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Chapter 1

Introduction

Qality of agricultural products is a very important aspect of our daily food.
To persuade the consumer to buy a particular batch of products or to buy the
products of a particular producer, producers have always tried to increase the
external guality, such as the appearance of the product or the appearance of
the package. In recent years, the internal gquality attributes like taste, aroma,
nutritive and constitutive compounds, have gained more and more attention.

As these internal properties are most of the time very difficult to measure or
azsess, lepislations and regulations have been set up to provide safe guidelines
for consumers and wholesale buyers. An example iz a so-called tomato colour
card to assess the guality of tomatoes. A colour card is a collection of pho-
tographs of a tomato at different stages of maturity and quality. By comparing
the tomatoes in the batch with the photographs on the colour card, the stage
of maturity of the offered produce can be assessed.

Az these repulations tend to become more stringent, and consumers become
more aware of internal gquality, guality has become an important aspect of
postharvest distribution of agricultural products. To predict the quality
change during distribution requires that the relationships between the en-
vironmental conditions during distribution and the internal quality attributes
are studied and modelled.

Both the external and the internal quality of a product are to a large extent the
result of physiclogical processes occurring in the product. Recent years have
shown a development towards explaining quality change in terms of these pro-
cesses. Hence, gquality change shall be modelled starting from the physiology
of the product.
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1.1 What is physiology 7

In Webster’s New FEncyclopedic Dictionary, physiology iz defined as the
‘branch of biclogy dealing with the processes, activities and phenomena in-
cidental to and characteristic of life or of living matter’. Following this defini-
tion, the title of this thesis, “Physiology of Quality Change Modelling”, covers
the main subjects under consideration in this thesis. In its literal meaning,
the title refers to the fact that guality change of agricultural produce iz most
importantly the result of physiclogical processes occurring in the produce. As
a metaphor, the title refers to the composite of activities that have to be
conducted to model the aforementioned processes involved in guality chanpe.

1.2 Quality and guality change models

After harvest, agricultural products remain living, products. All kinds of phys-
iological processes may continue or start after the moment of harvest. In
principle, external nutrients are no longer available to the harvested product,
so that the occurring, physiclopical processes will use the resources that are
internally available. As a consequence, during, the distribution from the grow-
erz to the retailers and finally to the consumers, an agricultural product will
chanpe continuously, leading to changes in the guality of the product. Usually,
guality change is a synonym for an unwanted loss of quality. However, some-
times quality changes are wanted changes, and may be induced e.g. to prepare
an unripely harvested product for final use: many agricultural products are
harvested at an immature state and allowed to maturate further during dis-
tribution. FExamples are preen bananas and hard melons. Another example
iz the chilling of flower bulbs to stimulate the onset of flowering. This treat-
ment advances the ripeness state of the bulbs so that they will flower at a
predetermined time.

To evaluate the effects of a distribution chain on the guality of the distributed
agricultural product, quality change models are used. A quality change model
iz a simulation model for one product or a group of products, that describes
the relation between the environmental conditions the product is subject to
during; distribution and the observed chanpe in gquality of the product. Because
each activity in a distribution chain in some way affects the environmental
conditions during (a part of} the distribution chain, quality change models
can be used to evaluate all activities in a distribution chain. For example,
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repacking a product into a new package leads to a fuctuation in the gas
composition and temperature in the environment of the product. A quality
change maodel will take these chanpges in the environment as input to predict
the effect of repacking actions on the quality of the product.

Quality change models can be used to evaluate alternative distribution chains
with respect to quality change. A distribution chain starts from the moment of
harvest. Hence, growth processes, that ‘build up’ the initial quality, are outszide
the scope of the constructed models and of this thesis. A distribution chain
containg a number of ‘quality assessment points’, at which different definitions
of ‘good gquality’ are applied. For example, tomatoes purchased early in the
distribution chain must be reddish, hence unripe, whereas tomatoes purchased
by a supermarket must be red and firm. The quality definitions differ, but the
physiological processes causing the guality change are the same.

