occurring during the storage phase.isnctse a
suitable approach to the EOQ model is to considerdeterioration process of products and incluge th
deterioration costs in th&C function. Furthermore the hypothesis of constart deterministic demand
results in a strong approximation not always vedfiln fact in this case a warehouse orders a fixeohtity
with the consequence that an order too much ineseétse storage costs and the risk of losses through
obsolescence or spoilage, while an order too smeiéases the risk of lost sales and unsatisfistbowers.
This problem can be faced by considering the swighanature of the demand and by including the
understock (or shortage) and overstock (or salvafiee) costs as well as the cost due to the safetk in
the EOQ model. This problem consists in determioeamly the optimal batch size but also the optimal
inventory level (reorder point) at which to plageader. In the following paragraph the literatatmut the
EOQ model will be presented in order to show thermharacteristics of the most common existing ngde

1.3. EOQ models for perishable products with random liféime

As discussed in the paragraph 1.1 of this Chapteranalysis of deteriorating inventory items inesv
different concepts of deterioration. First, there situations in which all items remaining in inteny
become simultaneously obsolete at the end of tlenpig horizon, such as style goods in fashion
merchandizing, or the classic newsboy problem. &ecthere are those situations in which the items
deteriorate throughout their planning horizon. Tdagegory can be further divided into two clas§ggitems
with a fixed shelf life such as blood, and (2) igemwith continuous decay (random lifetime) such as
radioactive materials. Fixed lifetime products hdegerministic SL, i.e. if a product remains unuspdo its
lifetime it is considered to be out dated and mhesdisposed off. The products whose lifetime careot
determined in advance while in stock are knownaaslom lifetime products. A typical example is fresh
produce whose time of spoilage is uncertain and gE&sult the lifetime is assumed to be a randorialka.

As discussed in the previous paragraph the Wilsodat) as most of the existing inventory modelsyases
that items can be stored indefinitely to meet titeire demands. This assumption is not suitablddod
products which have a limited life. In fact certaypes of commodities, likes fruit, vegetables anelat,
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having a random lifetime, either deteriorate in twarse of time and hence are unstable. If the ohte
deterioration is not sufficiently low, its impacah anodeling of such an inventory system cannot beried.
Inventory problems for deteriorating items haverbstidied extensively by many researchers. Resa@arch
this area started with the work of Within (1957)omonsidered fashion goods deteriorating at theoéide
prescribed storage period. An exponentially deaayventory was developed first by Ghare and Saad
(1963). They observed that certain commoditiesg&hwiith time by a proportion which can be approxiach
by a negative exponential function of time. In thiedel the inventory level declines due to the siameous
effects on both demarid and decay according to the ordinary differential equation:

ai(t)

SR 4 =-D(®) (59)

Where4 is the constant failure rate equalr—ilt@ndm is the mean time between failures or to a failure.
When D(t) = R, independent of t, the solution ot is:

— oA RY_R
It+u)=ce u([(t)-i—;)-; (60)

This relationship may then be used to develop @nession for the cost incurred per unit time. Tathars’
procedure for determining the order quantity isellasn approximating the exponential function by first
three terms of the Taylor series expansion. SunedgsCovert and Philip (1973) considered a two
parameters Weibull deterioration function. The pevameters Weibull deterioration rate is expressed

B-1
o) =2(3) (61)
wheree is the scale parameter> 0, 3 is the shape paramet@r0, t is time of deterioration, t>0. Equation
(1) shows that the two-parameter Weibull distribotis appropriate for an item with decreasing afte
deterioration §<1) only if the initial rate of deterioration is teamely high. Similarly, this distribution can
also be used for an item with increasing rate oéri@ration (16<2) only if the initial rate is approximately
zero.Given the transformation:

(l)ﬁ — (62)

&

equation (61) become:
0(t) = nptPF1 (63)
whered <n « 1

The approach of Covert and Philip also involvesiaglan appropriate differential equation. It is:

di(t)

LB +o(0I) = -R (64)

The optimal order quantity is given by an infinfieries expansion which can be approximated by Nesvto
method. Further extensions of Ghare and Schradexie| were considered by Shah (1977) and Tadikamall
(1978). Tadikamalla assumed that the lifetime dafividual units is governed by a gamma rather than
Weibull distribution, while Shah considered theeca$ an arbitrary distribution, sajt). In the general case
the differential equation governing changes in lstlmvels has the same form as above except¢iat
replaceg)(t). As will be clear from the paragraph 1.5 th@arameter corresponding to the caracteristic life
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of the product can be expressed by means of theeAius law. Since the work of Covert and Philip and
Ghare and Schrader considerable work has be dodeteriorating inventory system, which are sumneatiz
in Nahmias (1982) that presented a review of &g0@k/and 70s referred to fixed and random lifetinoelefs.
Nahmias suggested describing the lifetime with aega life-time function instead, and argued thad t
investigated issuing policies were limited to Lbstirst-Out (LIFO) and First-In-First-Out (FIFO)
approaches due to the focus on the fixed-life pab& problem. Both types of policies are time-base
strategies which prioritize items according to thial elapsed time (i.e. age) that an item has bestorage
regardless of the goods’ actual quality conditiggee llic and al. (2008)). Thus Raafat (1991) dehliOs
and 80s in relation to continuously deterioratitegnis, and Goyal and Giri (2001) extended the re\aew
90s. Table 31 summarizes the main assumptions atkarang the deteriorating inventory models for
perishable products present in the literature.

Deteriorating items could also be classified widlspect to their value or utility as a function ohe.
Constant-utility perishable goods do not face ppreciable decrease in value during their usafdérhe,

for example prescription drugs. Decreasing-utifigrishable goods loss value throughout their tifetifor
example fresh produce or fruits. For these prodtietsdegree of deterioration can be treated asaltye
cost. Increasing-utility perishable goods increasealue, for example some wines that appreciatealne
Raafat (1991. Hwang and al. Hwang and al. (20@&)téd of ameliorating and deteriorating food presiuc
the case in which the ameliorating/deteriorating fallows a Weibull distribution. They develop BOQ
model under the two issuing policies FIFO and LIwith the goal of minimizing the amount ameliorated
per unit time. They determine an equation for theentory level under the two policies and shows the
FIFO policy outperforms the LIFO policy in minimigy the inventory level in the case of deteriorating
items, while the LIFO policy outperforms the FIFOlipy in minimizing the inventory level in the casé
ameliorating items. The aim of the present studyoishow that an appropriate EOQ model including
deterioration costs in conjunction with a SL bapaking policy allows to optimize the quality ofquucts
stored in the case of random lifetime products. dpimization is in relation with the possibilitg monitor
the residual quality of the products stored.
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Reference

Demand
(unit/unit
time)

Determini
stic
demand

Uniform

Constant

D(t) =R

Chiu (1995), Mahata and
Mahata (2009) , Mishra and
Shah (2008) , Patra and al,
(2010)

Time-varying

Power demand rate (exponential)

D(T) = a * ePt
a > 0,b arbitrary constant

Chand and Dye (1999)

Linear demand rate

Chakrabarty and al. (1997) ,
Gosh and Chandhuri
(2005),Chen (1998)

Quadratic demand rate

D(t) = a + bt + ct?
a>0,b>0,c>0,t>0

Begum and al. (2010-b)

Time dependent
(other forms)

Manna and Chandhuri
(2006),Giri and al. (1996),
Tripathy and Pradhan (2010),
Teng and Ouyang (2005) , Lee
and Wu (2002)

Stock-dependent
consumption rate

D(t)=a+bQ(t)a>0,b>0,t>0

It has been observed that in a
supermarket a large pile of

gOOdS attracts more costumers|.

For this reason a retail may
display each of items in large
quantities to generate great
demand. When the products ar
perishable this task is very
complex.

Panda and Basu (2008), Chan
and al. (2006), Sana and
Chandhuri (2004), Arya and al.
(2009), Mandal and Phaujdar
(1989), Vallaithal and
Uthayakumar (2009)

D

Price-dependent

Ve=Voe ™ ;D) =a+Voe ™ —p
Vi = value at time i , p = selling price

Generally speaking the lot size
affected by demand which in
turn is dependent on the price

s
Liu and al. (2008): Begum and
pfal. (2010-a) Dye and al. (2007)

the product.
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Stochastic
demand

Known probability
distribution
Unknown
probability
distribution
Arbitrary
probability
distribution

Chiu (1995):: Chung and al.
(2009)

Fixed

Defined by a fixed

All order units arrive fresh . it is assumed tha
no loss or decrease in utility occurs before a

At

Hariga (1997); Chiu (1995),

SL (unit ifetime number certain unit of time
time) Defined by a
I.?ar?dom stochastic Liu and al. (2008)
lifetime o
distribution
Chand and Dye (1999), Hariga
(1997), Panda and Basu (2008),
Constant Exoonential o(t) = 6 For items having a constant Mahata and Mahata (2009),
rate P B deterioration rate Chang and al. (2006), Teng and
o Ouyang (2005), Patra and al,
Deteriorati (2010)
zn rate Manna and Chandhuri
N(t) o . 0() =A+ut,0<Au<1t>0, (2006),Giri and al. (1996), Gosh
( F‘m iroh ) =at,0<a<<1,t>0 and Chandhuri (2005), Arya and
units whic al. (2009), Sing and al. (2009)
deteriorate |_. 5
. .. | Time 0(t) =a+bt+ct
S in the unit varyin a initial deterioration
time) ying Quadratic o ’ ) ) Sana and Chandhuri (2004)
rate b initial rate of change of deterioration

c acceleration of deterioration

Two parameters
Weibull
distribution

() = ap(t)f!

For items having a deterioratiof
rate increasing/decreasing with
time

nBegum and al. (2010-b), Chen
(1998), Tripathy and Pradhan
(2010), Lee and Wu (2002),
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Mishra and Shah (2008)

Three parameters
Weibull

a(t) = af(t —y)Fte~xt’
0 < a « 1 scale parameter,

For items having a deterioratiof
rate increasing/decreasing with

]Tripathy and Pradhan (2001),
Begum and al. (2010-a)

distribution > 0 shape parameter,t >y | time
ekz—e?
1) = o a-rteen)
Gamma K >0 shape parameter z = In(t) — u Chakrabarty and al. (1997)
distribution
where —co < u
< o and e" scale parameter
Chand and Dye (1999), Hariga
(1997), Chiu (1995), Chang and
al. (2006), Chakrabarty and al.
(1997), Manna and Chandhuri
In the case of perishable products it is need |to (2006), Begum and ?l' (2010-a),
find the tradeoff between deterioration costs| of Gosh and Chandhuri (2005),
Allowed/ Arya and al. (2009), Mandal and
overstocked products and shortage costs due to .
the lack of products Phauldar (1989), Chen (1998),
Shortage Tripathy and Pradhan (2010),
(loss of Lee and Wu (2002), Patra and gal,
(2010), Chiu (1995), Chung and
sales) al. (2009), Begum and al. (2010-
b), Shah and Pandey (2008)
Panda and Basu (2008), Mahata
and Mahata (2009), Liu and al.
(2008), Sana and Chandhuri
Not allowed (2004), Begum and al. (2010-b),
Giri and al. (1996), Teng and
Ouyang (2005), Mishra and
Shah (2008)
Backloggin Partial/complete Suppliers usually offer some itneeriods to Chang and Dye (1999), Hariga
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g
(possibility
to delay
payments)

the retailers in order to stimulate the deman

for the products they produce.

