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Foreword

Fast changing global market has unleashed tremendous activities world over to
accelerate the pace of economic growth. In the process, majority try to sell their
food products without assessing their quality and safety aspects on daily basis. Food
adulterations nowadays are rampant to have quick economic gain, ignoring health
hazards. They are in fact partly successful in their business of selling low quality
foods because of lack of technologies, which can assess the food quality and safety
aspect quickly and on the spot of purchase. Consumers are therefore now more con-
scious for quality and safety of their food they buy, but they cannot do much because
presently foods are mostly tested in laboratory, and by the time report comes inter-
est of consumer goes down, some epidemic due to food poisoning already had have
taken place and the regulatory authorities are not able to do much to stop the miss-
happenings. Numerous research works on nondestructive and quick testing of food
quality using near infrared spectroscopy, Fourier transform infrared spectroscopy,
colour and visual spectroscopy, electronic nose and tongue, computer vision (image
analysis), ultrasound, X-ray, CT and magnetic resonance imaging are thus being
carried out worldwide.

All these technologies are different and are being applied for nondestructive
evaluation of different quality attributes of food materials on-site. Many books are
therefore published on each of the above topic and researchers may not be able
to afford to buy and carry them all the time. I am happy to see that the book on
“Nondestructive Evaluation of Food Quality: Theory and Practice” includes one
chapter on each of above topic covering all aspects of theory/basics in brief, practi-
cal applications (sampling, experimentation, data analysis) for evaluation of quality
attributes of food and some recent works reported in literature by the renowned
scientists/professors from USA, South Korea and India. I hope the purpose of this
book to guide the researchers at one platform to use any technology before and dur-
ing experimentation, data analysis and reporting will be fulfilled to all in general
and the new researchers coming in particular.

I warmly congratulate the editor of the book who himself is a pioneer in non-
destructive methods of quality evaluation of food in India; and authors of different
chapters who are well known in their own field for bringing such book on right time
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through a right publisher M/S Springer Verlag, Germany. I hope the book will be
publicized and distributed fast to harness the benefit of hard work of editors and
authors and R & D work will be accelerated in these areas. I wish them all success
in their endeavour.

Indian Council of Agricultural Research M.M. Pandey
New Delhi, India



Preface

Food quality and safety are of paramount importance for consumers, retailers as
well as regulators engaged in enacting food laws. Mostly quality and safety param-
eters are checked using the traditional laboratory (wet-chemistry) methods, which
are time consuming, laborious and leaving samples after test unfit for consumptions.
Nondestructive methods, which are fast, accurate and keeping samples intact, nowa-
days are being increasingly tried for various kinds of food. Numerous articles and
research papers are being published every year that deal with the applications of
various rapid and nondestructive methods of food testing. These methods are: near
infrared spectroscopy, colour and visual spectroscopy, electronic nose and tongue,
computer vision (image analysis), ultrasound technology, radiography, computer
tomography and magnetic resonance imaging. All these technologies are theoret-
ically different and only a few books dealing separately with some of them are
available. None of them presents all these topics at one place. This book fills the
void, including one chapter on each of the above topic covering theory/basics in
brief, practical applications for evaluation of quality attributes of food and some
recent works reported in literature. The purpose of this book is to guide the
researchers at one platform to use any technology before and during experimen-
tation, data analysis and reporting. The editor and authors of chapters are though
not responsible for any kind of loss/damage while practicing any technique or using
any data reported in this book; the contents of the book would help the most the new
researchers coming in this field.

The book has mainly been designed to serve as a text book for postgraduate
including the Ph.D. students and new scientists having interest in these fields. It
would also be useful to researchers engaged in developing fast, reliable and nonde-
structive methods for evaluation of food quality and safety aspects directly; and the
food industries and regulators responsible to check food quality to minimize public
hazards indirectly.

The nondestructive methods of evaluation of food quality involve various tech-
niques and therefore this book could not have been possible without the help of
personnel engaged in these fields. Contributions of authors of four different chap-
ters without which this useful volume could not have been possible are highly

vii
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acknowledged. The editor wishes to acknowledge some of his colleague for reading
some chapters and rendering suggestions for improvement in the manuscript.

The editor is indebted to his parents, uncle (Lal kaka) and the late elder brother
who made him to reach such stage of editing a book of international standing.
Sacrifices of my wife Bandana and two lovely daughters Priya and Preeti, espe-
cially during my 4 months stay in USA when major portions of manuscripts were
prepared and editing of the same were carried out after returning to India are highly
acknowledged.

Ludhiana, India Shyam N. Jha
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Chapter 1
Food Quality and Safety: An Overview

Shyam N. Jha

Food quality and safety is the foremost issue amongst the present days’ consumers.
Fresh fruits and vegetables are often thought of as healthful, nutritious foods hav-
ing no risk of food borne illness associated with their consumption. However recent
food borne illness outbreaks in countries have been traced to fresh fruits, vegetables,
juices and milk. These incidences have caused producers, processors, transporters,
distributors, and importers to re-evaluate quality of their fresh fruits and vegeta-
bles produce and identify the hazardous points such as production, handling and
processing systems to prevent any food borne diseases.

Where fresh fruits, vegetables or any other food items are concerned, most people
now are able to decide difference between a product that is of good quality and one
that is not. Quality is thus an increasingly important factor in the production and
marketing of these products. Consumers of majority of countries are becoming more
quality conscious and the suppliers of products try to meet their choices to maintain
or increase their market share. There are three Ms, i.e. Meaning, Measurement and
Maintenance of quality, describing the key areas concerning quality and safety of
food. The primary emphasis of this chapter is the general discussion on what food
quality and safety are and how to control the critical points to produce quality and
safe food.

1.1 What Is Food Quality?

The term quality stands for rated ability of a product, whether it is a food or fruits
and vegetables, to perform its functions. Quality implies the degree of excellence
of product or its suitability for a particular use. In other words quality can be
viewed as an absence of defects in a product. So, quality means different things
to different handlers within the distribution chain. Food guality embraces both sen-
sory attributes that are readily perceived by the human senses and hidden attributes

S.N. Jha (=)
Central Institute of Post-Harvest Engineering and Technology, Ludhiana 141004, Punjab, India
e-mail: snjha_ciphet@yahoo.co.in

S.N. Jha (ed.), Nondestructive Evaluation of Food Quality, 1
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such as safety and nutrition that require sophisticated instrumentation to measure.
Quality is thus a human construct for a product comprising many properties and
characteristics desired by them. Quality produce encompasses sensory properties
(appearance, texture, taste and aroma); nutritive values (chemical constituents),
mechanical properties, functional properties and defects. Quality is not a single,
well-defined attribute but comprises many properties and characteristics.

In the ISO 9000 standard (developed by the International Standard Organization)
quality is defined as “the totality of the features and characteristics of product or
service that bear on its ability to satisfy stated or implied needs”.

Kader (1997) defines it for fruits and vegetables as “the combination of attributes
or properties that give them value in term of human food”. Quality may be equated to
meeting the standards required by a selective customer. In this context the customer
is the person or organization receiving the product at each point in the production
chain. This is important because quality is perceived differently depending on the
needs and intentions of the particular customer. If some thing is not a quality product
this implies that the product does not meet a certain standard that has been adopted
by the customer. In this case the market price is adversely affected. Conversely, if a
product is perceived to be a quality product, then it can be sold at a better price.

1.2 Quality Factors for Fresh Fruits and Vegetables

Following are the factors that can be included in any discussion of quality.

(i) Hygiene and quarantine factors:

(a) Quarantine — passenger parasites (larvae, pupae, adults)
(b) Consumer safety-natural toxicants, contaminants, mycotoxins (fungi etc.)
microbial contaminants.

(i) Cosmetic appearance:

(c) Size: weight, volume, and dimensions

(d) Shape: regularity, length, diameter

(e) Surface texture: smoothness, waxiness, gloss
(f) Colour: uniformity, intensity, spectral

(g) Physiological: browning, genetic defects etc.

(iii) Texture and flavor factor:

(h) Texture- firmness, juiciness, fibrousness
(i) Flavor — sweetness, sourness, off flavor, off odors, etc.

(iv) Nutritional: cancer inhibitors, carbohydrates, lipids, minerals, proteins, vita-
min, etc.
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The ultimate objective of the production, handling and distribution of food
materials is to accommodate the above factors to satisfy the consumer. While the
term quality has been defined in many ways and contexts in preceding paragraph,
there is little agreement as to what it is, how it can be measured, and how it relates
to consumer acceptability.

1.3 Quality Orientation

Quality of food products changes as it proceeds from processors to handlers after
harvest. The relative importance of different quality attributes changes from han-
dling to purchase to consumption. Shewfelt (1999) points out that quality is often
defined from either product orientation or a consumer orientation. An understand-
ing of the different perspectives of different participants in postharvest distribution
is essential in any attempt to improve the quality of a fresh fruit or vegetable for the
consumer.

A product orientation views quality as a bundle of attributes that are inherent
in a product and can be readily quantified throughout handling and distribution.
A consumer orientation defines quality in terms of consumer satisfaction, a much
less tangible and less quantifiable concept. Both orientations have strengths and
limitations in the delivery of fresh items from harvest of the consumer. Selection
of measurement techniques and development of product standard depend on the
orientation. Failure to appreciate the differences in perspective results is barrier to
improvement in fresh fruit and vegetable quality.

1.3.1 Product-Oriented Quality

Most postharvest research (physiological as well as technological) assumes a prod-
uct orientation to quality. Quality is defined as a series of attributes selected on the
basis of accuracy and precision of measurement. These attributes are in turn used
to evaluate the effect of a breeding line or transgenic product, chemical or quar-
antine treatment, handling technique or system, set of storage conditions or other
postharvest variables. Product-oriented quality is readily defined and clearly under-
stood. Quality changes can be plotted as a function of time and directly related to
changes occurred, such as increase in free fatty acid in oil and rancidity of rice
bran during handling and storage. These data can be used to develop a mechanis-
tic understanding of effects on loss of quality. Product-oriented quality is usually
measured with analytical instruments and the data can be readily analyzed with
results readily reproduced. The accuracy and precision of measurement provide
“internal validity” to any scientific study. A product orientation provides a clear
assessment of which treatment(s) are superior or inferior within the context of study
objectives.

Product-oriented quality has its limitations however. Measurements that are less
readily quantified carry less weight than those that are readily quantified. Such
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biases then tend to favour handling and storage treatments that maintain appearances
(a readily quantifiable attribute) over texture (less quantifiable) over flavor (very
difficult to quantify). Likewise, sugar and acid measurement (readily quantified) are
likely to predominate over volatile compound analysis. Instrumental methods are
preferred to sensory evaluation, which is preferred over consumer testing. While
generation of large dataset provides a wide range of attributes to separate effects of
postharvest treatments, the results lack “external validity” or “the extent to which
the test results can be generalized to market behaviour”. Thus, it is not possible to
determine if the significant differences observed in appearance by treatment are even
detectable by many consumers much less lead to a change in purchase behavior.
Likewise it is not possible to determine whether large differences in predominant
volatile compounds affect flavour perception any more than small differences in
compounds present in trace amounts. In addition, the product-oriented approach is
unable to keep pace with changes in consumer desires and expectations.