An early example of a quality change model is the FLoRES model [van Doorn
and Tijskens, 1991], which is a generic model describing the loss in the keeping
guality of FLOwers in RESponse to various and varying external conditions.
The keeping quality is the number of days the flowers remain acceptable when
kept at an optimal condition. In FLorks the keeping guality is called the
vase life of the cut flowers. Loss of vase life occurs with the passing of time
and if the environmental conditions are in some way suboptimal. The FLORES
model consists of seven submodels. Each submodel describes the loss in vase
life due to one effect. The total loss in vase life iz the sum of the losses
calculated by these submodels. The first submodel describes the basic decrease
of vase life over a period of time and a certain temperature path. This effect
occurs continuously, also at optimal conditions. The other submodels describe
effects that further decrease vase life: dry storage, infection by fungi, bacteria
growth, suboptimal temperatures, exposure to ethylene, and absence of flower
preservative in the vase water. These effects occur if the flowers are in some
way subject to suboptimal conditions.

The FLoreks model has a number of desirable characteristics. First of all, the
model iz applicable to more than 20 different flower cultivars. Although the
different flower cultivars show different responses to equal external conditions,
the FLoRES model uses one peneric formulation for all flower cultivars, that
is parametrised by cultivar specific sensitivity factors. For example, of the
investigated flower cultivars only the (larnation cultivars show loss of vase life
due to low temperatures. Hence, the sensitivity factor for low temperatures
is zero for all lower cultivars in the FLorEs model except the (Carnation
cultivars.
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Furthermore, the total loss of vase life is described as a composition of seven
causes for guality loss. These causes are described in separate submodels.
The submodels exhibit minimal mutual interference and are dependent on
a limited number of external conditions. In this way, the effects described
in each submodel can be studied in isolation. Furthermore, minimal mutual
interference and a well-defined and limited interface enhance the reusability
of the submodals.

A disadvantage of the FLorks model is the combination of the physiclogical
behaviour and the effects on quality. The functions in FLorks describe direct
relationships between the environmental conditions and the loss of vase life.
These functions do not explain the effects in terms of underlying physziclogical
processes, which makes it impossible to reuse the functions in Frores for
other products. For example, not only flowers but also a lot of fruits are
sensitive to ethylene exposure. However, as the ethylene function in FLoRES
iz a direct relation between ethylene concentration and loss of vase life, the
function cannot be used in other models to calculate the effect of ethylene
exposure in other products.

The construction of guality change models is seen as a time consuming and
difficult activity. The discussion of the FLoORES model shows that this can
attributed to an insufficient decomposition of the different disciplines of phys-
iolopy and quality assignment. As a conseguence, the models describe the
effects of environmental conditions on the product using an implicit defini-
tion of ‘good gquality’. This combination of physiology and guality assignment
has two consequences. Firstly, a model for one product cannot be reused for
another product with a similar physiology, because the other product has a
different definition of quality. Secondly, a model can be used only to simulate
quality change according to one definition of gquality. If different definitions of
guality can be applied to the same product, then different models have to be
developed for each definition of quality.

Product behaviour, and the resulting quality change, is the result of a combi-
nation of many processes with many mutual interactions. The FLores model
shows that linking the observed behaviour directly to chanpes in the environ-
mental conditions, often yields simulation models with a narrow application
area, and little explanatory value. Although the FLoRES model has a pood
prediction performance and is very useful to study the remaining vase life of
the flower cultivars included in the model, submodels for other effects on vase
life cannot easily be included, nor can the submodels be reused for other prod-
ucts. A better approach is to analyse the product behaviour and decompose it
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into a set of well-understood physiological processes and their mutual interac-
tions. In this way, a more explanatory simulation model iz obtained, that may
also be applicable to other situations than those used for the development of
the model

1.3 Research goals

The overall research goal addressed in this thesis is to develop a method to sup-
port a modeller in the construction of quantitative models for the simulation
of gquality change of agricultural products during postharvest distribution.

The research goal iz refined into three subgoals:

1. to develop a definition of quality that can be used to assess the effects of
alternative distribution chains on the guality change of an agricultural
product.

2. to develop an architecture for a quality change model that separates the
guality assignment from the physiclopical processes, so that the same
model for the physiclogical processes can be used with different models
for quality assignment.

3. to analyse the activities in modelling quality chanpge of agricultural prod-
ucts as the result of interactions between generic physiological processes,
and to develop a method to support in the construction of gquality change
maodels by reusing, previously constructed models for the peneric pro-
cesses.

1.4 Outline of the thesis

The thesis can be divided into two parts. In the first part, a definition of
gquality and an architecture of a guality change model are developed. The
second part describes our method for automated modelling of quality change.
The method is ralled DesimMaL, which is an acronym for ‘DFsign and Speci-
fication of Interacting MAthematical. models’. It is also a misspelling of the
word ‘decimal’ to refer to the function of constructing, quantitative simulation
maodels.