(1997), Chang and al. (2006),
Chakrabarty and al. (1997),
Begum and al. (2010-a), Giri
and al. (1996), Gosh and
Chandhuri (2005),Arya and al.
(2009), Mandal and Phaujdar
(1989), Chen (1998), Tripathy
and Pradhan (2010), lee and W
(2002), Patra and al. (2010), Dy
and al. (2007), Sing and al.
(2009)

u
ye

Not allowed

Panda and Basu (2008), Liu an
al. (2008), Teng and Ouyang
(2005)

Deteriorati
on costs

Chiu (1995), manna and
Chandhuri (2006), begum and
al. (2010-b), Ghosh and
Chandhuri (2005), Arya and al.
(2009), Tripathy and Pradhan
(2010), lee and Wu (2002),
Mishra and Shah (2008), Patra
and al. (2010), Chiu (1995)

Price

Price increase

Usually when the price of the commodity
being replenished is expected to increase by
fixed amount from some future date the
suppliers are prone to increase the lot size.
this case the purchase and ordering costs
decrease, but the holding cost increases. W
the products managed are perishable the

problem become more complex.

hen

Huang and Kulkarni (2003)

Price discount

Empirical observation in the magkate

Panda and Basu (2008), Liu a
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indicate that a price reduction results in an
increase in demand. This discount price

motivates the retailers to increase their order
guantity and the retailers in turn offer a price
discount to their customers to increase the
demand. Moreover, in order to reduce the loss
due to deterioration a discount price policy i$

implemented by the suppliers to enhance sales.

al. (2008)

Replenishm
ent rate
(number of
units
available at
certain
time)

Finite

Dependent on the
on-hand inventory
level Q(t) and
demand rate D(t)

Rt)=a—-B*Q(t)+r=D(t),a,r=0,0 <
p=<1

=)

Begum and al. (2010-a), Begun
and al. (2010-b)

Infinite

Chang and Dye (1999), Hariga
(1997), panda and Basu (2008
Mahata and Mahata (2009),
Chang and al. (2006), Sana an
Chandhuri (2006), Giri and al.
(1996), Gosh and Chandhuri
82006), Arya (2009), Tripathy
and Pradhan (2010), Lee and
Wu (2002), Mishra and Shah
(2008), dye and al. (2007), Sin
and al. (2009) T

[®X

Table 31
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In the next paragraph an EOQ model taking into aeta Weibull deterioration model is presented.sThi
model has been employed in the warehouse managsegsatn proposed.

1.4. The proposed model

In the present study the attention is posed orEtB® model developed by Mishra and al. (2008) arehSh
and al. (2008) in order to define the replenishnpilicy of the warehouse system proposed. In tlrogeh
the warehouse is replenished with the optimal bainh (EOQ) at time t=0. Thus the depletion of irteey
level arises due to the perishability of the pradwstored and the demand rate. The products thetiaiate
during the cycle time are considered still markietéty an alternative market and sold at a salvadgev The
optimal order quantity is determined by startingnfrthe total cost per unit time including the ondgrcost,
the holding cost, the deterioration cost and thega value. The model is developed using the fafigw
notations:

e Cis the purchase cost per unit;

» Cis the salvage value, associated to deteriorates during the cycle time, whe(@ < 6 < 1);
* his the inventory cost per unit per time;

» Aisthe ordering cost per order;

» T.is the cycle time (a decision variable).

The following assumptions are used:

» the demand rate &%, units per time is assumed to be deterministicamsgtant. This assumption can
be done by considering that the demand rate is knaith certainty and it is not affected by seasibnal

» the system deals with a single item;

» the replenishment rate is infinite, i.e., the iteans available at every time instant;

» the lead time is zero and shortages are not allolWaid assumption involves that at every time insta
the inventory level is always greater than the dehrate;

» the deterioration rate of units follows the Weildiktribution function given by (63), whefe< n <
1,=21,0<5t< T,
 the deteriorated units can neither be repairedaoeplaced during the cycle time.

Based on assumptions made and supposing that¢hsade of inventory is only due to the demandaate
to the deterioration of products, the inventoryele¥(t) is governed by the differential equation:

2O 1 (t)+Q(t)—Rp =0, 0St<T, (65)
with the initial conditionQ (0) = Q,,; = EOQ and the boundary conditigh(T,) = 0.

This equation can be solved by taking series expanand ignoring second and higher powernof
(assumingp to be very small). The solution of the differehgguation (65) using the boundary condition
Q(T,) = 0 is given by:

nﬁTcB+1

Q) = Ry [T — ¢ + = (1.8 — (1 + )ef) + 25| (66)

that expresses the inventory level at each gemestant t. The number of units that deterioraterdua
cycle can be calculated as:
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nRpT P+

D= Qopt —RpT, = B+1 (67)
The cost of deterioration (CD) is:
cp = MCRoTF (68)

T B+1
The salvage value (SV) is:

_ N&RpT A
SV = i1 (69)
The per cycle inventory holding cost (IHC) is:

_ Tc _ Tcz nﬁTcﬁ_H

IHC—h*fO Q(t)dt—hRD T-}‘ m (70)
The total cost per cycle is:
TC(T)=CD —SV +IHC + A (71)
and the Total Cost per Time Unit is:
TC,(T,) = C2=SVHHCHA] (72)

Tc

By deriving (72) with respect to,and solving it the optimal cycle time is deterntirand by equation (66)
the corresponding optimal order quantity is calada

1.5. The Arrhenius-Weibull model

The study here presented deals with the simultandetermination of optimal lot size and issuinggoto
adopt in order to maximize the quality of produstisred. For this reason the EOQ model presentédein
previous paragraph has been used. In order toadéaperishable products such as fruits and vedesabis
required to take into account their random SLhis tespect the Arrhenius-Weibull life stress mocket be
of great help. The Arrhenius life-stress model (@ationship) is probably the most common life-stre
relationship employed in accelerated life testibdnas been widely used when the stimulus or acatds
variable (or stress) is thermal (i.e. temperatuté$.derived from the Arrhenius reaction equatieen in the
section 2 (eq.30) and can be expresses as:

L(V) = Cev (73)

where L represents a quantifiable life measureh ag mean life, characteristic life, median lifé&g, &/
represents the stress level (formulated for tentperand temperature values in absolute unitglegrees
Kelvin or degrees Rankine), C is one of the modebmeters to be determindd, > 0) andB is another
model parameter to be determined. Depending onapiication (and where the stress is exclusively

thermal), the parametd can be replaced b% , whereK is the Botzmann’s constant equal 823

1075 eV K~1. The life stress model of Arrhenius can be linkeith the Weibull deterioration model by
substituting the scale parameteof equation (61) with.(V). This means that in eq. (63) th&)depends
from the lifetime of the product treated, from tlvay the product deteriorates with time (definedthy 8
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parameter) and from the time. The scale parangedérequation (61) can be expressed as the invérde o
K constant of the equation (30) (see Oms-Oliu 2@0%) represents the characteristic life of the prbdu
(Rahman and al. 2002, Abernethy 2004), defineth@sge at which 63.2% of the units will have failedr

B = 1 the Mean Time to Failure (MTTF) amdare equal, fof > 1 are approximately equal.

The arguments treated in this chapter can be suiedaby saying that perishable products can be
differentiated between products having a fixedawrdom lifetime. Concerning the latter it is necegsa
take into account the deterioration process whauh lee constant or time varying. The Arrhenius-Wiibu
model underlines that the deterioration procesiegendent upon the lifetime of the product for terafure-
sensitive products. Information about the detetioraprocess must be included in the EOQ modeake t
into account the related deterioration costs .thisrreason an EOQ model for deteriorating itens theen
presented when the deterioration rate follows abkdistribution. In this study a warehouse mamaget
system for perishable products is presented wighaim to determine the optimal operative parameters
consisting in the EOQ and the picking policy to draployed. The goal is achieved by monitoring the
lifetime of the product stored and applying a life¢ based picking policy (LSFO). The study alsoveho
that the LSFO policy outperforms the traditionaF®l policy when the products release is done orbésés

of their SL.
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CHAPTER 2

2.1. The design of simulation experiments
The performance of a warehouse management polidyrastly related to the operative parameters as fo
example the stock levels, the picking rule, etcd @ other uncontrollable elements which must be
considered as sources of uncertainty. In this @nape effect of the uncertainties on the perforreaof a
warehouse management systems is addredsedrding to Gong (2009) the uncertainty faced layetouse
systems can be classified in: sources outside upplyg chain, sources in the supply chain but oetsfe
warehouse, sources inside the warehouse, and sowittén warehouse control systems. According ® th
variance structure of uncertainties, we classifgeantainty sources as unpredictable events likekestri
floods, and hurricanes, which usually are rare &yepredictable events like demand seasonality, and
internal variability like variance of order waitinigne for batching. External uncertainty sourcesally are
more unpredictable, and will often bring higheriaace to warehouse operations. On the other hariei
uncertainty sources usually are more predictabiecerty bring low variance to warehouse operatidmshe
present study the attention is focused on soungeside the warehouse.. They include predictablatsuike
demand fluctuations, the variability of Remaininge8 Life of products entering the warehouse arel th
deterioration process of products stored. In flact@iations on demand for a specific fruit or vedpe is due
to the changes in consumer preferences and eadittgrips, and by change of the season and in living
standards. Moreover the year-round availabilitypodcessed vegetables (frozen, canned and, to erless
extent, dehydrated) may reduce demand for the fpestiucts, particularly when prices are inflatetieT
availability of other products, which can be usedsabstitutes for a particular vegetable, may plag a
role. The variability on SL is fundamentally attrtbble to the goodness of the prediction of hamwgstate,
to the fluctuations on timing of harvesting phasesl to the fact that harvest and packaging phases a
performed outdoor. Consequently since the degreeatdiration at harvest date can vary from one priou
another and due to the fact that the harvest asllaging phases cannot be controlled relativelyhi t
environmental conditions, products entering theelwause are characterized by different RSL. Fintléy
variability of the deterioration process is dughe initial SL of products and the storage tempgeathosen.
Since the SL is affected by the temperature asehighthe storage temperature as greater will bespieed
of deterioration reaction. In traditional warehousanagement systems, where the picking policied ase
based on arrival time of SKUs (FIFO) and no sysieformation management is adopted, such a situation
has a strong impact in terms of quality of prodleséving the warehouse.