A product orientation to quality is the best at assessing the effectiveness of
change in a handling system like cultivar selection, harvest technique or posthar-
vest treatment. It can be adjusted to become more responsive to the marketplace if
the quality attributes important to consumers are known and accurate and precise
measurements can be obtained.

1.3.2 Consumer-Oriented Quality

A consumer orientation to quality requires an understanding of consumer behavior
and is focused at predicting product performance in the marketplace. When per-
formed well consumer-oriented studies provide external validity, thus giving a better
appreciation of potential performance in the marketplace. Such studies focus more
on measuring human perception and behaviour than measurement of specific qual-
ity attributes. Measurement of consumer attitudes can be simplified to determine
either acceptability (superior, acceptable or unacceptable) or willingness to pur-
chase. Qualitative consumer studies can be used to identify quality attributes that
drive acceptability at the points of purchase and consumption. Judicious coupling
of quantitative consumer panels with sensory descriptive analysis can either verify
or refute the accuracy of consumer statements about the critical quality attributes.

A consumer-oriented approach to quality has its own limitations. The consumer
is frequently viewed as a monolith with consistent preferences. Realistically con-
sumer preferences vary widely from one cultural or demographic perspective to
another, from one consumer to another within a cultural or demographic group, or
even within the same consumer depending on many factors including current mood
and intended use of the product. Critical quality attributes that drive product accept-
ability can be more easily identified using a consumer-oriented approach, but these
attributes may be difficult to measure accurately and precisely. While consumers
represent only valid sources of preference or acceptability, they are not good at
expressing the rationale for these preferences. Furthermore, it may be difficult to
quantify these attributes during handling and storage.
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A consumer orientation to quality is best at identifying consumer needs and
expectations. It can be made more useful to physiologists if the consuming popula-
tion can be segmented into distinct user groups, based on quality preference rather
than demographic groupings and expressed as a percentage distribution of the pop-
ulation. It is an exact tool in assessing a particular experimental treatment within the
distribution chain.

1.4 The Quality Paradox

It has been my observation that within a food handling chain, for a given product
longer the shelf life, poorer is the quality delivered to the consumer. From a product
orientation, this statement is counterintuitive because the longer the shelf life, the
slower quality deterioration of the product during handling and storage and the more
likely a consumer is to purchase and consume it at an acceptable level of quality.
From a consumer orientation, evaluation of quality is of prime importance at only
two points — purchase and consumption. Management decisions made within a dis-
tribution chain to extend shelf life (selection of cultivars that ship well, maturity at
harvest, holding of product within the shelf life for an increase in price, use of visual
grading standards, etc.) all conspire to reward improved appearances frequently at
the expense of flavour.

Individual variability between fresh items within the same lot represents a qual-
ity defect from a product orientation as it interferes with the ability to accurately
predict quality changes during postharvest distribution under controlled conditions.
From a consumer orientation, such variability provides consumers with a greater
chance for matching their needs to available product particularly reflect consump-
tion preferences. A technique that models changes in individual items rather than
modeling changes in average quality was found to be a much more effective predic-
tor and should be an effective means of merging product and consumer orientations
for studies using non destructive quality measurements.

Studies using a consumer orientation to quality are likely to provide important
and sometimes unexpected results. Consumers are most satisfied with fresh items
like bananas and lettuce where the purchase signals of quality are an accurate pre-
dictor of consumption quality. Dissatisfaction with fresh products appears to be a
result of a faulty linkage between purchase and consumption attributes. While most
consumers cite flavour as an overriding consideration when asked how they eval-
uate good products particularly oil, consumer tests suggest that today’s consumers
are much more sensitive to subtle differences in texture than colour and flavour and
tend to use them as the primary limiting factors for acceptability.

1.5 Implications of Quality Orientation

Product oriented quality is well suited to meet the needs of distributors. It pro-
vides the best means of developing and assessing technical advances in postharvest
handling. It is more likely to emphasize appearances leading to extended shelf life
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and lower prices at the expense of flavour and disgruntled consumers. Consumer-
oriented quality is better suited to produce that is sensitive to the needs of
consumers. It is more likely to emphasize flavour at the expense of appearances
leading to shorter shelf life, higher prices, greater losses and disgruntled distributors.

Adherence to one type of orientation with a disregard of the other can have dire
consequences. The overemphasis on a product orientation to quality that has dom-
inated the American market in fresh fruits and vegetables has bred an overreliance
on appearance at sacrifice of flavour, particularly with items such as tomatoes and
peaches. A good understanding of postharvest physiology and shelf life extension
has not translated into greater acceptance of fruit and vegetable quality. A switch to
a consumer orientation presents a different set of problems, particularly with respect
to consumer variation and validity of quality measurements. A better appreciation
of differences in quality orientation should lead to development of better handling
systems that are more responsive to consumer desires. A distribution enterprise that
is willing to incorporate a consumer-oriented approach to postharvest handling of
fresh fruits and vegetables and can accept the initial losses associated with the switch
is likely to become the dominant figure in produce industry. A failure of the pro-
duce industry to be responsive to consumer wants and need could lead to a decline
in fruit and vegetable consumption and, in turn, less interest in postharvest research
that failed to meet industry need.

1.6 Food Safety

As the common saying goes “Prevention is better than cure”, it assumes utmost
significance in case of food products consumed by us. Many unnoticed chemicals,
which may cause irreversible damage to human in many unnoticed forms, are found
in food items and drinks. Even drinking water of every place is not safe. With the
publicities of these unwanted harmful adulterants through various media, there has
been a growing awareness among manufacturers and consumers alike regarding the
need for assuring safety of consumer products, especially foods. The introduction
of highly automated manufacturing systems coupled with innovations in packag-
ing and distribution systems has led to quicker and more efficient production and
distribution. In addition, there has been a drastic shift towards food products that
have higher shelf life. On the plea of safety from food, our various export con-
signments are rejected at foreign ports (Buchanan 1990). To avoid such situations,
various agencies and bodies for certification of food products are setting up stringent
quality standards.

Due to progress in science and technology — and the increasingly stringent leg-
islation of many countries that has resulted — today’s agri-foodstuffs sector must
respect ever stricter standards and increasingly rigorous quality control and moni-
toring procedures. Yet paradoxically, over the past decade there have also been an
increasing number of food alerts — artificial milk, pesticides in soft drinks, argemone
oil in mustard oil — creating a genuine crisis of confidence among consumers.
Research on food safety and quality must therefore be a priority.
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The paradox stems from changes resulting from two factors. While the global-
ization of supply and commerce provides for a very varied range of produce in the
shops, it inevitably increases the risk of poor quality. Also, the economic pressure
for ever-growing rationalization of the complete agri-foodstuffs chain — from the
farm to the supermarket shelf, including processing and transport — results in pro-
duce being sold in bulk. When there is a problem at any stage of this chain, the threat
of contamination can consequently assume alarming proportions with the potential
of placing large sections of the population at risk.

The agri-foodstuffs sector is now increasingly exposed to “industrial” risks.
Apart from the very particular cases of BSE (or mad cow disease), which originated
in the United Kingdom, or the Belgian “accident” concerning dioxin contamination,
attributable to the gross negligence of a supplier of animal feed, scientists are most
concerned by the much stealthier and generalised increase in the frequency of ill-
nesses linked to microbiological contamination by Salmonella, Campylobacter and
Listeria.

Another problem is the exposure to chemical elements contained in food, whose
source is much more difficult to trace. These may be natural toxic products (such
as mycotoxins) or a whole range of contaminants (compounds originating in
pesticides, dioxins, mercury, lead, and radionuclides).

There is, therefore more attention to food safety than quality control and monitor-
ing is required (Dean 1990). Biotechnology has opened up a vast field of exploration
into new methods of agricultural production, including the creation of genetically
modified plants and nutritional inventions such as so-called “functional” foods or
“pharmafoods” or BT eggplant fruits.

The GMO debate is currently raging between the promoters of these innova-
tions, who justify them in the name of the progress they bring (in particular for
solving environmental problems as well as problems of hunger or food shortages in
the world’s poorest countries), and their opponents, who condemn a profit motive
and a lack of both health and environmental precautions. But the debate is going
nowhere — a situation which created yet another reason for intensifying research.

Above all, the growing emphasis now is on rapid transfer of manufactured food to
the consumer, which has narrowed down the safety margins that existed for micro-
biological decontamination of food products. The rapid change in technology has
also resulted in microorganisms gaining resistance to anti-microbial products such
as antibiotics. Interestingly microorganisms that were considered safe are also now
a potential threat. There is a definite need, therefore, to ensure that all food products
manufactured meet appropriate safety requirements. Food safety needs to be assured
for the following reasons:

(a) To prevent spoilage of products due to microbial growth.
(b) To prevent health hazards to consumers due to pathogens.
(c) To protect the consumers from harmful/hazardous chemical contamination

Besides the need to protect the consumer from hazards and protect the brand
image of the manufacturer, it has become necessary to implement microbial safety
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assurance programs to conform to the specific government regulations. As the world
economy is becoming increasingly global, interactions between various countries in
terms of exports and transfer of technology has become very important. Since dif-
ferent countries have different safety criteria for various consumer products, there
exists an urgency and need to develop safety assurance procedures that can be
applied uniformly across international borders (Corlett 1993).

1.6.1 Management of Food Quality and Safety

In fruit or vegetable market, meeting a standard to govern the production and post-
production handling of product requires the appropriate quality assurance method.
To maintain the standard an appropriate quality control program is required to be
established. The ISO 9000 series of standard is a major helping guide to establish
a standard. For every food product a clear standard is defined, as this give producer
a clear indication of what actually is needed. Such standard tend to be large docu-
ments. They can be developed by producer or by marketing and retail organization
for their own products.

The application of management systems like ISO 9000 and HACCP (Hazard
Analysis Critical Control Point) to food safety and quality has been introduced in
the industry in the developed countries and has been reviewed (Mayes 1993). ISO
9000 is a specification for quality management system, which is accepted as being
applicable to all manufacturing and service industries. It requires manufacturers to
define their own standards and demonstrate that they conform to them. HACCP was
initially developed for identification of microbiological hazards and now is being
considered as being the most cost effective means of controlling food-borne dis-
eases and other adverse developments in the body in the form of infections and
intoxications arising from physical, chemical or microbiological hazards. It is more
of a self-assessment system and is aimed mainly at food safety, which will help in
generating confidence in the customers.

1.6.2 Safety and the HACCP System

Product safety assurance is an exercise that covers a whole gamut of interactions
between product ingredients, processing methods, manufacturing environment and
the other critical areas of manufacturing process that may affect the microbiolog-
ical quality and safety of the product. Due to large processing volumes and short
processing time, it is nearly impossible to monitor every aspect of manufacturing
process. However, it is possible to monitor certain key areas (“critical points”) where
implementation of safety measures can reasonably assure the safety of the manufac-
tured product (Bauman 1990). This is the basis for the HACCP system, which is a
systematic approach for identification, assessment and control of hazards. The sys-
tem offers a rational approach to the control of potential hazards in foods, which
avoids the many weaknesses inherent in the inspection process or approach and
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circumvents the shortcomings of reliance on end product testing. By focusing atten-
tion on the factors that directly affect the safety of a food, it also eliminates wasteful
use of resources on extraneous considerations, while ensuring that the desired level
of safety and quality are maintained.