Chapter 2 presents a survey of several approaches to define guality of agri-
cultural products. The main conclusion of this chapter is that the guality of
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a product has three dimensions: the user, the product itzelf, and the market
situation.

In (Chapter 3 a conceptual model of quality and quality change of agricultural
products is presented. A main characteristic iz the distinction between the
guality assignment to a product and the physiological behaviour of a prod-
uct. Furthermore, an architecture of a quality change model iz defined, in
which the chanpes in assigned gquality are described as a function of the user’s
guality notion and the behaviour of the product, and in which the behaviour
of the product is described as a result of varicus and varying environmental
conditions.

Chapter { presents a survey of approaches to auntomated modelling and to
modelling support. In the context of this survey, the general architecture is
given of the proposed Drsimal approach to automated modelling of quality
chanpe of agricultural products. The tasks in this approach are elaborated in
the next chapters.

Chapter § describes the first main task of the Drsimal approach, called Qual-
itative Process Analysis. The goal of this modelling task is to decompose a
quality change phenomenon into anumber of generic and primitive physiclogi-
cal processes occurring in the agricultural product in which the guality chanpge
phenomenon is studied. This modelling task results in one or more gualitative
Process Structure Graphs, each representing a possible process decomposition
of the gqualiy chanpe phenomenon.

Chapter § describes the second main task of the Drsimal approach, called
Simulation Model Construction. This modelling task takes one Process Struc-
ture Graph as input, and selects suitable gquantitative models for the processes
into which the guality change phenomenon is decomposed. The result is one
or more quantitative executable quality chanpe models.

Chapter ¥ describes the DrsiMal environment that has been developed to
demonstrate the proposed modelling method. Furthermore, a number of mod-
elling cases are elaborated.

Chapter § compares the Desimal method with the approaches to automated
modeling reviewed in Chapter 4.

Part of the research presented in this thesis has been done topether with others:
The survey on approaches to guality (Chapter 2} and the development of the
conceptual model for quality and guality change (Chapter 3) have been done
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together with L.M.M. Tijskens and E.C. Wilkinson. This research has been
published in [Sloof ef al., 1996]. Chapters 4, 5 and 6 have been published in
[Sloof, 1998]. Farly descriptions of the DusimaL method have been developed
together with A.E. Simons, and presented in [Sloof and Simons, 1993; Sloof and
Simons, 1994]. The representation scheme for physiological processes by means
of Imowledge praphs has been developed in rooperation with M. Willems, and
presented in [Sloof and Willems, 1995]. Furthermore, [Sloof and Tijskens,
1995], [Top et al., 1995b], and [Tijskens ef al., 1996] focus on the domain of
physiology and guality change of agricultural products.
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Chapter 2

Quality and quality
management

‘Quality . .. you know what it is. But that’s self-contradictory. But
some things are better than others, that is, they have more guality.
But when you try to say what guality is, apart from the things that
have it, it all poes poof! There’s nothing to talk about. But if you
can’t say what Quality is, how do you know what it is, or how do
you know that it even exists? If no one lmows what it is, then for
all practical purposes it doesn’ exist at all. But for all practical
purposes it really does exist. What else are the grades based on?
Why else would people pay fortunes for some things and throw
others in the trash pile? Qbviously some things are better than
others .. _but what’s the ‘betterness’? .. .50 round and round you
go, spinning, mental wheels and nowhere finding, anyplace to get
traction. What the hell is Quality? What is it?’

R. M. Pirsig — Zen and the Art of Motorcyele Mainte-
nance

2.1 Introduction

From the moment of harvest, agricultural products have a limited life because
of loss of quality during the period between harvest and consumption, even
when optimal conditions are used during distribution. This loss of quality may
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be large if products are not treated optimally.

Quality is becoming, an increasingly important marketing factor both for pro-
ducers and consumers. So, during distribution of agricultural products, the
management of quality is very important. Because of this increasing impor-
tance, definitions for gquality have been developed within varicus areas of
research. These definitions of guality are reviewed in Section 2.2. In Sec-
tion 2.3 technigues for the management of guality of agricultural products
during, postharvest distribution are reviewed.