In traditional warehouse management systems, wthergicking policies used are based on arrival tirhe
Stock Keeping Units (SKU) and no information mamagat system is adopted, such uncertainties have a
strong impact in terms of quality of products lemyithe warehouse. In the present study the impfact o
warehouse operational decisions is studied corisgi¢he effect of these uncertainties, by evalyptime
RSL distribution of the products leaving the wanes®when the two policies LSFO and FIFO are entbrce
The study of warehouse system is carried out vichnhethodology of design of simulation experimeAts.
sensitivity analysis is also performed consistimgaothree factors experimental plan in which thé. RS
products entering the warehouse, the demand rdténhardeterioration rate vary on two levels. Thaponse

of the experimental plan, consisting in the aver&f# of products leaving the warehouse has been
determined. The results obtained show the benefitesable by the information about the RSL of the
product in terms of improvement of the operaticawadl tactical management decisions thus increakimg t
quality of the products delivered.

The design of simulation experiments starts bydiug the experimental plan including all parametbit
affect the system behavior, thus the simulation ehaglrealized to represent the actual system,fiaadly
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each configuration of the experimental plan is iogpéd through a simulation model and the average
measures of interest are calculated. An experirhefda is generally designed to estimate how charige
the input factors affect the results, or responsésthe experiment. Experimental plans are typycall
employed in physical experiments but they canyfadsily be used in computer-simulation experimeists
well, as described in Law and Kelton (2000). Anexkpental plan consists in a set of experimentshiich
each factor varies based on certain number ofdeVidlis is called full factorial experimental pldhcan be
of great help in any case in which you would eviduhe sensibility of the response value when ipeiti
parameters vary. As a basic example of such teabsjgsuppose that you can identify just two valoes,
levels, of each of your input factors. There isgemeral prescription on how to set these levels,ybu
should set them to be “opposite” in nature but smextreme that they are unrealistic. If you hkweput
factors, there are thu different combinations of the input factors, eaefining a different configuration
of the model; this is called Z factorial design. Referring to the two levels atk factor as the “-” and “+”
level, you can form what is called a design matkescribing exactly what each of tB&different model
configurations are in terms of their input factevels. For instance, if there ae= 3 factors, you would
have 2 = 8 configurations, and the design matrix wouldaken Table 32, witfR denoting the simulation
response from thigh configuration. For more details see Kelton amadt@ (2003).

Run | Factor | Factor | Factor Response

) 1 2 3

1 - - - R

2 + - - R

3 - + - Rs

4 + + - R,

5 - - + Rs

6 + - + F‘)6

7 - + + R,

8 + + + R

Table 32. Design Matrix for a 2 Factorial Experiment

An important result given by an experimental pkwrelated to the possibility of estimating the maffect
of each factor in the plan, defined as the avedifference in response when this factor moves fitsnow
level to its high level. In practice to compute #fect of a factor it must apply the signs in thetor column
of interest to the corresponding responses, adding, then dividing by2**. Furthermore the possible
interaction between the factors can be determiodahow if the effect of one factor might dependsome
way on the level of one or more other factors. ®mpute the interactions from the experimental tesybu
“multiply” the columns of the involved factors rdwy row (like signs multiply to “+”, unlike signs ritiply

to “-*), apply the resulting signs to the corresgimy responses, add, and divideZy.

In order to execute the experimental plan desigme&imulation method is generally preferred when the
existence of uncertainties makes the task of madkieah programming highly complicated. Simulati@n i
the process of constructing a model of a real systed conducting experiments with such a modeh thié
purpose of analyzing the behavior of the systemearaduating different strategies of operation. Satian-
based optimization is an active research areaenfitid of the stochastic optimization. Reviewstbé
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research on simulation-based optimization developsnean be found in Andradottir (1998) and Fu awnd H
(1997). The effects of uncertainties and the langmber of control variables that may be preseat snpply
chain, is the main reason why simulation is widatyployed in several supply chain analysis. For gtem
Sezen and Kitapci (2007), developed a spreadsimaatasion model for a single distribution channeda
simulated three different scenarios reflectingmasilevels of demand fluctuations. Similarly, Baeeret al.
(2003) developed a supply chain simulation modéhwhe aim to compare two different trans-shipment
approaches. Zhao et al. (2002) investigated thepmelationships between forecast errors ang eader
commitments by simulating a simple supply chaintaysunder uncertain demand. Finally Young et al
(2004) addressed the problem of determining thetwatock level to use in the supply chain in otdemeet

a desired level of customer satisfaction usingnaukition based optimization approach. In this stady
event-based simulator has been built to reprodoedbehavior of the real warehouse management system
that it represents. To achieve this goal, the difie decision processes along the operational cylote
replenishment cycle and the picking policy of aetause in this case, must be accurately reprod@ssk
developed and validated the model can be used/éstigate a wide variety of “what if” questions abthe
real-world system. Potential changes to the systd#fined through the experimental plan, can be firs
simulated, in order to predict their impact on sgsiperformance.

A simulation model takes the form of a set of agstizns concerning the operations of the systemsé&he
assumptions are expressed in mathematical, logaal, symbolic relationships between the entitigs, o
objects of interest, of the system. Some of theseraptions can comprise those situations in whiwh ay
more inputs in the model are random variables.hla tase the outputs provided by the model can be
considered only as an estimates of the true charstit of the model. The quality control of the asares
obtained is of fundamental importance to ensuresireld precision about average measures of vasialfle
interest. This means that the average measuresmiiedel by each configuration of the experimentalnpl
actually represent the estimate of the expectagev@V) for this measure. For this reason, dependimthe
precision desired for the measure under analysterin number of replications of the model must b
executed. If the variable, of interest can be considered mutually independadtidentically distributed
(1ID) with meanu and finite variance?, we can use the simple me¥p to estimate the mean. Clearly, the
classical case arises whenever we use indepenggitations to do estimation. In the classical cdlse
sample meak, is a consistent estimator of the mealny the law of large numbers (LLN). Then thereas n

bias and the MSE coincides with the variance ofghmple meana_ﬁ, which is a simple function of the
variance of a single observati&p:

02 = MSE (X)) = ";2 (74)

Moreover, by the central limit theorem (CLR), is asymptotically normally distributed as the ségize n
increases, i.e.,

n!/2[X, - u] - N(0,0?%) asn — oo, (75)

whereN(a, b) is a normal random variable with mearand variancé, and— denotes convergence in
distribution. We thus use this large-sample theornystify the approximation:

o2

PRy <x) ~P(N(pZ)<x)=P(N(O1) <= (76)

n o2
n
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Based on this normal approximation;la— a)100% confidence interval fon based on the sample megn
is:

— o = o
[Xn — Z% (\/_K) , Xp + Z% (\/_K)] (77)
where
P (—Zg <N(0,1) < +Zg) =1-« (78)
2 2

and a denotes the error (width of confidence intervalidid by the estimated mean) admitted in the
measure. The statistical precision of measure padd is typically described by either the absolwigth or
the relative width of the confidence interval, dabbyw, (a) andw, (a), respectively, which are:

2Za0

wa() = —2 (79)

2Za0

wr(a) = ujﬁ (80)

wherea denotes the error (width of confidence intervalided by the estimated mean) admitted in the
measure.

For specified absolute width or relative width detconfidence intervak, and for specified level of
precisiona, the required sample sizg (¢, a) orn, (g, @) is then

2,2

40°za

ng(e, ) = —~ (81)
40%z%

ny(e,a) = uzszz (82)

For detailed discussion about statistic aspectr refeWhitt (2005). Generally to calculate how many
replications are needed for the precision requiagdfirst a certain number of replications of each
configuration are run, the confidence interval amtal level of precision are determined. Thus thanber
of replication is calculated through equation (84]82) by fixing the desired precision (Itami aadd(2005).

Most experimental designs are based on an algetagiession-model assumption about the way thetinpu
factors affect the outputs. It is assumed thatitidependent variables are continuous and conttellai
experiments with negligible errors. Furthermorésitequired to find a suitable approximation foe tinue
functional relationship between independent vaestand the response surface. If all variables ssenaed

to be measurable, the response surface can bessggdras follows:

y = (X1, X5, e ver - Xg) (83)

The goal is to optimize the response variable yidllg a second-order model is utilized in resposisdace
methodology as explained in Raissi (2009).

Y= Yo+ X1vigi + T vigl + Xicq Vijgigj + € (84)
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where they; coefficients are unknown and must be estimated cas a random error term representing the
inaccuracy of the model in approximating the acsiadulation-model response The parameters of the
model are estimated by making simulation runs gbua input values according with the experimeptah,
recording the corresponding responses, and therg wsandard least-squares regression to estimate th
coefficients.

In this study an event-based simulator has beelt tauireproduce the behavior of the real warehouse
management system. To achieve this goal, the diffedecision processes along the operational ctfude,
replenishment cycle and the picking policy of aetuse in this case, must be accurately reprod@szk
developed and validated the model can be used/ésiigate a wide variety of “what if” questions abthe
real-world system. Potential changes to the systdfined through the experimental plan, can be firs
simulated, in order to predict their impact on egsiperformance.