1.6.3 HACCP Principles

There are basically seven principles, which summarize the theme of HACCP that
are of importance from international perspective. These are:

Principle I  Identification of the potential hazard (s) associated with food pro-
duction at all stages, from growth, processing, manufacture and
distribution, till the point of consumption. Assess the likelihood of
occurrence of the hazard (s) and identify the preventive measures for
control.

Principle 2 Determination of the point(s)/procedures/operational steps that can
be controlled to eliminate the hazard (s) or minimize its likelihood
of occurrence- (Critical Control Point: CCP).

Principle 3 Fixing target level(s) and tolerances, which must be met to ensure
the CCP is under control.

Principle 4  Establishment of a monitoring system to ensure control of CCP by
scheduled testing or observation.

Principle 5 Establishment of a mechanism for the corrective action to be taken
when monitoring indicates that a particular CCP is not under control.

Principle 6 Documentation (record — keeping) concerning all procedures and
records appropriate to these principles and their application.

Principle 7 Establishment of verification procedures, which include appropri-
ate supplementary tests and procedures to confirm that HACCP is
working effectively.

1.6.4 Practical Implementation of HACCP Systems

The implementation of HACCP usually involves two separate stages, namely,
preliminary preparation and application of HACCP principles.

1.6.4.1 Stage 1: Preliminary Preparation

(a) Creating the HACCP team
The multi-disciplinary HACCP team should comprise of a quality assur-
ance specialist who understands the biological, chemical or physical hazards
connected with a particular product group, a production specialist who has the
responsibility of looking after the whole process for manufacturing the product,
an engineer who has a good knowledge of hygiene, design and operation of a



10

(b)

(©)

(d)

(e)

S.N. Jha

plant and equipment, a packaging specialist who has a thorough knowledge of
the effect of packaging material, nature of packaging material for the desired
product, a distribution specialist who has an expertise in the area of handling,
storage and transportation right from production to consumer, a hygiene spe-
cialist who has the responsibility of looking at the process from hygiene and
sanitation point of view with a proactive approach, and a microbiologist to iden-
tify the gray areas of microbial contamination, enumeration of microorganisms
as and when required and suggest the safety measures (Codex Alimentarius
Commission 1995a, b).

Describe the food product

The main purpose of this section is to provide as much information as possi-
ble to the HACCP team for proper evaluation. The description must include the
following:

Composition of product (e.g. list of ingredients, including description or
specifications of the raw materials), characteristics of product (e.g. solid, liquid,
emulsion, pH, Brix etc), processing methods (heating, smoking, cutting/slicing,
freezing), packaging methods/systems (vacuum, modified atmosphere, con-
trolled atmosphere), storage and distribution conditions, expected shelf life,
instructions for use.

Identification of intended use

State the intended use of the product by the consumer and the consumer
target group, e.g., general public, institutional caterers, infants etc.
Construct a flow diagram

The purpose of this step is to provide a clear, simple picture of all steps
involved in producing the product. The flow diagram must cover all steps in the
process that are under direct control of the manufacturing unit from receipt of
raw materials through distribution of the finished product (Process flow chart
for manufacturing of tomato puree is presented for guideline in Fig. 1.1).

On - site verification of flow diagram

It is important for the HACCP team to verify the flow diagram on-site during
operating hours. Any deviation must result in an amendment of the original flow
diagram. If the analyses are applied to a proposed line, pre-production runs must
be observed carefully.

An effective HACCP programme works only on a specific product and pro-
cess and must take into account the actual procedure that is in use. For HACCP
programme to be useful, data generated from an initial HACCP study needs to
be constantly updated and implemented to assure maximum product safety.

1.6.4.2 Stage 2: Application of HACCP Principles

Principle I Identification of the potential hazard(s) associated with food produc-

tion at all stages, from receiving of raw material till consumption of
processed food. Assess the likelihood of occurrence of the hazard (s)
and identify the preventive measures for control.
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Fig. 1.1 Process flow chart
for manufacturing of tomato
puree
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On the basis of the flow diagram generated, the HACCP team should be able to
identify all the potential hazards that are expected to occur at each step. Hazards
must be of the nature such that their elimination or reduction to acceptable levels is
essential for the production of safe food. Once all the potential hazards have been
identified, the HACCP team may then consider and describe the control measures
to be adopted. There is a possibility that more than one control measure is required

to control one hazard and vice versa.

Principle 2

occurrence- (Critical Control Point: CCP).

Determination of the point, procedures/operational steps that can be
controlled to eliminate the hazard(s) or minimize its likelihood of
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The identification of CCP’s requires a logical approach such as the CCP decision
tree (Fig. 1.2). The sequence given in the flow diagram must be strictly followed.
At each step, the decision tree must be applied to each hazard whose occurrence
is probable and each control measure identified. The CCP is specific for specific
product as every product by and large requires different manufacturing process and
must not have unwanted or unnecessary critical points.

Q1. Is the hazard identified
at this step of sufficient

likelihood of occurrence to Nota CCP
warrant its control?

l Yes v
Q3. Does the control measure for the hazard Q2. Identify the prerequisite pro-
exist at this step? gram or procedure that reduces the
likelihood of occurrence of the
hazard to ensure that control at this
No step is not necessary.
Yes
4 - -
Modify this step, process or
Is control at this step Yes product to eliminate this hazard
necessary? or provide a control measure,
then revisit the hazard analysis
No
v
Proceed to the step where a control
measure exists for this hazard and
begin at Q4.
Q4. Does this step prevent, reduce or Yes
eliminate the likely occurrence of the » CCP
hazard to an acceptable level?
No
Q5. Could contamination with the identified hazard occur in excess of
the safe or acceptable level or could it increase to an unacceptable level?
No
Yes v
y The step is
Q6. Will a subsequent step eliminate the identified not a CCP

hazard or reduce its likely occurrence to a safe level?

[ v ]

Sub t

ubsequen CCP (Control at this step is necessary to prevent or
step is the . - .
CCP. reduce the risk of a hazard but may not eliminate it.)

Fig. 1.2 Decision tree for identifying the critical control points
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Principle 3 Fixing target level(s) and tolerances which must be met to ensure
that the CCP is under control.

The critical limits for each CCP or control measure should represent some quan-
titative (measurable) parameters that can be measured relatively quickly and easily.
For example, parameters like temperature, time, pH, preservative level, firmness,
texture, appearance etc. and those levels should commensurate with requirement of
food standards fixed by related regulatory authority in marketing areas

Principle 4  Establishment of a monitoring system to ensure control of the CCP
by scheduled testing or observations.

The programme should describe the procedure, frequency and personnel respon-
sible for carrying out the measurements or observations. The monitoring system
could be on-line (flow rate, temperature) or off-line (measurement of total solids,
carbon dioxide levels etc.). On-line systems give an immediate indication of the
performance so it is desirable to have on-line continuous monitoring systems for
each CCP but the same is not practically possible many times. It is therefore impor-
tant for the HACCP team to ensure that the results obtained are directly relevant to
the CCP and limitations if any are fully understood.

Principle 5 Establishment of mechanism for corrective action once a particular
CCP is not under control.

Since the HACCP team is a multidisciplinary in nature, it should be able to spec-
ify the action once the monitoring results show a deviation in CCP. There should be
facilities and planning for immediate disposition action when the CCP goes out of
the specified limits.

Principle 6 Documentation concerning all raw ingredients, procedures, and steps
of processing, procedures and records etc.

A comprehensive record keeping system for ingredients, processes, and product
controls should be established in order to facilitate tracing and recall of the prod-
uct whenever necessary. In addition, this will also help in finding and correcting
deviations in CCP’s. HACCP records must include the following:

Product description and intended use

Complete flow diagram of the process including the CCPs

Hazards, control limits, monitoring measures and corrective action for each CCP
Verification procedures and data.

Principle 7 Establishment of verification procedures to confirm the effective
working of HACCP

Verification is necessary to ensure that the HACCP system is working correctly.
Verification is defined as those activities, other than monitoring, that determine the
validity of the HACCP plan and that the system is operating according to the plan.
The NAS (1985) pointed out that the major infusion of science in a HACCP system
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centers on proper identification of the hazards, critical control points, critical limits,
and instituting proper verification procedures. These processes should take place
during the development and implementation of the HACCP plans and maintenance
of the HACCP system.

One aspect of verification is evaluating whether the HACCP system is function-
ing according to the HACCP plan or not. An effective HACCP system requires little
end-product testing, since sufficient validated safeguards are built in early in the
process. Therefore, rather than relying on end-product testing, firms should rely on
frequent reviews of their HACCP plan, verification that the HACCP plan is being
correctly followed, and review of CCP monitoring and corrective action records.

Another important aspect of verification is the initial validation of the HACCP
plan to determine that the plan is scientifically and technically sound, that all hazards
have been identified and that if the HACCP plan is properly implemented these
hazards will be effectively controlled (Sperber 1991). Information needed to validate
the HACCP plan often includes (1) expert advice and scientific studies and (2) in-
plant observations, measurements, and evaluations. For example, validation of the
manufacturing and packaging process for tomato puree should include the scientific
justification of the heating time and temperature needed to obtain an appropriate
destruction of pathogenic microorganisms (i.e., enteric pathogens) and studies to
confirm that the conditions that will deliver the required time and temperature to
each pack of juice.

Subsequent validations are performed and documented by a HACCP team or
an independent expert as needed. For example, validations are conducted when
there is an unexplained system failure; a significant product, process or packaging
change occurs; or new hazards are recognized. In addition, an unbiased, indepen-
dent authority should conduct a periodic comprehensive verification of the HACCP
system. Such authorities can be internal or external to the food operation. This
should include a technical evaluation of the hazard analysis and each element of
the HACCP plan as well as on-site review of all flow diagrams and appropriate
records from operation of the plan. A comprehensive verification is independent of
other verification procedures and must be performed to ensure that the HACCP plan
is resulting in the control of the hazards. If the results of the comprehensive verifica-
tion identify deficiencies, the HACCP team modifies the HACCP plan as necessary.
Individuals within a company, third party experts, and regulatory agencies carry out
verification activities. It is important that if an individual is doing verification, he
has appropriate technical expertise to perform this function.