2.2 Approaches to quality

Quality iz a very elusive concept, that depends on many factors. In the first
place, gquality depends on the product itself. Quality also depends on the
preferences of the user. The preferences may arise from the intended use of
the product (e.g. ripe tomatoes for soup, hard tomatoes for salads), and from
social-psychological factors such as the user’s attitude towards the product.
For example, one person may be status-conscious and prefer plum tomatoes
from Italy, another may be environmentally aware and prefer organically grown
tomatoes. A third aspect that may affect guality, is the market situation: the
quality of a product depends on its price (a higher price is often taken to
indicate higher quality) and on the availability of other, competing, products
(a product of moderate guality will be assigned a higher guality when sur-
rounded by products of poor gquality, than when surrounded by products of

high quality).
Several approaches to defining quality that reflect these different aspects have
been described. Garvin [1984] identifies five approaches to defining quality:

» the transcendernt approach, in which quality is viewed as an unanalysable
property that an individual can only learn to recopnise through experi-
ence;

» the product-based approach, in which one or more attributes of the prod-
uct are used to compute a measure of guality: if these attributes are
present in the desired intensities, the product has a high quality;

» the user-based approach, which places the consumer in the central posi-
tion: guality of a product is based on how the consumer perceives it;

s the manufacturing-based approach, which uses technical specifications
to objectify product guality: a product that conforms to the technical
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specifications has a high quality;

e the wvalue-based approach, in which the price-quality ratio iz used to
define the value of a product to the consumer: this approach assigns a
high value to products with favourable price-guality ratios.

An extensive survey of literature on approaches to guality iz given in
[Steenkamp, 1989]. This author identifies four approaches to guality that
stemn from the areas of philosophy, production management, economics, and
consumer research. In the following, these approaches are described in more
detail.

2.2.1 Philosophy

The metaphysical [Steenkamp, 1989] or tranacendent [Garvin, 1984] approach
views guality as an unanalysable property that a user can only learn to recog-
nise through experience. Because people acquire different experiences, their
guality evaluations are bound to be different.

In Webater’s New Encyclopedic Dictionary, metaphysics i3 defined as ‘“the part
of philosophy that is concerned with the ultimate causes and the underlying
nature of things’. Answers are soupght for questions about *the kind of thinpgs
there are and their modes of being’. In metaphysics quality is considered some-
thing absolute and recognizable, but also something that cannot be defined
precisely. However, quality must exist, as a world without guality would not
function normally. For example, Aristotle made gquality one of his ‘catepories’
with which a substance is specified. According to Aristotle, quality cannot ex-
ist without the substance. The citation at the beginning of this chapter, from
Pirsig’s book ‘Zen anrd the art of motor cycle maintenance’, also expresses
that gquality must exist, even though it cannot be defined without referring to
some substance.

Descartes made an important distinction between ‘primary qualities’ and ‘sec-
ondary qualities’. Primary gqualities are inseparable from the object. Sec-
ondary qualities are properties of an object as they are perceived by humans.
These gualities are subjective and derived from primary qualities. For exam-
ple, the colour of a tomato is a secondary guality that is the human perception
of the way in which the cell structure of the tomato (a primary guality ) reflects
and refracts light.
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2.2.2 Production management

The production management approach is concerned with maintaining quality
during, production, and uses technical specifications to objectify product qual-
ity. Thus, a product that conforms to the technical specifications has a high
guality. Production starts with product design, includes manufacture and dis-
tribution, and extends to maintenance and after sales services. For each stage
in the production process, in [Juran et al., 1974] specific quality criteria are
defined to monitor and control that production stage:

» quality of deaign  is the depree of excellence the product must possess.
A product has a high quality of design if already during design of the
product quality plays an important role, e.g. by designing for a reliable,
easily maintainable product that will fulfil the needs of the consumers for
whom the product is intended. A high gquality of design can be achieved
by (1) identifying the quality requirements of consumers, (2} developing
a product concept meeting these requirements, and (3) translating the
product concept into technical specifications. The quality of design de-
fines an upper limit to the objective aspects of guality of the individual
products. The meaning, of this parameter is that a poorly designed prod-
uct cannot get a higher quality by improving the production process or
by improving the after sales service, but only by redesigning the product
or a part of it.

s quality of production refers to organising the production process so that
the products meet the technical specifications. Quality of production can
be monitored either as a final inspection at the end of the production
process or by controlling the production process and making immediate
adjustments if necessary.