The goal of this study is to show that applyingea®Q model for perishable products (taking into acto
the deterioration rate) and moving from the FIFQigyoto the LSFO policy it is possible to improving
warehouse performance. To achieve this goal thismaporder quantity is determined depending on some
uncertainty sources that are internal the suppbircbut sometimes uncontrollable as demand rate and
deterioration rate. Thus a sensitivity analysissisting in a three factorial experimental plan fisggnted in
which each factor (the RSL of products enteringwiaeehouse, the demand rate and the deterioraiteh r
varies on two quantitative levels. Experimentahpteas been replicated to ensure a desired preas$itire
measures.. The simulation allows to model the sydbehavior when some stochastic input as RSL of
products entering the warehouse are present, rmligie RSL of products leaving the warehouse that
represent the response of the experimental plapopeal. The results obtained show how the informatio
about the RSL of the product and the employing lofo§sed issuing policies can improve the operationa
and tactical management decisions thus increabimguality of the products delivered. The caseystuidl

be treated in the next chapter.
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CHAPTER 3

3.1. INTRODUCTION

In this Chapter a model for a warehouse managesyst¢m for perishable products having a random
lifetime is presented consisting in the definitiointhe operational parameters characterizing theehvause
system as the replenishment policy and issuingcpolo adopt and a methodology to monitor the
deterioration of products stored. The EOQ modetwdised in the Chapter 1 has been used to define the
optimal batch size of incoming products. The detation process of products stored has been meditor
through the methodology discussed in the Sectialioc®ing the assessment of the SL of products dtate
any time. Once the SL of outgoing products is knélsnSL based picking policy (LSFO) is applied how
the improvement in product quality achievable tepert the traditional policy (FIFO). In the presstudy
the SL of products stored is the residual SL ofdpuds transferred from the field to the warehotisis; is
named Remaining Shelf Life (RSL). The RSL at edelges of the supply chain is defined as the number o
days a product is still available for consumptitarting from the moment the product arrives at gtage of
the supply chain. The RSL is a function of the Bl distribution strategy (including e.g. decisiamsdirect
delivery, cross-docking or delivery from stock &k tretailer’'s distribution channel and the shipping
frequency) and the inventory replenishment logig.(push or pull) (Van Donselaar and al. (2006))this
study the RSL of products entering the warehougéaasvn and the RSL of products leaving the wareous
in determined by considering the methodology alyedidcussed in the Section 2 and based on the #trse
law.

3.2. THE METHODOLOGY PROPOSED
3.2.1 The case study proposed: Experimental application

In this paragraph a numerical application is pregogferred to the avocado fruit. In particularaethouse

is considered for the allocation of a perishabledpct characterized by a Weibull deterioration nhode
having;=0.0085(corresponding to a Shelf life of 24 days at 10#2)L.5. On the basis of assumption
referred to the model of Mishra discussed in thepgér 1, paragraph 1.4, the optimal batch size is
determined considering=30€, Ro=16 SKUs/day andh=0.1€/SKU/period. The product coft) has been
considered equal to 0.4 €/SKU and the salvage w#ltlee perished product &=0.01€/SKU. Products that
are considered perished at a generic instant o/#tiehouse cycle are sold at their salvage value.

In such conditions th&C, is 10.30€ which corresponds to a cycle timeof5.6 days. The optimal order
quantity has been determined by equation (66) aretjual to 94 SKUs. The EOQ and the related optimal
TG, for differenty values is reported in Figure 47, while the optif@l, as a function of the Cycle Time is
reported in Figure 48. In this figure tfevalue has been fixed and thesalue varies in order to show how
the optimalTC, and the cycle time T change by considering diffeproducts having different SL.
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Figure 48.Total Cost per Unit Time as a function of the Cycle Tine for different n values

For the same values qfandf the corresponding Inventory level I(t) is reportedrigure49. Such figures
confirm that the optimal order size decreases whi@crease:
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Figure 49.Trend of Inventory level for several values.

The change in the values of parameters that afiedEOQ may happen due to uncertainties in anysibe-
making situation. In order to examine the impliocat of these changes, the sensitivity analysis lvelbf
great help in decisiomaking. The sentivity analysis of various parameters of the EOQdaiqresente
here has been done, using the values reportedeirptévious. The results of sensitivity analysis
summarized in Table 33'he following inferences can be me

1. When the demand rat®)(decreases or increases the ordering quar@}ya(d the total cost unit
(TC) will also decrease or increase. Similarly, thdesing quantity Q) and the total cost uniTC,)
will also decrease or increase as the ordering(A) decreases or increasd hat is changes irR}
and @) will lead to the positive changes iQ) and TC).

2. The change in deterioration raif) leads to a negative change on the ordering gyaiQ) and a
positive change in the total cost urTCy). That isQ decreases withhe increase off).Whereas
(TQ) increases with the increase 6).

3. Changes in carrying cogt)(and salvage value@) result in a positive change in the total cost
(TC) and a negative change in the ordering quarQ).

Table 33also reports the corresponding value o T*, EOQ andTC, calculated with the Wilson’s mode

As you can see the optimal batch sand the cycle time corresponding to thedelincluding costs of

deterioratioris always less than that determined by Wilson’s model.
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Mishra Wilson

Parameter| | eoq | TCu T* | EOQ | TCu

value

Al 30 56 | 9364 1030141 612 | 97.98 | 17.798
60 7.7 | 132.15| 14.80537 8.66 | 138.56| 21.856
90 92 | 161.17| 18.35443 10.61 | 169.71| 24971

h| 01 56 | 93.64| 1030141 612 | 97.98 | 17.798
0.2 41| 67.45| 1421824 433 | 69.28 | 21.856
0.3 34 | 5556| 172704  354] 5657 24471

R 8 77 | 66.08 | 10.30141 8.66 | 69.28 | 10.924
16 56 | 9364 | 7402684 612 | 97.98 | 17.79%
24 46 | 11410 1252569 500 | 120.00| 24.00

o 0.0085 5.6 93.64| 10.43545 6.12 97.98 | 17.79%

OO0 00— 00— 00— 0O OO0

0.011 55 92.99| 10.30141 6.12 97.98 17.79¢
0.017 5.2 89.91| 10.73796 6.12 97.98 | 17.79%
Y 0.01 5.6 93.64| 10.30141 6.12 97.98 | 17.79%
0.1 5.6 91.86 | 10.32736 6.12 97.98 17.79¢
0.3 55 91.86 | 10.38482 6.12 97.98 | 17.79%
C 0.35 5.6 93.64 10.265 6.12 97.98 15.398
0.7 55 91.86 | 10.51604 6.12 97.98 20.998
1 5.3 88.32 | 10.72155 6.12 97.98 | 25.798
Table 33

3.2.2 Measuring the RSL of products stored

The RSL of products stored is monitored throughrtiethodology discussed in the Section 2 by applying
respectively the equations (31), (33) and (49). d8yation (49) it is possible to determine the BSL
(rearranged from the formula found in the Chaptef Steele (2004)):

RSLegyir = RSLentry *(1— fc) (85)

where thef. represents the fraction of SL consumed during dteeage period and the R§lLis the
remaining quality of products leaving the warehouse

3.2.3 The design of simulation experiments

Once the optimal order size has been determinecffieet of the inherent variability in the RSL dfet
products entering the warehouse has been addrdsséluis study the RSL of the batches entering the
warehouse has been assumed to be a stochastiaramdi@ble distributed according to a normal dgnsit
probability function with the following parameterbt(ursi=24 days,ors=3.5). A simulation model has
hence been generated in order to determine thebdison function of the RSL values of the products
leaving the warehouse after the storage periothdakto account the deterioration process.

The simulation model thus generated has been eeglmydetermine the performance of the systemand t
analyze the effect of different storage policiesl gqncking rules. In particular, in the warehousstsgn
considered three fundamental factors have beemtsdlevhich affect the warehouse performance. Such
parameters are the average RSL of the incominguptedthe demand rate and the deterioration ratsed

on the assumptions made in Chapter 2 a three &aetgerimental full plan has been generated in hwhic
each factor varies on two levels, thus resulting®#8 configurations, as shown in Table 34.
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Average 0 Ro
Configuration RSLentr Unit/unit
(Days at %LO°C) ( time) (Batch/Day)
1 20 0.01275 16
2 24 0.01275 16
3 20 0.0255 16
4 24 0.0255 16
5 20 0.01275 24
6 24 0.01275 24
7 20 0.0255 24
8 24 0.0255 24

Table 34. Experimental Plan

This experimental plan reports the input paramaisesl in the simulation model to get the respomserms
of the warehouse performance.

The influence of two different policies FIFO and RS have also been investigated in two alternative
scenarios. This aspect has been modeled by ratikingroducts according to their RSL, as they ethter
warehouse (where perfect temperature control ignaad), and by using such rank in the picking igien

the LSFO policy is adopted (first scenario). Ondbatrary, when the traditional FIFO policy is atip the
products leave the warehouse based on their aordal, products entering the warehouse the samarea
therefore undistinguishable: they are thus inseitedhe picking list randomly (second scenario).eTh
simulation model hence aims to determine the aeeRSL of products when they leave the warehouse,
when the FIFO and LSFO policies are applied. Toldbtine two simulation models the following
assumptions and notation has been used: the ift@taime of the batches is deterministic and ¢daa
(EOQ-D)/Rs. For each configuration the EOQ quantity arrivaighe warehouse is determined by equation
(66) based on the demand rate and the deterionatterreported in Table 34. The EOQ corresponas&
batch. For each SKU in the batch is assigned a Rflie within the normal distribution; the RSL ofth
products entering the warehouse decreases withgaok day the stocks are held in the warehouséeon t
basis of the Arrhenius law seen in the Sectiont® RSL at the shipping time is then determined dhase
equation (85), by fixing Eequal to 59.7 Kj mal (which is the activation energy of G@roduction for the
avocado fruit, Fonseca (2001)) and by considerrag the storage temperature is equal to 10°C. EBhus
number of SKUs corresponding to the demand ratelé&ased on the basis of the two alternative pegckin
policies LSFO and FIFO.