1.7 Quality and Safety Determination Techniques

Methods of determining quality and safety parameters depend on their orientation of
any food. It could be broadly divided into two: analytical or objective methods and
subjective or sensory methods. Both methods have their own advantages and disad-
vantages. Analytical methods are based on product attributes, whereas, subjective
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or sensory methods are consumer oriented. Safety aspects however cannot be even
determined by the sensory methods. For scientific works one needs to measure
attributes numerically and thus may not be variations in those perspectives. Sensory
attributes changes with sensory panels, place, religion, society and so on. Practically
sensory method of quality determination is better for adoption in a particular region,
whereas the objective evaluation may be helpful in development of specific instru-
ments for measuring a specific quality attribute. The objective methods are of two
types: one can be said as destructive methods and the other nondestructive. Most
destructive methods use small samples and utilize them during investigation. The
used sample is not reusable by the consumers. Generally it is chemical analysis and
used at laboratory level. It is not necessary that whatever attributes are measured in
sample will be closely related with the bulk from where samples had been drawn.
There must be substantial variations. Moreover infectious foods even should not be
tested by the sensory panels or actual consumers from their health point of view.
In nondestructive methods, samples or bulk of materials even remain untouched. It
is nondestructive because samples are not destroyed. It remains intact as well for
future use.

In the preceding paragraphs various facets of quality of foods, safety from food
to prevent any disastrous situation by eating them and choices of their determina-
tion techniques have been discussed. Further to know the exact condition from both
quality and safety perspective, quick measurement of critical responsible param-
eters and that too without destroying rather harming the food in any way is of
paramount importance. For this purpose instrument which measure these param-
eters of food nondestructively and instantly are need of the hour. Lot of work in this
directions using various techniques, such as machine vision system, x-ray, CT, MRI,
ultrasound, near infrared (NIR) spectroscopy, Fourier transform(FT) NIR, Medium
Infrared, FTIR, electronic nose etc are being carried out worldwide. Concerted
efforts are required to have an accelerated development in developing countries to
have their own commodity based precision Postharvest Technology to save huge
postharvest losses and life of consumers by ensuring them safe foods.
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Chapter 2
Colour Measurements and Modeling

Shyam N. Jha

The most common property to measure quality of any material is its appearance.
Appearance includes colour, shape, size and surface conditions. The analysis of
colour is especially an important consideration when determining the efficacy of
variety of postharvest treatments. Consumers can easily be influenced by precon-
ceived ideas of how a particular fruit or vegetable or a processed food should appear,
and marketers often attempt to improve upon what nature has painted. Recently
colour measurements have also been used as quality parameters and indicator of
some inner constituents of the material. In spite of the significance of colour in food
industries, many continue to analyze it inadequately. This chapter deals with theory
of colour, colour scales and its measurement, sampling techniques, and modeling of
colour values for correlating them with some internal quality parameters of selected
fruits.

2.1 Light and Colour

Among the properties widely used for analytical evaluation of materials, colour is
unique in several aspects. While every material can be said to possess a specific
property such as mass, no material is actually coloured as such. Colour is primarily
an appearance property attributed to the spectral distribution of light and, in a way,
is related to (source of radiant energy) the illuminant the object to which the colour
is ascribed, and the eye of the observer. Without light or the illuminant, colour does
not exist. Therefore, several factors that influence the radiation subsequently affect
the exact colour that an individual perceives. Those factors are:

spectral energy distribution of light,

conditions under which the colour is viewed,

spectral characteristics of the object with respect to absorption, reflection, and
transmission, and

sensitivity of the eye.
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Fig. 2.1 Colour spectra Visible light spectrum
of light in visible range
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Wavelength, nm

Light is the basic stimulus of colours, it is important to consider the electro-
magnetic spectrum. Visible light forms only a small part of the electromagnetic
spectrum, with a spectral range from approximately 390 nm (violet) to 750 nm (red)
(Fig. 2.1). Wavelength intervals of major colour are summarized in Table 2.1. The
sensitivity of the eye varies even within this narrow visible range. Under conditions
of moderate-to-strong illumination, the eye is most sensitive to yellow-green light
of about 550 nm (Fig. 2.2).

If the spectral distribution throughout the visible region is unequal, then the sen-
sation of colour is evoked by radiant energy reaching the eye’s retina. An equal
spectral distribution makes the light appear as white. The unequal distribution
responsible for colour sensation may be characteristic of the source itself; such as
flame spectra (Fig. 2.2) composed of one or more monochromatic wavelengths, or
may result from selective absorption by the system, which appears coloured. The
latter includes several systems that show selective absorption for light and exhibit
colour as a result of reflection or transmission of unabsorbed incident radiant energy.
The radiant energy emitted by the radiator is characterized by its spectral quality,
angular distribution, and intensity.

The following material properties, lighting of the scene and interaction of matter
with light affect the total appearance of the object:

(i) Material properties:
Optical properties (spectral, reflectance, transmittance)
Physical form (shape, size, surface texture)
Temporal aspects (movement, gesture, rhythm)

Table 2.1 Breakup of wavelengths for major colours in visible range of wavelength

Colour Wavelength interval Frequency interval
Red ~ 700-635 nm ~ 430480 THz
Orange ~ 635-590 nm ‘ ~480-510 THz
Yellow ~ 590-560 nm ~510-540 THz
Green ~ 560—490 nm ~540-610 THz

Blue ~490-450 nm ~610-670 THz
Violet ~ 450400 nm ~ 670-750 THz
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Fig. 2.2 Spectra of visible
light from common light
sources

-

Relative energy
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(i1) Lighting of the scene:
[lumination type (primary, secondary, tertiary)
Spectral and intensity properties; directions and distributions
Colour-rendering properties

(iii) Interaction of light with matter

(a) Physical laws

When light falls on an object, it may be reflected, transmitted, or absorbed
(Fig. 2.3). Reflected light is the part of the incident energy that is bounced off the
object surface, transmitted light passes through the object, and absorbed light
constitutes the part of the incident radiant energy absorbed within the material.
The degree to which these phenomena take place depends on the nature of the
material and on the particular wavelength of the electromagnetic spectrum being
used. Commonly, optical properties of a material can be defined by the relative
magnitudes of reflected, transmitted, and absorbed energy at each wavelength.
Conservation of energy requires that sum of the reflected (/g), transmitted (I7),
and absorbed (14) radiation equals the total incident radiation (/). Thus,

[=Ig+1Ip+1I4 @.1)

According to its transmittance properties, an object may be transparent,
opaque, or translucent. Almost all food and biological products may be con-
sidered to be opaque, although most transmit light to some extent at certain
wavelengths. The direction of a transmitted ray after meeting a plane interface
between any two non-absorbing media can be predicted based on Snell’s law:

no sin Oy = ny sin 6; 2.2)
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/\\
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Fig. 2.3 Schematic representation of interaction of light with matter, 0;= angle of incidence, 6r =
angle of reflectance, 61 = angle of transmittance, n, ny = refractive index of medium 1 and 2,
respectively

Beer-Lambert’s law defines the attenuation of the transmitted ray in a
homogeneous, non-diffusing, absorbing medium:

log (I7/l) = abc (2.3)

The ratio I7/I is known as the transmittance 7 and is related to absorbance A
as:

A =log(I/T) 2.4)
From Egs. (2.3) and (2.4), absorbance A can also be written as:

A = abc (2.5)

where a is called the absorptivity. [if ¢ is expressed in mol/L and b in cm, a is
replaced by the molar absorptivity, & (L/mol.cm).]

Various constituents of food products can absorb a certain amount of this
radiation. Absorption varies with the constituents, wavelength, and path length
of the light. Reflection is a complex action involving several physical phenom-
ena. Depending on how light is reflected back after striking an object, reflection
may be defined as regular or specular and diffused (Fig. 2.3). Reflection from
a smooth, polished surface is called” specular” or “regular”. It mainly produces
the gloss or shine of the material. The basic law of specular reflection states that
the angle at which a ray is incident to a surface must equal the angle at which it
is reflected off the surface. Fresnel equations define the phenomenon of specular
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reflection. The intensity of parallel R,; and perpendicular R, components of the
reflected light are:

R — (na/ny)*cos 6 — [(na/n1)? — sin®6y]'? 2 o
" (na/n)*cos 01 + [(na/ny)? — sin®6;]'2 :

Ro— |08 01 — [(mafny)? — sinp6y]"? : o)
P cos 61 + [(nafny)? — sin26y]'2 :

The regular reflectance R = Rp12 + RI,,r2 and for normal incidence (6 = 0°),
Rpi = Ry, and hence.

2
R= [”2 — "1] (2.8)

ny + np

where n; and ny are refractive index of the medium and object, respectively:
and 0y is the incident angle (Fig. 2.3). If the material is absorbing, the refractive
index is a complex number n (1-ik), where n is the real part of the complex
number and k is an absorption constant, and the regular reflectance is written as:

R [(nz —m)*+ (nzk)2} 29

(n2 4+ n1)? + (n2k)?

When the incident light is reflected from a surface evenly at all angles,
the object appears to have a flat or dull finish termed “diffuse reflection”.
No rigorous theory has been developed for diffuse reflectance, but several
phenomenological theories have been proposed, the most popular being the
Kubelka-Munk theory. The Kubelka-Munk model relates sample concentration
to the intensity of the measured spectrum in a manner analogous to the way
Beer-Lambert’s law relates band intensities to concentration for transmission
measurements. The Kubelka-Munk function f{lR~) is generally expressed as:

(1—R)® _k

JRe) = =5

(2.10)
where Ry, = absolute reflectance of an infinitely thick layer, k = absorption
coefficient, and s = scattering coefficient.

Kubelka-Munk theory predicts a linear relationship between spectral data
and sample concentration under conditions of constant scattering coefficient and
infinite sample dilution in a non-absorbing matrix such as KBr (potassium bro-
mide). Hence, the relationship can only be applied to highly diluted samples in
a non-absorbing matrix. In addition, the scattering coefficient is a function of

particle size, so samples must be prepared to a uniform fine size for quantitative
valid measurements.
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It is not easy to quantify diffuse reflectance measurements since sample
transmission, scattering, absorption, and reflection all contribute to the overall
effect. By reducing particle size and dilution in appropriate matrices, sur-
face reflection that can give strong inverted bands is reduced and the spectra
more closely resemble transmission measurements. Typically, quantitative dif-
fuse reflectance measurements are presented in log(//R) units, analogous to
absorbance log(Z/T) units for transmission measurements. Bands increase log-
arithmically with changes in the reflectance values. By comparison, bands in
spectra displayed in Kubelka-Munk units vary as a function of the square of
reflectance. This difference emphasizes strong absorbance bands relative to
weaker bands.

The diffuse reflectance may be measured with respect to non-absorbing stan-
dards and converted to produce a linear relationship with concentration ¢ as
follows:

log (R'/R) = log (I/R) + log (R") = acls (2.11)

where R'and R — reflectance of the standard and the sample (R’> R), a = absorp-
tivity, ¢ = concentration, and s = scattering coefficient. For monochromatic
radiation, log R’ is constant and may be ignored, and Eq. (2.11) may be written
as (2.12):

¢ =k + (s/a)log (I/R) 2.12)

where k = absorption coefficient. It should be noted that s is not a constant
but depends on a number of properties of the sample such as particle size (s is
inversely proportional to particle size) and moisture content. In food materials,
the primary factors that influence light reflection is a phenomenon known as
scattering or diffusion. If the surface of incidence is rough, incident light will
be scattered in all directions. Since the incident rays strike a rough surface more
than once before being reflected, they would be expected to have a lower total
reflectance than those reflected from a smooth surface.