» continuwity of service is concerned with the reliability and maintainabil-
ity of the product. Thus, products that operate satisfactory and can be
easily repaired when necessary, have a higher quality than products that
often need repair.

» consumer service affer sale includes speed, competence, and integrity
of the after sales service. This iz more a marketing aspect of quality: the
gquality of the product is increased by better instructions for the sales
department.

Althoupgh the production management approach was developed for nonperish-
able products, the concepts relating to the design and the production stages
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can be applied to agricultural products as well. Breeding new cultivars with
properties such as a better resistance to certain diseases or a better taste, can
be reparded as improving the quality of design of an agricultural product. For
example, a new apple cultivar may be developed that is particularly sweet (a
desirable guality attribute). Ripening, occurring during the distribution, can
make sour apples sweeter, but not to the same depree as apples that are sweet
in nature.

The production of agricultural products consists of a prowth phase and a
distribution phase. Fxamples of maintaining quality during production are
control of the growth conditions, and use of packaging throughout a complete
distribution chain.

The last two parameters, continuity of service and consumer service after sale,
refer to maintenance and repair of the product and how this is handled by the
producer. They are therefore only applicable for durable products such as cars
and computers. In the context of quality management of perishable products
these two parameters are not relevant.

2.2.3 FEconomics

Fronomic theories of producer and consumer behaviour in markets containing
products of differing quality use a value-based and product-based definition of
gquality. In this case, quality is usually a composite of product characteristics.

Theories about producer behaviour describe how producers use quality to max-
imise their profits by differentiating, their products from competing products.
Differentiation can be achieved by (1) changing the value of a guantitative
characteristic, for example by increasing, the amount of vitamins in a food
product (vertical guality variation}); (2} by making the product more appeal-
ing to a specific group of consumers, for example by harvesting fruit at different
time points, so that consumers can choose between ripe and unripe fruit (hor-
izontal guality variation}); or (3} by imtroducing a new quality attribute that
eventually may make existing quality grades obsoclete, for example using or-
ganic growing methods instead of using mineral fertilisers (innovative guality
variation ).

Economic theories about consumer behaviour on markets with products with
differing, quality assume that consumers try to buy those poods that have
the highest quality. In [Lancaster, 1971}, quality is defined as ‘those objec-
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tively measurable, technical properties of poods that are relevant to consumer
choice’. Different consumers may perceive these properties differently. In Lan-
caster’s model the differences in perception are captured in individual prefer-
ence functions.

dany economic theories assume that consumers are completely informed about
the price and quality of the products available on the market. This assump-
tion is, however, unrealistic. Most of the time, consumers are imperfectly
informed and, therefore, use various strategies to evaluate the quality of avail-
able alternatives. Depending on how the quality of a product is determined,
three types of strategies can be distingnished. The first is to search for a
product with the highest guality by inspection of available products prior to
purchase. An example is comparing available wines by using descriptions of
the bouguets. The second strategy that can be used to evaluate the quality
of product alternatives iz by ezperience: by trying different alternatives and
selecting the one that provides the largest benefit. An example iz to buy and
tagte different wines, until a wine with the most favourable bouquet iz found.
Some attributes cannot be evaluated from actual experience with the product.
In case of these so-ralled credence attributes, consumers must rely on infor-
mation from external sources. An example of a credence characteristic is the
percentage alcohol in the wine.

2.2.4 Consumer research

The wuser-based or perceived-guality approach puts the user in the central po-
sition. In this approach, guality is considered to be subjective: it depends on
the perceptions, needs and poals of the individual user. The terms ‘perceived
quality” and ‘“fitness for use’ [Juran ef al, 1974] emphasise this.

Several definitions for perceived guality have been proposed. [Kramer and
Twigg, 1983] define quality as ‘the composite of those characteristics that
differentiate individual units of a product, and have significance in determining
the degree of acceptability of that unit by the buyer’.

In [BSckenhoff and Harmm, 1983] quality is defined as ‘the composite of all
product attributes irrespective of whether these attributes are in reality exis-
tent in the product and objectively measurable, and whether consumers are
correct in their evaluations’. This definition expresses that the consumer may
attribute certain properties to a product that in reality do not exist, which is
an important difference with the product-based approaches, using, only mea-
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surable product properties.