To ensure that the values determined by the siioulaatisfy the principles of quality control, ajuéred
precision has been fixed equal to 95%. Thus 10 learse replenishments cycles corresponding to 10
replications of the simulation have been carrietliouhe two cases in which LSFO and FIFO are &pbpli
and the confidence interval for each measure @rést has been determined. Then the equation €&l) h
been employed to calculate the number of replioatioeeded in the two cases. The number of remicati
necessary to ensure the desired precision for éfitte measures of interest for the experimentah g 23
equivalent to 8*23=184 tests for each of the twenseios (LSFO and FIFO issuing policies) (FIFO and
LSFO). The performances of the warehouse systerthéotwo policies analyzed are illustrated in Take
and Figure 50 where the distribution resulting frthra two alternative scenarios for each configoratf
the experimental plan and for each of the 23 rapbas are reported. In all configurations the LS#tlicy
corresponds to the distribution having a smallefavee and thus a greater number of batches wRiSla
closer to the average.
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Average Number of Average Number of
. . Average RSL products with a products with a RSLey
Configuration (Days) Orst (Days) RSLe equal to | equal or greather then the
Average RLS; 1 Average RLS:
LSFO | FIFO | LSFO FIFO LSFO FIFO LSFO FIFO
1 16.835| 16.862 1.4423.596 75 30 84 69
2 20.835| 20.862 1.4423.596 75 30 84 69
3 17.424 | 17.429 1.4163.391 46 29 76 58
4 21.424 | 21.429 1.4163.391 45 29 76 58
5 18.008 | 18.034 1.9963.273 57 32 66 61
6 22.008 | 22.034 1.9963.273 57 32 66 61
7 18.420| 18.426 1.9363.144 56 30 71 60
8 22.420| 22.426 1.9363.144 56 30 71 60
Average value 19.672 | 19.68751.697 3.35 58.375 30.25 74.25 62

Table 35. Results of the Experimental Plan
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Figure 50. Average Number of products leaving the arehouse and their RSL for the two picking policiesin each

configuration of the Experimental Plan.
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For both the FIFO and the LSFO policy, in each ¢esifiguration and for each run, the number of potsl
leaving the warehouse with the same Rghas been calculated. The average of such valubg iB3 runs
has finally been determined and reported in TableTBe results show that the average KSaf products
leaving the warehouse is the same for both LSFORIR@ policies, while the average standard dewuatio
differs substantially (in the FIFO policy is motgah two times higher than LSFO). The best valuéhef
response is obtained when the input factors atbeat high level (Scenario 8 of the experimentalnl
Table 35 also shows that when the LSFO policy die@ a greater number of products have a KSibout
equal than the average R@lvalue 1 compared to the case in which the FIFl@yc applied. In the best
case (corresponding to Configuration 1) this all@amsmproving in quality of 60%, while in the worsise
(corresponding to Configuration 4) the improvemagtiieved is of 35.5%. The average quality improvegme
is of 48.18%. The average improvement in qualisults of 16.5% if you consider only those products
having a RSL greater or equal to the average RSL.

Based on the deterioration parameters and demamdixad by Table 34 the optimal order quantity &inel
number of perished products can be calculated césply with equations (66) and (67) for different
scenarios. Since the fraction of perished prodisctee same in the two cases in which the LSFOthad
FIFO policy are applied the Minimum Quality Levdl groducts sold can be determined as the minimum
RSLe: of non perished products leaving the warehouseulieare shown in Table 36 in which it can be
seen that when the LSFO policy is adopted the Agee@uality Level of products sold is greater thathie
case in which FIFO policy is adopted.

Minimum
, . Picking policy Frac'Fion of Ayerage
Configuration adopted EOQ Perished quality level of
Products (%) products sold

(RSLexit)
1 LSFO 93.63 4.30% 18
FIFO 93.63 4.30% 17
5 LSFO 93.63 4.30% 22
FIFO 93.63 4.30% 21
3 LSFO 93.076 5.45% 18
FIFO 93.076 5.45% 17
4 LSFO 93.076 5.45% 22
FIFO 93.076 5.45% 21
5 LSFO 1141 3.24% 19
FIFO 114.1 3.24% 18
5 LSFO 114.1 3.24% 22
FIFO 1141 3.24% 21
7 LSFO 112.61 4.09% 19
FIFO 112.61 4.09% 18
8 LSFO 112.61 4.09% 23
FIFO 112.61 4.09% 22

Table 36. Minimum Quality Level of products sold forthe two picking policies LSFO and FIFO

Based on the experimental plan realized an anatfsthe factors has been conducted to determinie the
impact on the response in the two cases in whidhQ.8nd FIFO policies are applied. Results are shiawn
Table 37 and 38.
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LSFO Effect Coefficient T P
Constant 19.6718 893.41 0.00
RSL 4.0 2.0 90.83 0.000
0 0.5008 0.2504 11.37 0.000
R 1.0847 0.5424 24.63 0.000
FIFO
Constant 19.6875 895.64 0.00
RSL 4.0 2.0 90.99 0.000
0 0.4794 0.239 10.90 0.000
R 1.0846 0.5423 24.67 0.000

Table 37. Factorial Analysis for LSFO and FIFO policy(average)

ANOVA
LSFO DF SS
Main
Effects
RSL 1 32
0 1 0.501
R 1 2.352
Total Main
Effects 3 34.853
Residual 4 0.016
Error
Total 7 34.869
FIFO
Main
Effects
RSL 1 32
0 1 0.460
R 1 2.352
Total Main
Effects 3 34.8121
Residual 4 0.015
Error
Total 7 34.827

Table 38. ANOVA for LSFO and FIFO policy (average)

Results reported in Table 37 show that in both <dke initial RSL, the demand rate and the
deterioration rate have a positive influence on thsponse. In both cases the effect which
contributes mostly to improving the performancénial RSL. The ANOVA analysis shows that
the three main factors are responsible for the%909 the total variance (Table 38). This means
that the two-way interactions and the-three wagranttions can be neglected.

The analysis of factors has been extended to émelatd deviation of the response in order to study
the impact of input factors on the standard demmabf the response in the two cases in which
LSFO and FIFO policies are applied. Results arevahin Table 39 and 40.

140



LSFO Effect Coefficient T P
Constant 0.51 399.41 0.00
RSL 0 0 0 1.000
0 -0.043 -10.7158 -5.06 0.007
R 0.537 0.067 63.18 0.000
FIFO
Constant 4.677 352.74 0.00
RSL 0 0 0 1.000
0 -0.2857 -41.6173 -8.79 0.007
R -0.1670 -0.03562 -15 0.000

Table 39. Factorial Analysis for LSFO and FIFO policy(standard deviation)

Table 40. ANOVA for LSFO and FIFO policy (standard deviation)

ANOVA
LSFO DF SS
Main
Effects
RSL 1 0.000
0 1 0.0037
R 1 0.57674
Total Main
Effects 3 0.5804
Residual 4 0.000578
Error
Total 7 0.581014
FIFO
Main
Effects
RSL 1 0.000
0 1 0.055778
R 1 0.162450
Total Main
Effects 3 0.2182
Residual 4 0.00288
Error
Total 7 0.2211
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Results reported in Table 39 show that in both céise initial RSL, has no effect on the standard
deviation of the response, the demand rate hasgatine influence in the case of LSFO (the

variability increases when the demand rate inceasewell) and a positive influence in the case of
FIFO and finally the deterioration rate has a pesitinfluence in both cases (the variability

decreases when the deterioration rate increasbis).isTdue to the fact that when the deterioration
rate increases (i.e. the initial SL decreasesHDE) decreases. The factor mainly influencing the
standard deviation of the response in the case&SéfQpolicy is the demand rate, while in the case
of the FIFO policy is the deterioration rate. ThR@VA analysis (Table 40) shows that the three
main factors are responsible for the 99.9% of ttaltvariance. This means that the two-way




interactions and the-three way interactions caméglected. In particular the demand rate is the
factor mainly affecting the variance of the stawd@eviation of the response both in the LSFO and
the FIFO case followed by the deterioration rathjlevthe initial RSL is not responsible for the
variance of the response.

Based on coefficients shown in Table 39 the respsusfaces are determined for the experimentalypitm
equation (84) by considering only the first ord=nns. The two response surfaces referred resplyctivehe
standard deviation of LSFO and FIFO policies are:

y = 0.51 — 10.71589 + 0.067Rp + € (86)
and
y = 4.677 — 41.61739 — 0.03562Rp, + € (87)

The high value of R-Sq equal to 99.9% for LSFO &i€lO shows that the linear model obtained with the
two response surfaces actually represents thearelaetween the predictors (initial RSL, deterimatrate
and demand rate) and the responrsg l.). This result can be employed to investigate thlealior of the
response without the need to run further simulatitinus allowing to gain fast information about the
warehouse system behavior when the input paramedeys

3.2.4 Conclusions

The optimal management of supply chain for perighaboducts is a relevant research topic which
has recently gained attention due to the poor susidity of agro-industrial systems. In modern
Agri-Food supply chains in fact some inefficiencean be reduced exploiting the opportunities
given by new technologies, which allow a detaileshitoring of the environmental factors over the
entire chain. Enforcing a temperature monitoringtem through the supply chain, may turn useful
to immediately detect possible temperature abusdssgstem malfunctioning, but the resulting
benefit is marginal unless gathered data are @ffdgt exploited in the management policies.
Optimizing the performance of such supply chainthiss a complex task, which involves a good
knowledge of the deterioration processes and aileigtanvironmental control. In this paper a
simulation model is proposed to evaluate the perémce of a warehouse system for perishable
products taking into account the effect of the wtaieties which typically affect the supply chain.
In particular a traditional management policy isnpared with a Shelf-Life based management
system. involving a Weibull deterioration modeldetermine the optimal stock level and a shelf-
life based picking policy. In order to take intacaant the effect of uncertainties on the perforneanc
a simulation approach is proposed and an experahghén is considered. The results of the
experimental plan show that in the case considdredaverage RSk of products leaving the
warehouse is about the same for both LSFO and HiBlzies, while the average standard
deviation differs substantially (in the FIFO polisyabout two times higher than LSFO). When the
LSFO policy is applied, thus, a greater number rfdpcts have a RQk: about equal than the
average RS value £1 compared to the case in which the FIFGcpabk applied allowing an
average improvement in the quality of 48.18%. Hyndhe response surfaces have been built
representing a tool able to predict the warehowd®vior for any variation of the input factors
considered allowing the optimization of perishablrehouse management policies.
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SECTION 4: THE AFFORDABILITY OF RFID TECHNOLOGY ENABLING THE
SUPPLY CHAIN TRACEABILITY
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INTRODUCTION

In the previous sections the optimization of peaidh management has been faced with regard themmde
post harvest phases and the results show thanti@vative technologies such as the WSN and the B&iD
be specifically employed for environmental detectidowever the applicability of such technologiss i
strongly related to the possibility of establishitige economic impact of the technology itselfs lini fact
well recognized that one the most important faatfluencing the decision about the implementatibthe
RFID is the knowing of the profitability of the @stment. As it has been already discussed in tbigo8e&
the costs related to the RFID are essentially meféto the antenna and reader which are fixed castbto
the tag which is a variable cost. In this sectiba problem of the economic impact of the RFID tetdgy is
addressed in terms of the variable costs invol¥é@. aim of this section is to present an econonaideifor
the assessment of the optimal batch size (Econ@mier Traceability) and the optimal number of RFID
tags to apply in order to minimize the total costuirred.