In classical optics, diffuse reflection was thought to be responsible for colour.
It was also commonly believed that colour of natural objects, such as foods,
plants and foliage, are seen by means of light reflected off their surfaces. It is
also known that the light must be transmitted through pigment within the cells in
order to produce a coloured appearance. Since most food materials are optically
non-homogeneous, light entering such material is scattered in all directions.
Only about 4-5% of the incident radiation is reflected off the surface of these
materials as regular reflectance. The remaining radiation transmits through the
surface and encounters small interfaces from within the material and is scattered
back to the surface through the initial interface. This type of reflection is termed
as “body reflectance”. The body reflectance is nearly always diffuse and is the
most significant form of reflectance for foods. Some part of the transmitted light
diffuse deeper in to the material and may eventually reach the surface some
distance away from the incident point.
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(b) Factors affecting diffuse reflectance spectral data
Diffuse reflectance spectroscopy offers exceptional versatility in sample
analysis. This versatility results from both its sensitivity and optical characteris-
tics. Classically, diffuse reflectance has been used to analyze powered solids in
a non-absorbing matrix of an alkali halide such as KBr. The sample is typically
analysed at low concentrations, permitting quantitative presentation of the data
in Kubelka-Munk unit. This technique yields spectra that are qualitatively simi-
lar to those produced by conventional transmittance or pellet methods. However,
they exhibit higher sensitivity for quantification and are less subject to scattering
effects, that cause slopping baselines in pellet measurements.
Several factors determine band shape and relative/absolute intensity in dif-
fuse reflectance spectroscopy through their effect on the reflection/absorbance
phenomena specific to the sample. These include:

refractive index of the sample,
particle size,

sample homogeneity, and
concentration.

Refractive index: Refractive index affects the results via specular reflectance con-
tributions to diffuse reflectance spectra. With organic samples, the spectra display
pronounced changes in band shape and relative peak intensities, resulting in non-
linearity in the relationship between band intensity and sample concentration. For
some inorganic samples, strong specular reflection contributions can even result in
complete band inversions. Sample dilution in non-absorbing matrix can minimize
this overlay of diffuse reflectance and specular reflectance spectra, as well as the
resulting spectral distortions. In addition, accessory design can help reduce specular
reflectance contributions.

Farticle size: Particle size is a major consideration when performing diffuse
reflectance measurements of solids. The bandwidth is decreased and relative inten-
sities are dramatically altered as particle size decreases. These effects are even more
pronounced in spectra of highly absorbing inorganic materials with high refractive
indices. For these samples, specular contributions can dominate the final spectra if
the particle size is too large. To acquire a true diffuse reflectance spectrum, it is nec-
essary to uniformly grind the sample and dilute it in a fine, non-absorbing matrix.
Similar preparation must be applied to the non-absorbing matrix material in order to
provide an “ideal” diffuse reflector for background analysis and as a support matrix
for the samples.

Sample homogeneity: The Kubelka-Munk model for diffuse reflectance is derived
for a homogeneous sample of infinite thickness. However, some sample analysis
methods, especially those designed for liquid sample (e.g., deposition of sample
onto a powdered supporting matrix) can result in a higher concentration of sam-
ple near the analysis surface. In these circumstances, variations in relative peak
intensities may be noticed. In particular, more weakly absorbing wavelengths tend
to be attenuated at higher sample concentrations. To avoid these peak intensity
variations it is necessary to distribute the analyte as uniformly as possible within
the non-absorbing background matrix.



24 S.N. Jha

Concentration: One particularly important advantage of diffuse reflectance spec-
troscopy, especially in comparison to transmittance measurement, is its extremely
broad sample-analyzing range. While it is theoretically possible to acquire usable
diffuse reflectance spectra on samples of wide-ranging concentrations, practical
considerations often complicate the analysis process. With high concentration sam-
ples, especially those with a high refractive index, one can expect a dramatic
increase in the specular contribution to the spectral data. As a result, some sample
data may be un-interpretable without adequate sample dilution. Even when samples
can be measured satisfactorily at high concentrations, it is advisable to grind the
sample to a very uniform and fine particle size to minimize both specular reflectance
and sample scattering effects, which adversely affect quantitative precision.

From the preceding paragraphs one can say that in reality, colour is in the eye
of the observer, rather than in the “coloured” object. The property of an object that
gives it a characteristic colour is its light-absorptive capacity. Three items (light
source, object and observer) therefore are necessary for visual perception of colour
and the instrument quantifies the human colour perception in the visual observing
situation and we measure them in different units, scale or specification.

2.2 Colour Scales

There are three characteristics of light by which a colour may be specified: hue, sat-
uration, and brightness. Hue is an attribute associated with the dominant wavelength
in a mixture of light waves, i.e., it represents the dominant colour as perceived by
an observer. Saturation refers to relative purity or the amount of white light mixed
with a hue. Brightness is a subjective term, which embodies the chromatic notion
of intensity. Hue and saturation taken together are called chromaticity. Therefore,
a colour may be characterized by brightness and chromaticity. There are numerous
colour scales, one may even develop their own scale for uniformity in comparison
of their subsequent products. The basic colours however are only three: red, green
and blue, and other colours are derived by mixing these three. The light reflected off
of the object passes through a red, green and blue glass filter to simulate the stan-
dard observer functions for a particular illuminant. A photodetector beyond each
filter then detects the amount of light passing through each filter and these signals
are displayed as X, Y, and Z values. The specifications of basic standards used in
colourimetry however are based on definitions of The Commision de International
de I’Eclairage (CIE) by general consent almost in all countries. Some industries
however are also using Munsell System and atlas for their products.

2.2.1 CIE System

The Commission Internationale de 1’Eclairage (CIE) defined a system of describ-
ing the colour of an object based on three primary stimuli: red (700 nm), green
(546.1 nm), and blue (435.8 nm). Because of the structure of the human eye, all
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colours appear as different combinations of these. The amounts of red, green, and
blue needed to form any given colour are called the’ ‘tristimulus” values, X, Y, and
Z, respectively. Using the X, Y, and Z values, a colour is represented by a set of
chromaticity coordinates or trichromatic coefficients, x, y, and z, as defined below:

X Y z
X = = =
X+Y+Z ° X+Y+Z T Xt+v+z

(2.13)

It is obvious from the equations above that x + y + z = 1. The tristimulus values
for any wavelength can be obtained from either standard tables or figures. A plot
that represents all colours in x (red)-y (green) coordinates is known as a chromaticity
diagram (Fig. 2.4).

To understand the chromaticity diagram, the locus is superimposed, with the ref-
erence horseshoe curve obtained from a standard monochromatic light. It can be
seen from this figure that the chromaticity of unripe fruits falls near the center of
the CIE diagram. The position marked “c” in this diagram represents colour, which
is biochromatically achromatic or hueless. Oil palm actually appears reddish black
when unripe and this agrees well with colourimeter since this equipment treats both
pure white and black as hueless. As the fruit starts to ripen; the locus moves from
the hueless zone to the reddish red zone and ends at a point bordering the reddish
orange zone. It can be seen from this diagram that the difference in chromaticity
between unripe and underripe is relatively small compared to the difference in chro-
maticity between optimally ripe and overripe, indicating that there is a small degree
of change in colour at the early stage of ripening. The distance between unripe and
overripe is 0.202 compared to slightly over 0.03 between unripe and under-ripe.
Hence, distinguishing unripe from underripe samples or vice versa may be difficult
chromatically.

0.9
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' N A Optimally ripe

@ Over ripe
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05 \

= \
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Fig. 2.4 Schematic of \
chromaticity diagram 0 \//
showing the ripeness locus of
oil palm and also the location 01 02 03 04 05 06 07

of white in illuminant “c”
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Sometimes, tristimulus systems of representation of colours are not easily under-
stood by the users in terms of object colour. Other colour scales therefore were
developed to relate better to how we perceive colour, simplify understanding,
improve the communication of colour differences, and be more linear throughout
colour space. This gave the birth of opponent colour theory, which states that the
red, green and blue responses are re-mixed in opponent coders as they move up the
optic nerve in human brain. Based on this theory a 3-dimensional rectangular L, a,
b, colour space was evolved, in which at L (lightness) axis — 0 is black and 100 is
white, a (red-green) axis — positive values are red; negative values are green and
zero is neutral, and b (blue-yellow) — positive values are yellow; negative values are
blue and zero is neutral (Fig. 2.5). All colours that can be visually perceived can be
plotted in this L, a, b, rectangular colour space.

There are two popular L, a, b colour scales in use today — Hunter L, a, b, and
CIE L*, a*, b*. They are similar in organization, but will have different numerical
values. Hunter L, a, b and CIE L*, a*, b* scales are both mathematically derived
from X, Y, Z values (Table 2.2). Neither scale is visually uniform, Hunter scale is
over expanded in blue region of colour space, while CIE scale is over expanded in
yellow region. The current recommendation of CIE is to use L*, a*, b*.

L,a,b Color Solid

Fig. 2.5 Hunter Lab colour
space

Table 2.2 Formulae for computation of L, a, b, and L*, a*, b* from X, Y, Z values

Hunter L, a, b CIE L*, a*, b*
L= 100\/% L* = 116f(Y—’;>—16
“=K, (%) a = S00[f (X/%,) — £ (v/%)]

b =Ky (L) b*=200[f (Y/Y,) — £ (Z)Z)]
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Where, Y, is the Y tristimulus value of a specified white object. For surface-
colour applications, the specified white object is usually (though not always) a
hypothetical material with unit reflectance and which follows Lambert’s law. The
resulting L will be scaled between O (black) and 100 (white); roughly ten times
the Munsell value. K, is a coefficient which depends upon the illuminant (for Dgs,
which will be told in latter part of the chapter, K, is 172.30; see approximate for-
mula below) and X,, is the X tristimulus value of the specified white object. K}, is
a coefficient which depends upon the illuminant (for pes, Kp is 67.20; see approxi-
mate formula below) and Z, is the Z tristimulus value of the specified white object,
subscript n suggests normalized values of X, Y, Z, and

>(6/29)°

2
3 <29) I+ ol otherwise

f@®= (2.14)

The division of the f{f) function into two domains was done to prevent an infinite
slope at t = 0. f(f) was assumed to be linear below some # = #(, and was assumed to
match the /3 part of the function at 7o in both value and slope. In other words:

té /3 = | at,+b | (match in value)

1/31‘5/3 =|a (match in slope)

The value of b was chosen to be 16/116. The above two equations can be solved
for a and #g:

a = 1/(35%) = 7.787037. ..
fo = 83 = 0.008856. . .

where § = 6/29. Note that the slope at the join is b = 16/116 = 28/3

Ko~ ——— 175 X, + Y
‘7 198.04

7
Ky~ —— +Z
b~ 21811(11 n)

2.2.2 Munsell System and Atlas

The Munsell colour system (Fig. 2.6) divides hue into 100 equal divisions around a
colour circle. This is similar in approach to the Newton colour circle except that the
circle is distorted by assigning a unit of radial distance to each perceptible difference
in saturation (called units of chroma). Since there are more perceptible differences
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White

ﬁ Brightness Hue: 100 quality spaced hues around circle
Saturation: units of “chroma” starting at 0

on the center line and increasing to values of

10 to 18 depending upon the hue. Some hues

have more distinguishable levels of

saturation.