Steenkamp [1989] gives the following extensive definition of quality:

[Quality can be defined as| ‘an idiosyncratic value judgement with
respect to the fitness for consumption of the product which is
based upon the conscious and/or unconscious processing of ap-
propriate and available intrinsic and extrinsic gquality cues in re-
lation to relevant experience and credence gquality attributes, and
formed within the context of prior experience, perceived guality

risk, guality-consciousness, usage goals, and other personal and
situational variables’ [Steenlmamp, 1989, p. 107].

In this definition a distinction is made between guality cues and gquality at-
tributes. Lluality cues are those product-related characteristics that are ascer-
tained prior to consumption. Quality cues are similar to the search attributes
of [Lancaster, 1971], and can be either intrinsic or extrinsic [Qlson and Ja-
coby, 1972]. Intrinsic quality cues are part of the product, and cannot be
changed without alsoc changing the nature of the product. Examples are firm-
ness and colour. FExtrinsic quality cues are related to, but not part of, the
product. Examples are brand name and price. Quality aftributea are observ-
able only during or after consumption. Two types of quality attributes are
distinguished: ezperience attributes and credemce attributes, which have the
same meaning as in Lancaster’s economic model of consumer behaviour. The
former can be ascertained on the basis of actual experience with the product,
the latter cannot be ascertained even after using the product for a long time.

Baszed on prior experiences and on evaluations of credence attributes, a con-
sumer decides whether or not to buy a certain product again. This demon-
strates that consumers are imperfectly informed about guality of products
available at the market: preferably, a consumer wants to know the values of
the quality attributes before buying a product. As this is impossible, a con-
sumer selects and evaluates those guality cues, that are believed to relate to
guality attributes. These beliefs can be formed either through direct cbserva-
tion of experience guality attributes, or through inferencing (“if the colour of
an apple is red then the apple is ripe enough’}, or by accepting information
from external sources such as consumer magazines. Direct observation of ex-
perience guality attributes can be done by trying the product before purchase,
e.g. by tasting a product sample. In this case values of the guality attributes
can be determined directly and gquality cues are not needed.



16 Chapter 2. Quality and guality management

Which quality cues are selected depends on the quality information content of
the available cues. The cues that are thoupght to provide the most nformation
about related quality attributes are selected. [Qlson and Jacoby, 1972] define
three dimensions for the information content of a cue:

e The predictive value of a cue is the extent to which the consumer per-
ceives or believes that the cue is related to or iz indicative of product
gquality. The mote a cue is seen as related to product quality, the larger
its quality information content will be.

s The confidence value is the depree to which a consumer is confident in his
ability to accurately perceive and judge the cue. The guality information
content of a cue iz larger if its confidence valie is large.

e The third dimension iz intrirsic-estrinsicneas of a quality cue. Intrinsic
cues cannot be changed or manipulated without also changing the phys-
ical characteristics of the product itself. FExtrinsic cues are related to
the product but are not part of it, examples are brand name and price.
Therefore, intrinsic cues have a larger quality information content than
extrinsic cues.

These dimensions are related as follows: intrinsic cues with a high predictive
value and a high confidence value will be used as much as possible. These
cues are real product properties that according to the consumer are strongly
connected with product quality, and that the consumer judges himself capable
of to evaluate correctly. Consumers will avoid using cues with a low predictive
value or a low confidence value, either because they perceive the cues as not
indicative for product gquality, or because they are afraid to misjudge such cues.
If the available intrinsic gquality cues have low predictive and low confidence
values, a consumer will resort to extrinsic cues to get information about the
quality of a product.

2.3 Imntegrated Quality Management

Defining, quality and modelling gquality change is only part of the problem.
Management of guality is equally important, because products do not auto-
matically have the desired quality, and perishable products, in particular, may
even deteriorate during the production process. Integrated Quality Manapge-
ment (IQM) is an important goal in many economic sectors, including the
agricultural sector.
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The production process of agricultural products iz divided into two phases: a
growth phase and a distribution phase. In both phases guality management, is
needed to achieve a desired guality level. For example, quality of greenhouse
produce is managed by controlling, the greenhouse climate and the fertilisation.
In the distribution phase of the production process of agricultural produce, a
form of gquality management is applied to as much as possible avoid loss of
the guality acquired in the prowth phase. However, as some products are
harvested before they are ripe, quality management during, distribution can
also be aimed at improving the harvest guality of such products.