144



CHAPTER 1

1.1 RFID traceability systems

As widely discussed in the previous Sections palikh management optimization is a topic extensively
studied due the limited shelf lives of such produdth addition to this it should be considered tteatent
laws aiming at ensuring consumers about the foaditgthave introduced the obligation of traceabilif
product thus increasing producers attention abbetproducts quality assurance. According to the ISO
9001:2000 standard, chain traceability is the t§titi trace the history, application or locationaof entity by
means of recorded identifications throughout thé&érersupply chain. In practice, chain traceability
achieved if businesses keep records of suppliedlscastomers and exchange this information along the
entire supply chain (Opara (2004)). It is an intégd end-to-end process, in which all supply cha@mbers
contribute to optimize the tracking activity. Trabdity in food supply chain has attracted consabés
attention in the last few years for a variety aisens (Jansen-Vullers and al. (2003)). First ofiathas
become a legal obligation within the EU since Bstuary 2005 (Regulation n°178/2002 (2002)). Theaod f
companies tend to consider the significant expanglitequired to build a traceability system asrayiterm
strategic investment to create consumer confidéotle in the company image and in the specific pcadu
Consequently, other requirements for traceabilitystebesides the legal ones. In fact, in addition t
systematically storing information that must be maailable to inspection authorities on demand, a
traceability system should also take food safetgt gnality improvement into account (Food Standards
Agency of United Kingdom, (2002)). This means, dgample which the system should be able to track ba
S0 as to discover the cause of a problem and teptét from happening again, or to trigger a progeall

of potentially unsafe products, thus protectingligubealth. The data recorded must univocally idgrhe
product when it flows through the supply chain, thuantity or nature of product as well as the weigh

this context, traceability allows targeted withdedsvand the provision of accurate information @ plublic,
thereby minimizing disruption to trade. Posthartesteability of perishable goods at all levelstaf supply
chain is a goal and a practice already known amsiyea by several years for most products. Whenyated
managed are perishable a traceability system imgotkie need to monitor the product quality. In thet
knowing of the current keeping quality of produetéows the early identification of non conforming
products and their withdrawal from the supply chbefore they reach the consumer. This goal can be
achieved by means of innovative technigues whietbased on the environmental monitoring and whieh a
discussed in the next paragraph.

1.2 Environmental factors influencing the keeping qualiy

In the previous sections the focus was on the émite of the temperature on the product quality thed
main results showed that the monitoring of suchapater allow to determine the current state of the
products. In this paragraph the attention is pasedhe influence of the atmosphere compositiontan t
product quality. In fact despite having been detdctiom the plant, harvested produce continuegdpire
throughout its postharvest life. The respiratioteraf a product can be determined by detectingQhe
consumption rate and/or G@roduction rate. Because this process occurs framvest to table, compounds
that affect plant flavor, sweetness, weight, turfyeaiter content), and nutritional value are lostatdition,
storage conditions affect respiration, with higteenperatures leading to a faster rate of respiraB@cause

of the significant effect of temperature on redjrg the amount of time a harvested product isoegd to
heat should be minimized; the fruit or vegetableusth be quickly brought to its optimal storage
temperature. A study conducted by UCD universitgvgh that a delay beyond 1 hour in the storage of
strawberries in refrigerated room reduces the peage of marketable fruit of 20% (Albright 2008ndther
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important factor that affects the product qualitypostharvest phases is represented by ethyledeqgiron.

It triggers specific events during a plant's natuwaurse of growth and development, such as riggnin
Through this action, it induces changes in cernpd@mt organs, such as textural changes, color @sarsmd
tissue degradation. Some of these changes maysbalule qualities associated with ripening; in otteses,

it can bring damage or premature decay (Silva (R0@epending on their response to ethylene fraitd
vegetables may be classified in climacteric, inaihipening is accompanied by a peak in respiradiot a
concomitant burst of ethylene, and non-climactearicwhich respiration shows no dramatic change and
ethylene production remains at a very low levele¢@nder and Grierson (2002)). The climacteric ar no
climacteric behavior of a product affects strategdgcisions in terms of the logistic life cycle, ¢ypf cold
chain to be implemented to maintain the shelfdif¢he product and margin trading in sale phaséadhthe
climacteric fruits can be stored longer and mofrfeciehtly because, thanks to controlled atmospleare
controlled administration of ethylene, it is pos$sito harvest them unripe and quickly take themifgening
when necessary. The most significant case is thdtaoanas harvested green and then matured after
transport. On the contrary non climacteric fruitsistnbe harvested at their optimal maturation level,
immediately stored at appropriate conditions amd t&®ethe destination to avoid the risk of quatigcaying

of products. The effect of ethylene is accumulatbee continuous exposure to a low concentration of
ethylene throughout marketing can cause signifibant (Jobling (2000)). Table 41 reports a taxonaifny
most common fruit and vegetables devised by clieréctand non climacteric as well as their ethylene
production rate and G&mission rate.

Principal Principal Ethylene
. .| Ethylene . P Ethylene CO, Non reaction y . CO,
Climacteri ... .. [reaction tg . - . .| Ethylene productio .
¢ Fruit sensitivit Ethvlene production | emission | Climacteri sensitivit to N emission
y y pl/kg- hr mi/kg- hr ¢ Fruit Y Ethylene ml/kg- hr
Gas ul/kg- hr
Gas
. 2to 4 o . |Lesstharl| 3-5
Apple High Decay (0°C) 4-6at0°G Cherry Low | Yellowing (20°C) (0°C)
. : Less than 0.[L o . Brown, | 0.1-1 12 -5
Apricot High Decay (0°C) 2-4 at 0°C| Cucumber| High Spots (20°C) (10°C)
. Greater tha ok 0.1-0.7| 30-39
Avocado | High Decay 100 (20°C ) 10-25 at 5°C Eggplant Low Mold (12.5°C) | (12.5°C)
. 0.1-2 10-30 at 13 Lessthan  1-2
Banana | High Mold (13 °C) o Grape Low Decay 0.1(20°C) (0°C)
, 0.1-1 o . . Lessthan 3-5
Blueberry | Low |Yellowing (5°C) 3 at 0 °C | Grapefruit| Medium Mold 0.1 (20°C] (10°C)
o . 1.5-2 Less than . Russet | Lessthan  5-6
Kiwi High | Mold ©°C) | 01atoeg| Lemon | Medum | ing| 0.1 (20°C] (5°C)
. 0.1-0.5 12-16 at . . Russet | Lessthan  3-5
Mango | High | Decay | qocy | (19ecy | HMe | Medium| o ting| 0.1 (20°C) (10°C)
. 40 2-3 . . Lessthan 2-4
Melon | Medium| Decay (20°C) (0°C) Mandarine| Medium | Decay 0.1(20°C) (5°C)
_ : Odor, Less than 2-3 . Lessthan 2-4
Nectarine| High sprouting| 0.01-5 ( 0°C (0°C) Orange | Medium | Decay 0.1(20°C) (5°C)
. 0.1-2 3-5 Watermelo . 0.1-1.0 3-4
Papaya | High Decay (7°C) (7°C) N High | Sleepness (20°C) (5°C)
Passion . 160-370 15-30 . Lessthan 2-4
fruit High Decay (20°C) (5°C) Pineapple| Low Mold 0.2 (20°C) (7°C)
: Less than 2-3 Strawberr Less than 6-10
Peach High Decay 0.01-5 (0°C (0°C) y Low Mold 0.1(20°C] (0°C)
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0.1-1

0.1-0.5 2-3 R
Pear Low Decay (0°C) (0°C) Raspberry| Low 12 (0 °C) (5°C)
. . Less than 1-15
Plum High | Sprouting 0.01-5 (0°C (0°C)
. Lose 1.2-15 3-4
Tomato High firmness (10°C) (5°C)
Table 41

Given the importance that the rate of ethylenerasgdiration have in keeping of product quality lesharing
postharvest phases, the literature has focusettéistion on this topic by several years. Studiesta relate

the trend of these two important phenomena to élsedwal quality of the product. Don W. Brash and al

(1995) studied the relation between the respiratia of a product stored at fixed temperatureiemshelf

life (Figure 51); X.Y. Zheng and Wolff (2000) foed on relation between remaining quality, expressed
terms of product deterioration rate, and ethylermdyction (Figure 52); Gabler (2005) found a distin
relationship between time dependency of the gaserdration and remaining quality at examinations of

lettuce and other fruits. This suggests the keg pthyed by the rate of respiration and ethylensson in
determining the quality of the product and the imi@ace of possibility to monitor these two paramete

Shell-§fe (Days a1 20°C)

y=5.38-0.0095 x
(P= 0.95, P<0.001)

3 o

2 o

1 5

ﬂ' T L] ] I L) 4
0 1040 200 300 400 500 800

CO, Production During Storage {Lumaol (gFW)-1)

Figure 51. The effect of total CQ production of stored asparagus spears on subsequeshelf-life.
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Figure 52

Linear regression of mean postharvest decay ratingsn mean ethylene production rates (1994 and 199%f experiments) of
each market type of melon fruit. Melon fruits were harvested at horticulture maturity and stored at 2730°C for 7 days
before rating visually and mechanically for posthavest decay. A rating of 1 signified no evidence afoftening or decay,
ratings of 2, 3 and 4 indicated about 25%, 50% an@5% decay of the surface area, and 5 indicated corgte rot and collapse
of the fruit. (Zheng and Wolff (2000)).

1.3Innovative techniques and technologies for monitong parameters that
affect product quality

As already discussed in the previous Sections #rshmble quality monitoring arises from knowing th
environmental factors responsible for products ritat&tion. Such factors are related to the envirental
parameters as temperature, relative humidity, sokiation and atmosphere composition -in terfinf€o,,

O, and ethylene concentration- which characterizentfeo climate around the product at any postharvest
stage and contribute to determine its quality. Mi@ahl techniques for product quality monitoringe dased
on direct detection of parameter of interest, reaiwith chemical, physical and optical methodsudlly
they are disruptive methods and therefore theylmmpplied only to a small sample of the production
These methods are based on sampling and analysisdiict in order to evaluate the indexes thatrdete
product quality such as the appearance (size, sluaper, brightness, defects), the kinesthetic Uit
(softness and internal consistency, fibrous, j@ss) etc.) and the organoleptic characteristice(tand
aroma). The most common indexes are: consistenpulpf sugar content, acidity, color and degradatib
starch. Difficulties in the implementation of suglthniques relates to the accuracy required irstiages of
sample collection and to the considerable experégeired for those performing the evaluation.datfthe
samples should be representative of production weifdrence to the homogeneity of the chemical-playsi
and organoleptic characteristics of products tat@rensure the validity of sampling and a thorough
knowledge of the physiology of ripening is needeahsure a proper evaluation of product charatitesis
Recent requirements regarding the certificatiorthef entire production make these traditional teqphes
inadequate to the monitoring of product qualitytiis context new non-destructive techniques arergimg
that can perform the complete evaluation of prddacthrough the method of indirect evaluation. This
indirect evaluation is based on detection of ampatar responsible for the quality of the producthsas the
temperature, the rate of emission of ethylene op. Glaturally such indirect measurement techniques ar
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less sensible than direct measurements. In facthi@ir application it is necessary to consider ttinet
physiological phenomena related to the parametesearh can vary in the evolution of fruit ripening in
manner not smooth and simultaneous. On the othed, lthey allow to eliminate the imprecision in the
evaluation due to the validity of sampling and ttensiderable costs related to destructive analysis.
Furthermore it must be considered that the qualégreasing are often difficult to assess by ushe t
sensorial analysis. In fact perceptible changesiar and consistency mostly become apparent amiyng

the later stages of a product's life (i.e. mostly the sales floor), and therefore human-sense-based
examinations result unable to the fast identifmatof non conformity in the initial stage of theoguct
management.