Brightness: value from O for black to 10 for

white

Saturations

Fig. 2.6 Schematic of Munsell colour system

for some hues, the figure will bulge outward to 18 for some hues compared to only
10 for others. Perpendicular to the plane formed by hue and saturation is the bright-
ness scale divided into a scale of “value” from zero (black) to 10 (white). A point
in the colour space so defined is specified by hue, value, and chroma in the form
H, V and C. The Munsell colour-system is therefore a way of precisely specifying
colours and showing the relationships among them. Every colour has three qualities
or attributes: hue, value, and chroma. A set of numerical scales with visually uni-
form steps for each of these attributes has been established. The Munsell Book of
Colour displays a collection of coloured chips arranged according to these scales.
Each chip is identified numerically using these scales. Comparing it to the chips
under proper illumination and viewing conditions can identify the colour of any sur-
face. The colour is then identified by its hue, value, and chroma. These attributes are
given the symbols H, V, and C and are written in a form H V/C, which is called the
Munsell notations. Using Munsell notations, each colour has a logical relationship
to all other colours. This opens up endless creative possibilities in colour choices,
as well as the ability to communicate those colour choices precisely. The Munsell
system is the colour order system most widely quoted in food industry literature.
Food products for which the US Department of Agriculture (USDA) recommends
matching Munsell discs to be used include dairy products such as milk and cheese,
egg yolks, beef, several fruits, vegetables, and fruit juices.

Other colour atlases and charts are available for use in the food industry, such
as the Natural Colour System and Atlas, Royal Horticultural Society Charts, etc.
These atlases and charts are used for comparison of a product colour with that of
a standard colour diagram, which is also commonly practiced in the food industry.
The evaluation of potato chip colour is a very good example.

Other colour scales, such as the RGB, CMY, HSI, HSV, HLS etc. also exist, but are
very similar to the CIE system. RGB system is generally used in analysis of colour
of an image, while others are now not in much use for measurement of colour of
food items, however have been dealt in detail in Chap. 3.

2.2.3 Transformation of Colour Values from One System to Others

There are, as we have discussed above, various colour scales. These scales can be
transformed from one to other forms, through simple trigonometric or mathematical
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Fig. 2.7 Representation of Yellow
peel hue affected by heat 90°
treatments of grape fruits.

CIE LAB a* and b* values are 50

plotted on horizontal and
vertical axes respectively

U K

Bluish green E E Red purple
180° ! ! 0° 360°
-2
=50
Blue
270°

functions (Egs. 2.15, 2.16 and 2.17). A colour wheel subtends 360°, with red-purple
traditionally placed at the far right (or at an angle of 0°), yellow, bluish-green, and
blue follow counter clockwise at 90, 180, 270°, respectively (Fig. 2.7).

L=L* (2.15)
b*

W =tan~! — (2.16)
a*

C*= /(a? + b?) (2.17)

Arctangent, however, assumes positive values in the first and third and negative
values in the second and fourth quadrants. For a useful interpretation, 4° should
remain positive between 0 and 360° of the colour shed.

Figure 2.8 shows the variation of CIELab values calculated from the oil palm
image. It can be seen that both hue and chroma increase in curvilinear fashion
with ripeness. The small hue and chroma values for unripe class (approximately
7.6° and 2.62, respectively) pushed the psychometric point nearer to the origin or
the achromatic zone of colour. These values increased to approximately 48° in hue
and 72.1 in chroma for overripe case. This location is equivalent to reddish orange
colour on CIELab space. Hence, the hue-moves further away from the origin and
in the upward direction as the oil palm ripens. These observations are consistent
with human vision and match strongly with the trend of the ripeness locus shown in
Fig. 2.4. Thus hue provides a much better discrimination compared to either RGB
or CIExy values when specifying colours of food materials. Because of this reason
usually hue is chosen for colour inspection by machine.
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Fig. 2.8 Schematic of 70 A Optimally ripe
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Unlike colourimeter, the calculation of hue using machine vision system is math-
ematically involved since it requires colour conversion from RGB to HS! (Hue,
Saturation and Intensity) space. One way of achieving this is by firstly / establishing
a new coordinate system, Y/Q. The relationship between the two coordinate systems
is:

Y 0.30 0.59 0.11 R
I | =1060 -028 —0.32 G (2.18)
0 0.21 —-00.52 0.31 B

Secondly, 4 is the rotational angle around the Q, I plane and therefore can be
written as:

h° = tan™! [i] (2.19)
0

Equations (2.18) and (2.19) are theoretically valid and they can be found in
almost any textbook on colour and image processing. For practical reasons, h° was
calculated according to the Munsell’s colour system, which is given by:

o _ o —1[_ ~O05[R—-G)+R—-B)] 255
he = {360 cos <\/(R—G)2+(R—B)(G—B)>} X 36OszzG (2.20)

or

1o = leos—! [ ZOLE =G + R = B)] x §ifB<G (2.21)
- JR=G?+R—-B(G—B)) | 360 '

The above equation transforms RGB information from three-dimensional space
to one-dimensional /° space. In order to speed-up analysis only #° values may be
processed. The hue values shown in this figure are normalized to 255 for the 8-bit
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machine vision system. A different approach is needed to solve this type of problem.
The method investigated for this application was to treat hue distributions as features
and apply multivariate discriminate technique to establish classification as discussed
in Chap. 6.

2.2.3.1 Example of Transformation of CIE/Hunter L a b Values to Chroma
(C) and Hue (k°)

Assume a practical data given in Table 2.3 for analysis of grapefruit colour after
three heat treatments for quarantine control
Following subprogram may be used to compute the 4° and C for above data

Data colour

READ (* ,*)L,a,b

C=SQRT((a* b)+(b* b))
THETA=(ATAN(b/a)/6.2832)* 360

IF a>0 AND b>=0 THEN h = THETA
IF a<0 AND b>=0 THEN h=180+THETA
IF a<0 AND b<0 THEN h=180+THETA
IF a>0 AND b<0 THEN h=360+THETA
WRITE (* ,* ) a, b, THETA, h

STOP

END

Table 2.3 Conversion of grapefruit L a b values to hue and chroma values

Colour characteristics

Treatment L a b C h°

1 76.6 -2.0 56.0 56.0 92.0
74.4 2.0 56.0 56.0 88.0

3 63.0 1.2 34.0 34.0 88

2.3 Colour Measurement

It is clear by now that to see colour three things (light source, object and the
observer) are needed. Similarly to measure colour three items are essential: light
source, specimen object and a spectrometer (colourimeter). When we have spec-
trometer or colourimeter the user first goes through the operational manual of the
instrument thoroughly to see the suitability for their specimen object, i.e. sam-
ple. Once suitability is judged then colour scale, illuminant and observer types, if
options are available in the instrument, are selected. CIE standard illuminants are
Dsp, Dss, Des.
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2.3.1 CIE Standard Illuminants

Dgs is a commonly used standard illuminant defined by the CIE. It is part of the
D series of illuminants that try to portray standard illumination conditions at open
air in different parts of the world. The subscript 65 probably is used to indicate
the correlated colour temperature of 6,500 K at which it is standardized. Dgs5 cor-
responds roughly to a mid-day sun in Western Europe/Northern Europe, hence it
is also called a daylight illuminant. As any standard illuminant is represented as a
table of averaged spectrophotometric data, any light source which statistically has
the same relative spectral power distribution can be considered a Dgs light source.
There are no actual Dgs light sources, only simulators. The quality of a simulator
can be assessed with the CIE Metamerism index discussed elsewhere. Dg5 should be
used in all colourimetric calculations requiring representative daylight, unless there
are specific reasons for using a different illuminant. Variations in the relative spec-
tral power distribution of daylight are known to occur, particularly in the ultraviolet
spectral region, as a function of season, time of day, and geographic location.

2.3.2 CIE Standard Observers

CIE has standardized the observer angle of field of view. Originally this was taken
to be the chromatic response of the average human viewing through a 2° angle, due
to the belief that the colour-sensitive cones resided within a 2° arc of the fovea of
human eye. Thus the CIE 1931 Standard Observer is also known as the CIE 1931
2° Standard Observer. Latter it was experimentally decided that cones were spread
beyond the fovea. The experiments were repeated in 1964 resulting in 1964, 10°
standard observer. Of the two sets of observer function, the 10° standard observer is
recommended for better correlation with average visual assessment made with large
fields of view that is typical in most commercial application.

2.3.3 Instrument Geometry

A third important aspect for selection before actual experimentation is instrument
geometry. The geometry of an instrument defines the arrangement of light source,
sample plane, and detector. There are two general categories of instrument geome-
tries, directional (45°/0° or 0°/45°) and diffuse (sphere). Directional geometry
typically has illumination at 45° angle and a measurement angle of 0° (meaning
from top of the object or from direction perpendicular to the sample). This is called
45°/0° geometry. 0°/45° geometry has illumination at 0° and measurement at 45°.
Both exclude the specular reflection in the measurement. This provides measure-
ments that correspond to visual changes in appearance of the sample due to both
changes in pigment colour and surface gloss or texture. 0°/45° instrument geometry
as I think is the best for the quality determination and monitoring applications.
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The fourth and the last consideration for colour measurement is the preparation
and presentation of the prepared samples as discussed below.

2.4 Sample Preparation and Presentation

Auvailability of wide range of techniques for measurement of quality parameters,
necessitates to know the suitability of characteristics of samples, i.e. whether it is
liquid, solid, paste, semisolid, transparent, opaque or translucent etc for a particular
technique to be employed. Complete history of the source of sample and a careful
attention to proper instrument operation and consistent sample handling is required
particularly for colour measurement.

2.4.1 Preparing Samples for Measurement

During sample measurement it is important to select them appropriately, using an
established method of sampling, and handling all samples in a consistent manner.

(a) Selecting samples
Sample representative of the entire batch should be selected for measurement.
One should always try to collect as number of varied materials as possible from
different sources whose colour is to be measured and

1. Choose samples that are truly representative of the materials collected from
various sources,

2. prepare samples in exactly the same manner each time they are measured.
Follow standard method, if they exist such as ASTM, BIS etc, and

3. present the sample to the instrument in a standard, repeatable manner.
Results obtained depend on the condition of the sample and their pre-
sentation. For established procedure, make a checklist so that laboratory
personnel may simply check each step. The checklist will also help in
training of new workers.

The sample must also be representative of attributes that are of interest.

If samples are non-representative of the batch or are spoiled, damaged, or
irregular, then the sample may be biased. While choosing a sample, select in
random fashion and examine the sample to avoid biased results. If sampling
procedures are adequate, a different sample selected from the same batch
should result in comparable measured values.