An early methodology for the management of gquality of horticultural products
during distribution is presented in [Schoorl and Holt, 1985). The methodology
consists of three ‘subsystems’, quality prediction, market price prediction, and
management decision making:

e (uality prediction In the first subsystem a product guality iz predicted
from the input parameters product, packaging, storage, transport, han-
dling and transit time. Three forms of postharvest deterioration are
considered: mechanical damage, physiclogical deterioration, and patho-

logical decay.

Mechanical damapge may occur during transport or handling of the prod-
ucts. Bumpy roads or drops during handling are mentioned as causes of
the generation of mechanical energy. If this energy cannot be absorbed
sufficiently by the package, the product inside the packapge may be dam-
aged. Mechanical damage is modelled by calculating the energy input to
the products and nsing damage-enerpy relationships. Schoorl and Holt
mention two ways to decrease quality loss due to mechanical damape:
(1) using packages with better energy absorption properties, and (2)
distributing the products at an earlier state of ripeness, in which most
products are firmer and therefore less sensitive to mechanical damage.

Physiological deterioration is mainly caused by suboptimal environmen-
tal conditions during distribution. Schoorl and Holt mention injury,
senescence and water loss as important forms of physiolopgical deteri-
oration. Injury can occur in various forms depending on different un-
favourable environmental conditions, examples are chilling injury caused
by too low temperatures, alcoholic breakdown due to anaerobic respira-
tion, and injury due to exposure to ethylene.

Patholopical decay is caused by growth of bacteria, yeasts or moulds
on places where the product is injured, possibly because of mechanical
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damage. Because patholopgical decay is a growth process, its effects may
remain hidden for some time. Therefore it may be difficult to find out
what may have caused the initial infection. Schoorl and Holt mention
that the growth process of most postharvest diseases can be described
in terms of a lag phase, an exponential phase and a saturation phase,
that is, the growth process is a logistic function of time.

Market price prediction  The second ‘subsystem’ takes as input the
product gquality as predicted in the first subsystem of the methodology
to determine the market price of the product. First a guality index is
calculated that depends on the predicted product quality and the averapge
gquality of comparable products available in the market. This quality
index indicates the superiority of the product with respect to the other
products. Together with supply-demand and guality-price relations the
guality index leads to a market price.

The guality-price relation of a product depends on the reputation for
gquality of that product and on the perceived guality at point-of-sale.
Schoorl and Holt define reputation as something that is ‘established by
quality attributes which are taste- or time-dependent; that is, ones that
can only be assessed after the produce has left the markets, either by the
retailers or the consumer — for example, shelf-life or texture’. Quality at
point-of-sale iz assessed using attributes such as bruising, water loss, size,
and shape. Also pack presentation and salesmanship at the market floor
are mentioned as attributes for point-of-sale gquality of a product. These
latter attributes are, however, less important than the product-related
attributes.

Management deciaion making The third and last subsystem is concerned
with the economic evaluation of alternative distribution systems, each
leading, to different price cost ratios. It takes the market price as pre-
dicted in the previous subsystem as input. The aim iz to maximise profit
during distribution, which does not necessary imply delivering the best
possible guality. As a high gquality level may only be reached with high
costs which may reduce the profit, this subsystem involves the trade-off

between improving, the product quality, and the costs needed to reach
the higher gquality.

The methodology gives a detailed description of the activities that are needed
to prevent guality loss during the distribution of agricultural products, and

provides a way to construct a model for the quality change of agricultural



24. Coprlusions 19

products during postharvest distribution. Because the activities of each ‘sub-
system’ are explicitly mentioned, the methodology seems to be focused on a
certain class of distribution chains. From this methodology it can be derived
which asperts of the distribution chain are important for quality management.
Using this methodology for an actual distribution chain, these aspects can be
identified, and the effects of the actual activities in the distribution chain on
these aspects can be modelled.

The prediction of the product quality in this methodology iz based on the
activities performed with the products rather than on basic physiolopgical pro-
cesses occurring in the product. This may pose problems when applying the
methodology to products that are treated differently, or when the activities
change. For example, only the mechanical properties of the packages are used,
while for Maodified Air packages the permeability properties to various pases
is more important for the guality of the packaged products. Thiz way of
modelling quality chanpge — i.e. starting from the activities rather than from
the physiclogical processes — was also followed in the FLores model for the
prediction of the keeping quality of cut flowers [van Doorn and Tijskens, 1991].