As discussed in the Section 2, today the innovatind pervasive technologies such the RFID make it
possible the identification of products and the iwsing of their remaining quality by starting frothe
knowing of the environmental parameters thus englilie indirect evaluation techniques. In this sethe
RFID technology allows to implement a traceabififgstem enabling the possibility to early identifig thon
conforming products. For details about the RFIDhtedogy see Section 2 Chapter 2. A RFID system
essentially consists of a tag, a device able touthigue identification of item to which it is atteed, an
antenna and a reader, which allow the remote rgaafitag. As a RFID tag “follows” the item while wiag
along the supply chain, the RFID devices allowh® dynamic monitoring of products from productidtie s
along the logistic chain into the hand of consuthes enabling producers, logistics groups and costs to
trace their goods at any time. A RFID sensor tagigeorporate some important requirements that nitake
suitable tool for quality monitoring. A RFID tagrcde embedded with temperature, humidity, illumoen
gas and/or shock sensors, thus incorporating sgreapability in order to measure both physical and
chemical parameters. Usually, it also incorporatesemory, a battery and a clock to record sendar ida
memory at constant intervals. In this way the mstf “when” a tag was “in which status” can thea b
accessed later by reading tag memory. A RFID setagpwith embedded memory can measure and record
the parameter of interest by itself thus allowihg utomated data collection. The unique ID assatit
each tag allows the identification of individualems thus combining quality management with the
inspection function (Ogasawara and Yamasaki (20@6)his way you can know either the localizatidn o
batch in every stage of the chain and its currerality conditions. Consequently the RFID enables @
realize a traceability system and perform an ingpecsystem of the entire production. In recentrgea
several research have addressed the topic aboutR¥l implementations can affect the production
models. In fact RFID implementations incur addigibrosts, which is a disadvantage for organizations
involved in the supply chain. Sounderpandian and28l07) discussed the conditions under which aDRFI
implementation is beneficial compared to a non-RKtplementation for existing inventory models. They
argue that, in most cases, changes to an orgamztinventory model are required for a RFID
implementation to be beneficial. Lee and Byoung+C2010) propose a Supply Chain RFID Investment
Evaluation Model based on the classic economicragdantity (EOQ) model in which three unique RFID
investment factors of ordering efficiency, Jusffime (JIT) efficiency, and operating efficiency are
considered. The present study focuses the attemtiorthe assessment of the economic impact of a
traceability system RFID based on supply chainsoss is well known the introduction of a RFID syst
allows achieve several advantage: the possibititydentify a product and the information relatedit®
actual quality level allows the early detectionnain conforming units and their withdrawal thus alog
transport cost of products unsuitable for the tangarket; the knowing of the actual remaining aydkvel
also allows to redirect non conforming productaimalternative market in which they are still Soiéafor
sale allowing the producer to make a profit in thismrket and reducing disposal costs; finally the
implementation of an automatic detection systerovalto reduce the cost due to the amount of product
samples and destructive tests needed to determmeadtual quality of products. Naturally the RFID
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implementation involves some costs both fixed aadable. Fixed costs are essentially infrastru¢tcoats
related to hardware -as readers and antennas-oéméie for the initial installation while variabtosts are
referred to the devices that must be applied. Tde gf the present study is to assess the impaBi-iD
implementation on the optimal order quantity. liststudy an economic model is presented in whidisco
involved in supply chain management are considar@dding the infrastructural costs due to RFID dinel
optimal order quantity which minimizes the totakte determined. The model proposed will be diseds
in Chapter 2.
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CHAPTER 2

2.1. The proposed methodology

The methodology here proposed employs the RFIDntdolyy for the detection of environmental
parameters (such as the temperature, thega@@or ethylene concentration) of batches whichnaoaitored
when they move through the supply chain which mposed by a producer and a wholesaler. The gaoal is
determine the optimal batch size to transfer framproducer to the wholesaler. The device RFIDtaka
trace of an interest parameter with time, andHa teason it allows to detect the exceeding cd@meptance
threshold of the parameter itself. In the preséumdys a methodology is proposed in which an accegta
threshold is fixed consisting in a maximum leveldeterioration rate allowed or minimum remainingléh
life. For each batch transferred from the produecehe distributor the remaining quality determinbbugh

the RFID detection can be compared with the thiesfixeed thus performing a control test. Accordiagthe
information given by the test, the producer withdeo the wholesaler those batches whose remaduiatity

is greater than the minimum required by the tamyatket. Regarding those batches which have noegass
the test, information provided by the RFID allowe tproducer to decide whether to send them to an
alternative market in which they are still suitafide sale. In the present study a cost model isqreed to
assess the economic impact of the application efdiscussed methodology to the monitoring of produc
quality. In the model presented the percentage cof conforming units in the production (that is the
percentage of units which have an initial remaingoglity such that they must be considered perjstsed
known, the acceptance threshold can be fixed imdesf maximum percentage of non conforming units
allowed in a batch and the probability of a batelhving the producer exceeds the threshold can be
determined as well as the related costs.

2.2. The probabilistic model

In the present section we present a probabilistideh with the assumption that the percentage af no
conforming units in the production is known. Suchadel starts by establishing the probability echaif
sizen not passes the control test, i. e. the probaltity the RFID tag shows the condition of exceedihg
the acceptance threshold. It is supposed that #1® Rag is not affected by detection error, thathe
hypothesis of perfect control is done. For thisppse suppose a population of széevised in batches of
sizen. The percentage of non conforming unitdiis p. As we can assume that each produd® imas the
same probabilityp to be non conforming, the non conforming unitsitatch isn*p. Let th be the fixed
acceptance threshold, that is the maximum allowpblteentage of non conforming units which determine
the acceptance or the rejection of the batch. Ssgptso you want to fully inspect the batches basetthe
methodology previously explained in the paragrafght@ determine the quality level of products iderto
decide if they can be sent to the target markén @n alternative market. Products quality monitgrivith
RFID technology can be compared to an acceptast@éeformed by extracting products and verifying t
keeping conditions of each batch. The acceptanodition is that within the batch tested the peragatof
defective products detected is less than the thlé#ih The probability this happening can be represebyed
a binomial random variablg in which the acceptance probability is equal ® $lam of probability that by
executingn tests the number of defects observed is lessrttthni.e.:

P(X < thxn) =S80 (1) pk(1 - p)"* (88)

The probability a batch fails the test can be dated from (88) as follows:
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Px>th*xn)=1—-P(x <thxn) (89)

Since the computation of binomial distribution bees more and more difficult when the size of batch
increases in order to simplify the calculatiorsipossible to use a continuous approximation obthemial.
The approximation here proposed is the standamadatistribution function with the following paratees:

X~N(u,0) = N(n*p,y/(n+p) (1 -p)) (90)
The probability a batch passes the test can beess@d through the standard normal as follows:

1 22

xe 2dz (91)

P(x) =P(x <thxn) = f—xoog*m

wherez = %and x = nx*th

The probability of rejecting a batch can be detaedias in (89). As the batch size is unknown thaglgess
of the approximation has been tested by calculatfiegerror made when you use the normal instead of
binomial. The results are reported in Table 42iarfeigure 53.

0 Th Absolute Th Absolute Th Absolute Th Absolute
error error error error
10% 20% 0.030244| 409% 0.052813| 609%0.041927 80%] 0.026321]
20% 0.004647 0.036508 0.034278 |0.020423
30% 0.015609 0.0160056 0.029734 |0.015199
40% 0.015398 0.01184 0.025276 |0.011559
50% 0.008502 0.03242p 0.010652 | 0.009503
60% 0.00172 0.031265 0.028364 | 0.008036
70% 0.004593 0.020718 0.062081 |0.006246
80% 0.011039 0.009071 0.051422 |0.084794
Mean Absolute Deviation 0.011469 0.026331 0.035467 0.02276
Table 42
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Figure 53
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The results show that the MAD between the binowlistribution and its normal approximation is at mofs
3.5%.

2.3. The model formulation

In this section the cost model is presented. Thpgae of this model is to verify the impact of RFID
technology on optimal batch size, when this teabglis applied to the monitoring of products qualithe
RFID is adopted for a full inspection of the protioi in order to verify the correspondence betwten
remaining quality level of batches with respecttiie client requirements. In fact the client can &x
threshold representing the maximum level of nonfammning units allowed in a batch. Accordingly tasth
only those batches whose non conforming level s an the threshold may be sent to the clierg. Th
higher the threshold is the more non conformingdpots will be sent to the destination. The modekhe
presented aims at determine the size of the traimgfebatch in order to minimize the total cost doehe
technology adoption. In fact the real time evalmtof products quality allows the early identifioat of
products non-conforming to client requirementsséheroducts can be addressed in an alternativeemark
where they are considered still suitable for salethis way the producer will achieve a revenuehis
alternative market. The salvage value proportibméihe non conforming identified decreases wherfixsel
threshold increases and for fixed threshold deeseaghen the batch size increases. Regarding t@ thos
products which pass the quality test they are teetite wholesaler in the target market and forehweducts
the producer will incur in a transport cost promral to the amount of products shipped. Due tdadlethat

the quantity of non conforming products in the batc sent increases when the acceptance threshold
increases the cost of transport increases withtlineshold. The revenue resulting by products seld i
proportional to the amount shipped. Since for fixgeshold the wholesaler will also receive non
conforming products, he will incur in a disposastgroportional to the quantity disposed. Thisrdii is
greater the higher the acceptance threshold. Thgicafpon of RFID technology also involves an
infrastructural cost consisting in operating costatively to tag and sensor costs. This costapgrtional to

the number of tags applied. Under the hypothesas tine producer will apply a tag on each batch the
decision that must be taken is about the batchveizen minimizes the total cost.