(b) Sample handling and presentation methods
If method of measurement is established so that same procedure is used each
time for specific samples or types of samples, results may be validated for com-
parison purposes. This also insures repeatability of results when measuring the
same sample.
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There are a variety of techniques that can be used in handling various forms
of objects and materials so that the most valid and repeatable measurement of
their appearance results. Consideration must be given to the conditions for sam-
ple preparation that are dependent upon the type of measurement to be made.
For example, when measuring the colour of sample that might spill into the
viewing aperture, one should hold the surface flat by using a cover glass taped
over the aperture window. Other materials being measured for colour may be
chopped up and placed in a glass specimen cell or made into paste and applied
to a glass plate. Sheets and films should be flattened by tension or by a vacuum,
if necessary.

Directional samples

Averaging several measurements with rotation of the sample between read-
ings can minimize directionality. Examination of the standard deviation dis-
played with the average function can guide in selecting the appropriate number
of readings to average.

Non-opaque samples

Non-opaque samples must have a consistent backing. A white un-calibrated
tile is recommended. If the sample is such that it can be folded to give multiple
layers, such as fruit leather, the number of layers for each sample should be
noted.

Translucent samples

Light trapped in a translucent sample can distort the colour. The thickness
of the sample presented should be chosen to maximize the haze or colour
difference.

Granular, powdery and liquid samples

These foods in required quantity may be taken into a petri dish of known
composition and characteristics and covered by other complete transparent and
flat petty dish of known properties. Thickness or depth of the sample should be
so maintained that it presents an opaque mass. Colour readings may be taken
keeping the flat portion of nosecone of the colourimeter on the surface of the
top petty dish ensuring that light thrown by the instrument neither goes out of
the nosecone nor passes through the sample. Part of the light is absorbed by the
sample and remaining portion (reflected from the sample) again comes back to
the nosecone of the instrument for measurement and interpretation. If samples
cannot be prepared to make it opaque (in case of transparent liquid sample)
instruments such as tintometer, photospectrometer etc are better to use.

2.5 Error in Colour Measurement

Every measurement has a chance of error, and colour measurement is not an excep-
tion. It has possibly two source of error: first may be due to instrument and second,
error in measurement. Instrumental errors are based on instrument you are using.
They are enumerated below:

e Errors in absolute scales of diffuse reflectance and 0/45 radiance factor.
e Errors due to differing properties of white reference standards.
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Non-linearity of the photodetector.

Incorrect zero level.

Wavelength scale error.

Specular beam exclusion error.

Specular beam weighting error.

Errors due to non-uniformity of collection of integrating spheres.

Polarisation errors in the 0/45 geometry.

Differences in methods for calculating colour data from spectral data.

Errors due to thermochromism in samples.

Errors due to the dependence of spectral resolution on band width, scan speed
and integration time.

e Geometry difference between illumination and collection optics within the
specified limits.

At present, there is no method for quantifying the effects of geometry differences
(last item) and applying corrections. The method used to minimise error due to non-
uniformity of collection by integrating spheres, which is to measure matt samples
against matt masters and glossy samples against glossy masters, has not proved very
effective. Integrating sphere errors are due to the fact that the integrating sphere is
not an ideal sphere but a hemispherical sphere. There are also some baffles inside
the sphere which prevent straight light from striking the detector.

Possibilities of error during measurement are due to following reasons:

(i) Nosecone of the instrument and surface of sample is not having good agree-

ment and thus leakage of light

(i) Samples are non-uniform, translucent or transparent and cause leakage or
escape of light during measurement.

(iii) Improper alignment of colourimeter with sample surface

(iv) Surface of reference plate is not properly maintained and does not give
reference values supplied by the manufacturer

(v) Error due to incorrect type of sample for the instrument

It is now clear that there are significant undetermined errors. Instrumental error,
if any, should be checked and minimized with the help of manufacturer while error
due to measurement will be minimized with due care by the users. Accounted errors
should be measured and analysed properly for reporting.

2.6 Colour Analyses and Modeling

Colour values are generally analysed to see the colour difference in comparison
with the standard specimen, to see the trends of changes with storage or processing
conditions and are modeled sometimes to correlate with the specific attributes of
the products. Colour difference nowadays can directly be obtained using most of
the colourimeter, while for correlating colour values with any attributes; regression
analyses are performed.
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2.6.1 Colour Difference

Colour difference is always calculated as colour values of sample minus that of
standard specimen. If AL* is positive than sample is lighter than the standard. If
negative, it would be darker than the standard. If Aa* is positive, the sample is more
red or less green than the standard. If it is negative, it would be greener or less red.
Similarly if Ab* is positive, the sample is more yellow or less blue than the standard.
If negative, it would be bluer or less yellow. Now question arises what should be the
acceptable colour difference? The simple answer is the minimum perceptible colour.
What should be the acceptable tolerance? In theory the total colour difference of
1.0 is supposed to be indistinguishable unless samples are adjacent to one another.
Colour difference can be computed using the following formulas.

AL* =13 — L}, Aa* = a5 —at, Ab* = b} — b} and
(2.22)

A, =\ (L5 — 1) + (@t — @) + (b5 — b3)°

Where subscript 1 is for standard specimen and 2 is for sample and E,;*}, is total
colour difference. It is intended to be a single number metric to have decision to
pass or fail the sample. AE itself is not always reliable, because it is non uniform in
colour space. It is therefore better, if can be, to set the tolerance limit for individual
colour values.

2.6.2 Colour Modeling

Modeling is a very useful tool for (relatively) quickly and inexpensively ascertain-
ing the effect of any system and parameters on the outcome of a process or effect of
parameters. The benefit of modeling is to minimize the number of experiments that
need to be conducted to know the effect of individual parameter. Models broadly can
be divided into two types: theoretical mathematical model and empirical or regres-
sion model. The first one becomes more accurate and generalized while the second
one is developed for a particular process or products and its accuracy depend on the
accuracy in experimental values used in development and regression coefficient of
determination of such models. In colour modeling majority of scientists have used
the second type of modeling. Any modeling process can roughly be divided into five
phases.

e First step is problem identification, i.e., what you want to predict using the
developed model

e The second step consists of constructing a mathematical model for the cor-
responding problems. This could be in the form of differential or algebraic
equations.

e In third phase the mathematical model is converted to numerical model by doing
some approximation for easy solution.
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e The fourth phase is the solution of the numerical model. It is generally not
required if modeling is empirical or regression equation.

o Fifth and the final phase is validation of solution or predictions done by the model
in real situations

2.7 Practical Applications

Numerous works on colour analyses and modeling of colour values of food materi-
als are reported in literature, majority of them however are based on colour values
extracted from the specimen’s images. Some of them are covered in the Chap. 3.
This chapter is limited to the most recent work on analyses of colour values acquired
in terms of CIE colour scale and usually using a colourimeter.

2.7.1 Vegetables

The green colour of vegetables changes considerably during heat treatments like
blanching and has been modeled using simplified kinetic mechanisms (Tijskens
et al. 2001). Validation of model indicated that the formation and degradation of
visible colour in vegetables is governed by processes related to the colouring com-
pounds Z like chlorophyll and chlorophilides, irrespective of the vegetables under
study. This study helped in understanding of chlorophyll degradation and gave gen-
eralized information for any vegetable. But in another study (Martins and Silva
2002) on chlorophyll degradation of frozen green beans using Hunter colour val-
ues a, b and total colour difference in first order and reversible first order models
revealed that colour is a more important parameter to asses frozen greens visual
quality however chlorophyll content is not a good colour index for the same. Trends
of chromatic changes of broccoli under modified atmosphere packaging (MAP) at
20°C in perforated and unsealed polypropylene film packages for a storage period of
10 days indicated using L* C*h* colour space diagram that the modified atmosphere
(6.1% Oy and 9% CO,) generated inside the perforated film packages having 4
macro-holes was the most suitable in maintaining the chromatic quality of the broc-
coli heads (Rai et al. 2009). Postharvest life of tomatoes is limited by colour as one
of the important parameters. One colour model correlates the colour level and bio-
logical age at harvest (Schouten et al. 2007). Data were analysed using non-linear
regression analysis and found that biological age of tomato can well be predicted at
farmers’ level and can save lot of postharvest losses of tomato especially during the
glut. Interestingly they also found very good correlation among the colour values
and firmness of tomato.

2.7.2 Fruits

The different combinations of L, a and b colour values have been fitted in different
form of linear models (Table 2.4) and regressed using multiple linear regression,
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Table 2.4 Generalized forms of maturity index (/) models tested in terms of colour values
(L, a, D)

Model no. Variables Models*

1 a, b, L In =C1 + Cra+ C3b + C4L

2 a, b Im =C1 + Coa + C3b

3 a,b,axb Im:C1+C2a+C3b+C4ab

4 a, b d® b’ axb Im = C| + Caa + C3b + Caab + Csa® + Cgb?
5 a2, In = C1 + Cad? + G3b?

6 b,axb Iy = Ci + Cob + Czab

*C1, C, C3 are models’ constants.

partial least squares and principal component regressions to maturity index of
mango (Jha et al. 2007, 2009). Precision of prediction using models having the
parameters of a, b and their product (axb) was verified by sensory evaluation of 55
ripe mangoes and was found that the fruits predicted to be mature could ripe with
high-satisfied taste while the ones predicted to be immature or over mature were
mostly rejected by the panels (Jha et al. 2007). Latter a colour chart for Dusheri
cultivar of mango was developed to read the maturity or ripeness level after taking
the values of a and b of mango in tree using a handheld colourimeter (Fig. 2.9). It is
evident from the study that internal quality parameters of mango (Jha et al. 2006b)
are correlated with the colour values and can be predicted satisfactorily. Similarly
a freshness index/over all quality index for five cultivars of apple was developed in
which colour values are important factors (Jha 2007, Jha et al. 2010, 2010a). The
relationship between colour parameters and anthocyanins of four sweet cherry culti-
vars using L*, a*, b*, chroma and hue angle parameters (Berta et al. 2007) indicated
that chromatic functions of chroma and hue correlate closely with the evolution
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Fig. 2.9 Measurement of maturity and ripeness of mango in tree
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of colour and anthocyanins levels during storage of sweet cherries and that colour
measurements can be used to monitor pigment evolution and anthocyanin contents
of cherries.

Tiwari et al. (2008) used response surface methodology to develop the empirical
model to study the effect of ozonation on orange juice colour degradation and found
that predicted colour values obtained using model equations were in good agreement
with the experimental values. Mathematical equations using L, a, and b developed
by Atilla (2007) for predicting the optimum roasting degree of hazelnut and reported
that a and L values gave high 7 and obtained three-dimensional nonlinear equations
to determine the optimum roasting degree based on time and temperature.

The above paragraphs indicate that significant attempts have been made to model
colour values or combination thereof for prediction of various surface as well as
internal quality parameters of various fruits and vegetables. Very limited work how-
ever on modeling of colour values of other foods such as food grain, oilseeds etc.
are reported for prediction of their quality parameters. The coefficient of determina-
tion of these models may not be sometimes as high as it is expected. In such cases
one may try to obtain the complete spectra of specimen instead of individual colour
values (L, a, b etc.) in the visible range of wavelength (400-700 nm) and develop
models using the absorption or reflectance data (Jha et al. 2006a, 2005).
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Chapter 3
Computer Vision Systems

Sundaram Gunasekaran

Food quality is of paramount consideration for all consumers, and its importance is
perhaps only second to food safety. By some definition, food safety is also incor-
porated into the broad categorization of food quality. Hence, the need for careful
and accurate evaluation of food quality is at the forefront of research and devel-
opment both in the academia and industry. Among the many available methods
for food quality evaluation, computer vision has proven to be the most powerful,
especially for nondestructively extracting and quantifying many features that have
direct relevance to food quality assessment and control. Furthermore, computer
vision systems serve to rapidly evaluate the most readily observable foods qual-
ity attributes — the external characteristics such as color, shape, size, surface texture
etc. In addition, it is now possible, using advanced computer vision technologies, to
“see” inside a food product and/or package to examine important quality attributes
ordinarily unavailable to human evaluators. With rapid advances in electronic hard-
ware and other associated imaging technologies, the cost-effectiveness and speed
of computer vision systems have greatly improved and many practical systems are
already in place in the food industry. Thus, many of the quality evaluation opera-
tions are now done in a fairly routine basis at speeds matching the production and
high throughput requirements of the food industry. As the technology matures and
finds more mainstream applications, further growth will be in improving and speed
under challenging food processing environments — dusty, wet, hot etc. Turn-key
applications that would require only moderate operator intervention will be further
developed, which can operate trouble-free for prolonged durations. New advances
in terms of non-visible defect detection and hyperspectral imaging will continue to
evolve and bring additional computer vision innovations to the food industry, which
would require intensive research and developmental work by many new scientists
and technologists.
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3.1 Computer Vision System

Computer vision, also known as machine vision or computer image processing, is
the science that develops the theoretical and algorithmic basis by which useful infor-
mation about an object or scene can be automatically extracted and analyzed from
an observed image, image set, or image sequence. It is a branch of artificial intel-
ligence technique and deals with simulating human vision. We see an object and
perceive its optical characteristics based on the reflected light received from the
object being illuminated by natural or artificial light. Thus, in essence the task of a
computer vision system is to simulate human visual perception process illustrated in
Fig. 3.1.
The essential components of a typical computer vision system are:

computer, which is analogous to the human brain,

sensor or camera, which is analogous to the human eyes,

illumination system, which facilitates image capture,

frame grabber/digitizer, which digitizes the image information from the cam-
era, and

e. monitor(s), which displays the acquired and/or processed images.

o op

The use of digital cameras eliminates the need to use a separate frame grabber in
the computer. A schematic of a computer vision system is presented in Fig. 3.2.

lllumination

Perception

Fig. 3.1 Schematic illustration of the process of human vision perception
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PreprocewnH Segmentation H Extraction
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Fig. 3.2 Basic steps in computer image processing (Panigrahi and Gunasekaran 2001)

A typical computer vision task involves a series of steps, which can be grouped
into three major tasks as depicted in Fig. 3.3. These include:

a. image acquisition, which deals with such issues/components as illumination,
camera, digitizer, etc.,

b. image processing, which encompasses preprocessing, segmentation, and feature
extraction, and

c. image understanding, which entails image recognition and interpretation.

Each of these sub-tasks is as important as the other two, and the success of a
good computer vision system, then depends on the success of all these sub-tasks

Computer
Monitor

Frame Grabber/
Digitizer

Sensorf
Camera
—T
Light
Source
lHlumination
Chamber
Object

Fig. 3.3 A typical computer vision system (Panigrahi and Gunasekaran 2001)
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working in harmony. For example, an image acquired with utmost care will not yield
useful information if faulty processing methodologies are used; and if interpretation
of properly acquired and processed image is erroneous, all the time and money
invested in image acquisition and processing becomes worthless. Thus, all these
sub-tasks are closely linked with knowledge base available about the system studied
and the image features that are relevant for evaluating product quality of interest.

3.2 Image Acquisition

Capturing image for processing is the foremost activity in machine vision system. It
requires outmost care and manner which can be used repeatedly and image should
be without any shades. A good light source or illumination system and a camera are
important gadgets for acquiring a good digital image for processing.

3.2.1 Digital Image

A digital image is a spatial representation of an object or scene. A monochrome
image is a two-dimensional (2-D) light-intensity function, /(x, y) where the value or
amplitude of intensity [ at spatial coordinates (x, y) is typically proportional to the
radiant energy received in the electromagnetic band to which the sensor or detector
(the camera) is sensitive in a small area around the point (x, y). As far as the com-
puter is concerned, the image is a matrix (x, y) of numeric values, each representing
a quantized image intensity value. Each matrix entry is known as a pixel (short for
picture element). The total number of pixels in an image is determined by the size
of the 2-D array used in the camera. Most commonly used cameras have a spatial
resolution of 1024 x 768 or better; the higher the resolution, the larger the image
size. For example, camera spatial resolution of 1280 x 960 produces an image size
of 1 Mb. The recent explosion in digital technology now makes possible to have
image sizes greater than 12 Mb. The intensity of a monochrome image is known
as gray level. The limit on gray level is that it is positive and finite. The gray level
interval (from low to high) is called a gray scale. A common practice is to shift this
interval numerically to the interval (0, L) where the lowest value O represents pure
black and the maximum value L represents pure white. All intermediate values are
shades of gray varying continuously from black to white. For example, when an
8-bit integer is used to store each pixel value, gray levels range from 0 to 255 (i.e.,
20_1t028-1).

Inferring an object’s size, shape, position, orientation and other attributes from
the spatial distribution of gray levels requires the capability to infer which pixels
belong to the object and which do not. Then, from the pixels that belong to the
object, it requires the capability to identify the object features of interest. Algorithms
have been developed to translate the gray levels of a pixel in a way that accentuates
the desired information.
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In the case of color images, the image intensity is represented by three compo-
nents denoting red, green, and blue (in the RGB system) or hue, saturation, and
intensity (in the HSI system). Various color scales and relationships among them
have already been discussed in Chap. 2 and further details of the color digital image
are presented in a latter section.

3.2.2 Illumination

The prerequisite for any vision application is that the features to be examined can be
seen in the image. Therefore, despite all the progress in image analysis/processing
algorithms, the performance of the camera and illumination subsystem can greatly
affect the success and reliability of a computer vision application. A well-designed
lighting and illumination system is essential for the accuracy and success of image
analysis by enhancing image contrast. Good lighting will improve feature dis-
crimination and reduce processing time and hardware requirements. Thus, it is
almost always cheaper to improve lighting than to enhancing image processing
algorithms. Food materials are nonhomogeneous, randomly oriented; and may be
dirty. Furthermore, singulation of objects, i.e., the ability to present objects one at
time under the camera for image acquisition is often difficult. Therefore, we have
to cope with objects that touch, overlap, and someway occlude hiding and/or cast-
ing a shadow during image acquisition. Overall, computer vision applications in the
food industry are faced with unusual challenges, compared to those in other indus-
tries, for example in the automobile industry, when designing proper illumination
systems.

Selecting appropriate light sources and identifying suitable configurations for
the light sources so as to obtain the highest quality images is the essence of proper
illumination for a computer vision system. The geometry of the imaging system
should be well known. This requirement is especially important for dimension mea-
surements. When the viewing geometry is more complicated, either because of the
non-planar image surface or non-perpendicular imaging angle, measurements are
more difficult and require determining the geometry of the imaging system. Most
lighting arrangements can be grouped as either front-lighting or back-lighting. The
front-lighting option (Fig. 3.3) is best suited for obtaining surface characteristics of
an object, while back-lighting (Fig. 3.4) is best for subsurface features. For exam-
ple, using back-lighting internal stress cracks in corn kernels (Gunasekaran et al.
1987), watercore in apples (Upchurch and Throop 1994), and cracks in eggs (Elster
and Goodrum 1991), automatic recognition of Fuji apples at harvest (Bulanon et al.
2002), and separating black walnut meat from shell (Jin et al. 2008). The appropri-
ateness of a well-designed illumination system can be evaluated by the suitability of
acquired images for successful further processing. The most commonly used illumi-
nation systems and their associated advantages and disadvantages are summarized
in Table 3.1.

A wide variety of light sources and lighting arrangements are available. Most
general computer vision applications are implemented using either incandescent or
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Fig. 3.4 A backlit imaging system (a) and it’s schematic (b) used for separating black walnut
meat from its shells. L1 and L2 represent the range between which rays penetrate the glass stage
covered with light diffusion film. The camera captures only a part of the scattered light from both
the sample and the diffusion film (Jin et al. 2008)

florescent lighting. However, use of polarizers and polarized light can improve the
light intensity contrast, eliminate unwanted glare and minimize diffuse reflectance.
This is especially suitable for transparent and translucent objects. Since an object’s
color depends on illumination, color measurements are easily affected by changes
in the color temperature of an incandescent bulb. Thus, measuring brightness infor-
mation, such as density or color values, requires a very stable illumination source
and sensor. Bright specular reflections may cause saturation, blooming or shifts in
image magnification. Sometimes the color of two objects will appear similar under
one light source but much different under another. So, a number of light sources
of different spectral responses must sometimes be tried when attempting to maxi-
mize image contrast for the best possible results. For multiple or brightly colored
fruits and vegetables, a multiple spectral lighting system is needed to assure accu-
racy over a large spectral range. Spectral reflectance properties of products should
be considered when developing an appropriate illumination system (lighting and
viewing geometries, light sources and sensor components) to obtain maximum dis-
crimination power. The spectral output of different light sources can be obtained
from respective manufacturers.

For on-line evaluations where speed of operation becomes an important criterion,
global uniformity (i.e., the same type of feature should look the same wherever it
appears in the image) is essential. This means that brightness and color values are
the same and thus it requires uniform, consistent image illumination. Furthermore,
the optomechanical construction of a camera and illuminator should withstand envi-
ronmental conditions such as mechanical vibrations and dust common in industrial
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Table 3.1 Comparison of different illumination systems (Courtesy, Machine Vision Society of
Manufacturing Engineers, Dearborn, MI)

System

Advantages

Disadvantages

Diffuse Front Illumination

Directional Front

Tllumination

Light Tent

Collimated Back Lighting

Dark Field Illumination

Diffuse Backlighting

Low Angle Illumination

Polarized Front Illumination

Polarized Backlighting

Strobed Illumination

Structured Light

Coaxial Lighting

e Soft, fairly non-directional

e Reduces glare on metallic
surfaces

Relatively easy to implement
Easy to implement

Good for casting shadows
Fibre optic delivery in many
configurations

e Eliminates glare

e Eliminates shadows

e Produces very sharp edges
for accurate gauging

o Illuminates defects

e Provides a high contrast
image in some applications
Easy to implement.

Creates silhouette of part
Very high contrast image
Low cost

Shows topological defects

e Eliminates glare

e Highlights certain types of
features or defects in
translucent materials

e Relatively easy to implement

e Crisp image with no blurring
e Can be area, fibre optic, or

light emitting diode (LED)
e Very long lifetime

e Shows 3-D information

e Produces high contrast on
most parts

e Laser frequency can be
easily band pass filtered

o Eliminates shadows

e Uniform illum