The following notations are used in developingrtiedel:

P: total product quantity managed by the producer

p: percentage of non conforming units in the totaldpiction P
n: batch size

Nwg: NUMber of tag applied determinedRia

th: threshold identifying the percentage of non comfag units present in the batch that determine the
withdrawal of the batch from the producer

dc: unit disposal cost
tre: unit transport cost
tag.: unit tag cost

s,. salvage value
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pr: unit price

R: probability of rejecting a batch of size n wher th non conforming units are presented. From (91) we
have:

1—-P(x) Th>p

P(x) Th<p (92)

R=P(X>Th*n)={

From (92) we can determine the expected numberacafyets which have not passed the test for fikemhd
p:

Expected number of rejected producks=n *S =R=xP (93)
The Total Salvage valugS;is:

TS, =5s,*R*P (94)
The Total Transport co3iTr. is :

TTr, =tr. * P+ (1 — R) (95)
From (91) we can determine the total number of camforming units in the rejected batchmes
nc=FY(P=th)xo+pu (96)
Thus the expected number of conforming productkerrejected batchess:

c=n-—nc (97)
The Total Disposal codiD, is :

TDC=dC*(P*p—nc*§*R) (98)
The Total Infrastructural codt, is:

TI. = tag, *% (99)
Thus the Total CosECis:

TC = —TS, 4+ TTr, + TD. + TI, (100)

The Total RevenuéRis :
P

TR=Pr*(P*(1—p)—c*—*R)= (101)
n

The Total Profit/7 is:

N=TR-TC (102)

The objective function is to minimize the Total Cas respect tm, in order to determine the optimal batch
size. Sincelyq, = S the optimization to respentalso allows to determine the optimal,,to be attached to
the batches. The analytical equation (100) isdifito solve in closed form. However a graphiaigoh can
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be found. The optimal order quantity which minimeguation (100) is shown in Figure 54, in which
minimum cost is determined by takis, = 0.6€, d. = 0.1€, tag. = 1.8€, tr, = 0.3€,pr = 2€, p = 0.4,
th = 0.5, P = 10000. The optimal tag number results equal to 625 wanitd the optimal batch size rest
equal to 16.

20000

15000 -

10000 -

e Salvage value
es=wDisposal cost

esm=»Tag cost

Costs

e Transport cost

103 5 7 9111315171921 232527293133353739¢ “rotalcost
Total Revenue

-5000 - _
e Total Profit
-10000
-15000 Batch size
Figure 54

The analysis of Equation (1pBas been carrieout with a sensitivity analysis in order to examimav the
minimum cost, the optimal quantity and the optin@ number vary when the input factors vary as .\
The computations needed to carry out the sengitasitalysis have been performed with a ' code. To
simplify the computational effort required, the atjan 91) representing the standard normal probabilit
its inverse have been replaced by an approximasdollows(AludaatandAlodat (200¢)):

®(r) = 0.5+ 0.5\ 1 — o (103)
wherey? = z2 = (%)2 (104)
z= \/—\/g xlog (1 — (@(x) —0.5)?) (105)

The sensitivity analysis has been carried out bying each factor at a time and keeping the othexdf
The input parameter used for the analysis and thaub of the analysis consisting in the optimal tagnber
for each test are reported in Tallle As regard the tag cost the range has been chosedento include th
cost of most common used frequencies (€ for LF tag and 5€ for UWB tag).
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Optimal order

Range | A(increment) Czﬁ: quantity Optlm?;:lr?gzs mber
(Range)
P 10000
Test 1
dc 0.1-5 0.05 5-2 2,000-5,000
tre 0.1
tag. 0.1
S, 0.1
p 0.3
th 0.4
Test 2
dc 0.1
tre 0.1-5 0.05 5-2 2,000-5,000
tag. 0.1
S 0.1
p 0.3
th 0.4
Test 3
dc 0.1
tre 0.1
tag. 0.1-5 0.05 5-50 2,000-200
S 0.1
p 0.3
th 0.4
Test 4
dc 0.1
tre 0.1
tag. 0.1
0.050-
S 350 0.05 6-2 1,666-5,000
p 0.3
th 0.4
Test5
dc 0.1
tre 0.1
tag. 0.1
S, 0.1
D 0.05- 0.005 p>th p<th p>th p<th
0.95 28-3 5-28 357-3,333 2,000-35
th 0.7
Test 6
de 0.1
tre 0.1
tag. 0.5
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S 0.1
p 0.7
0.05- th<p th>p th<p th>p
th 0.95 0.005 28-3 4-28 357-3,333  2,500-357
Table 43

The graphs referred to each test are reportedjimmr€s 55-60.
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Figures 55, 56 and 58 show that the increasimy, itn, ands, costs cause an increasing in optimal number of
tag (i.e. a decreasing in EOQ value), while angasing irntag. cost cause a decreasing in this number (i.e. a
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increasing in EOQ value) as shown in Figure 57. Vaeation ofp andth (Figures 59 and 60) cause a
decreasing of optimal number of tag (and than a&neasing an EOQ value) ih is less therp and an
increasing otherwise. From Table 43 it is cleat tha input parameter mainly responsible for theatimn

of the optimal batch size are the tag cost, thi@lnpercentage of non conforming units and theghold
fixed, while the disposal cost, the transport @wgt the salvage value have not great influencaé®@woptimal
batch size. Based on the consideration express#éwiparagraph 2.7 of Section 2 about the tag ctists
model proposed allows to know the optimal batcle $tr tag ranging from the LF (Passive) to the UWB
(Semi- passive, Active).

2.4. Conclusions

In this Section the problem of the affordability @fRFID system has been addressed. The RFID system
allows to implement a traceability system ablerow the current quality of products managed. THsnes

the fast withdrawal of non conforming units . thetability of a RFID investment has been addredsgd
means of a mathematical model with the aim to d@ter the optimal batch size when the variable costs
involved in such technology are included in thetenedel. Results show that the tag cost is the rmashly
responsible for the variation of optimal batch sikke range of variation of RFID tag cost has belewsen

in order to include the most common used frequandiem passive to active tag) and the results stiaw
optimal batch size for each of them.
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SECTION 5: CONCLUSION
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DISCUSSION AND FUTURE RESEARCH

In the present PhD thesis the use of innovativenelogies was addressed in order to show theiribonée

to the optimization of efficiency/responsivenesgtad supply chain of perishable products. The dirthe
thesis was to show as the use of these innovagielenblogies makes possible to improve the decision
making process involved in the perishables managenie study was conducted with reference to tee p
and post harvest phases and finally the attentias posed on the affordability of the investment in
innovative technologies.

Concerning the pre-harvest phase the monitorirthefjrape berries during the ripening process a&itbthie
possibility to make prevision about the incomingddferent phenological phases. With this regard gbal
was to built a decision making tool consisting inExpert System able to automatically monitor thegpess

of the ripening process and forecast the starttla@e@nd of each phenological phase. The main rettiis
study was that the Expert System allows to redummam intervention and disruptive sampling in the
decision process related to grapes growth. Theilpligsto precisely discriminate the maturatiorvéd of
grapes allows to improve the responsiveness ofstigply chain in the early stages by allowing the
optimization of the harvest phase scheduling .h&tpresent the precision of the measure forecéstede
Expert System is affected by high variance, howekier problem will be reduced over the years as the
detection of the environmental factors will congnu

The study of post-harvest phases addressed twostdie monitoring of product quality along theient
supply chain and the monitoring of storage condgim particular.

With reference to the first argument the peachdgissfhave been monitored in order to determine thetual

SL at every stage of the supply chain. The go#tisicontext was to make information about thechessi SL

of products managed in order to effectively chabsefinal market on the basis of their SL. Thenmaisult
was that the automatic monitoring of the SL aciuadipresents a suitable decision making tool sihce
makes possible fast and precise decisions allowongeduce the deterioration costs. This result lsan
improved by considering the possibility to applyeking policies SL based to the coming out products.
Furthermore the knowing of actual quality level mfoducts managed allows to the members to fast
recognize the responsibility in terms of not properduct management. This improves the responssgenie
the chain by allowing the members to choice thdinktson of the products on the basis of their riging
quality and the efficiency of the chain itself bjoaing the deterioration cost reduction. Howeuee tmain
issue in this context relates to the necessitynpiémenting the RFID system by all members of thgply
chain involving the coordination of the chain ifsel

The study of the post-harvest stages followed with monitoring of perishable products in the wartedgo
system. The aim in this context was to show thaditional EOQ models and picking policies which not
consider the perishability of products are unablegtimize the warehouse management system. Ircésis

a warehouse management system based on an EOQ imxdding deterioration costs and a picking policy
SL based were proposed in order to show the beagfievable in terms of improvement in the quadity
product managed. The main result was that the Ipiogsto monitoring the quality level of producssored
allows to define a decision making tool (a wareleooemnagement system) consisting in a set of operati
decisions concerning the stock level, the picking,retc able to improve average quality of prosistored
with respect to the traditional EOQ/picking poliidn this context the efficiency of the supply ichean
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ameliorate thanks to the analysis of costs involuetie storage process. As seen in the previcges &igo in
this context the effective realization of such ateyn involve the necessity of the implementatiorthef
monitoring system by all members of the supply chai order to make information about the residual
quality of products entering the warehouse. Furitedy in this field could interest the impact afcng
policies SL based on the optimal picking policytled outgoing products.

Finally the attention was focused on the affordgbdf the investment in innovative technologiesisihe
RFID. In this case the goal was to determine theémab batch size (i.e. the optimal number of RFID
devices) in order to minimize the total transfagroost by considering a supply chain with a prodacel a
supplier. An EOQ model including transport, dispcsad device cost as well as the salvage value was
presented in which information arisen from the RFEl&vice allows for fast detection of non conforming
units in the EOQ. The main result was that the owanly influencing the optimal batch size is thevide
cost. Information about the impact of the RFID temlbgy on the supply chain costs allows the supphin
members to make decisions about the affordabilitthe RFID investment. In this sense the analysis
proposed allows to improve the efficiency of th@y chain. In this context the future research ban
addressed to the definition of an EOQ model whictiuides not only variable costs as in the model
presented here but also fixed infrastructural costs

In conclusion the study proposed allows to comphi®e the use of innovative technologies can bereéty
help in the decision making process in order torowe the dual aspect of efficiency and responsisend
the supply chain.
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