The approach taken in the market price prediction corresponds to the model
of perceived quality described in [Steenlmmp, 1989]. The perceived quality
of a product depends on previous experiences with the product leading to a
certain reputation, and on the conditions of the product at point-of-zale as
perceived by evaluating available attributes. The quality attributes that es-
tablish reputation for guality in the methodology of Schoorl and Holt are the
experience attributes in Steenkamp’s model, and the attributes used to eval-
nate point-of-sale gquality are called guality cues in the model of Steenkamp.
Steenkamp additionally takes into account the effects of information from ex-
ternal sources (credence attributes) on perceived guality, which are not used

in the methodology of Schoorl and Holt.

2.4 Conclusions

Although the theories to defining quality stem from different areas of research,
in all approaches, the guality of a product is a combination of three factors:
the product, the user, and the market situation.
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Product-related factors In all theories described above, quality of a prod-
uct is defined as a composition of different types of attributes of the product.
In product-based approaches the attributes are measurable, while in the user-
based approaches also attributes may be used that in reality are not existent in
the product but that, according to the consumer, are important for the gual-
ity of the product. The distinction between primary and secondary qualities,
made by the philosopher Descartes, is important as it demonstrates that the
outlook of a product is a secondary guality, that in fact depends on properties
of the product which may not be visible or measurable (primary gualities).
The intrinsicness-extrinsicness dirension [Qlson and Jacoby, 1972] shows that
only a small number of the attributes that a consumer uses to evaluate the
quality of a product really belong to that product. Varying the other, extrinsic,
attributes does not change the product itself. Such extrinsic quality attributes
can be manipulated to make a product more appealing to a consumer group
(horizontal gquality variation).

ITser-related factoras An important contribution from the philosophical
approach to the concept of quality iz that an individual can only learn to
recognise quality through experience. Because people have different experi-
ences, also their quality evaluations are different. This is also reflected in the
individual preference functions in the economic model of [Lancaster, 1971].
The distinction between product properties and the perception of these prop-
erties by consumers is an important aspect of the conceptual model of gquality
change to be presented in Chapter 3. The model of Lancaster may be used to
describe the relations between guality aspects and product properties.

Market-related factors Quality of a product depends also on the mar-
ket situation. Here, the extrinsic guality attributes are important, as they
differentiate a product from other competing products, without leading to a
difference in the ‘intrinsic quality’ of the product. These extrinsic attributes
are used by a consumer when deciding on whether or not to accept and buy
the product. A consumer then asks himself whether he iz willing to pay the
price asked for a product taking into account the brand and the perceived
quality of the product.



Chapter 3

A model for quality and
quality change

3.1 Introduction

The previcus chapter discussed several definitions to quality showing that
quality depends on three fartors: the product itself, the user of the product,
and the market situation at the moment of purchasing the product.

In this chapter we will show that an explicit decompaosition of the effects of
these factors on the quality of a product will lead to a distinction between the
assigned guality and the acceptability of a product. Assigned quality is the
gquality notion a consumer has of a product, and results from evaluating that
product with respect to the consumer’s specific quality criteria. Acceptability
defines whether the consumer in a particular situation iz willing to buy a
particular product, and is the result of relating the product’s assigned quality
to other products and to extrinszic factors such as the price.

For monitoring, and controlling changes in assigned quality during, postharvest
distribution, separate models can be developed: (1) for the guality assignment
by a defined group of users, (2) for the physiological behaviour of the prod-
uct, and (3) for the environment of the product. These three models can be
composed into a quality change model, describing the changes in quality of a
product in various and varying environmental conditions.

The outline of this chapter is as follows: In Section 3.2 the conceptual model

21
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of quality and guality change of agricultural products iz defined. In Section 3.3
a gquality chanpge model iz defined as the composition of separate models for
the guality assignment, for the product behaviour, and for the product envi-
ronment.

3.2 A conceptual model of quality and quality
change

In the approaches described in the previous chapter, the guality of a prod-
uct depends on both intrinsic and extrinsic product properties. The intrinsic
product properties define the state of the product, which iz evaluated with
respect to quality criteria imposed by a producer (product management ap-
proach} or by a consumer (consumer research approach). Extrinsic product
properties, such as the price and the guality-price ratios of the product and
of other products, are used as additional information in the decision whether
or not to purchase the product.

The distinction in the use of intrinsic and extrinsic product properties can be
extended into a distinction between the assigned quality of a product and the
acceptability of a product. This is illustrated in Figure 3.1.

Assigned quality is the result of an evaluation of a product only with respect
to the intrinsic product properties. Assigned quality specifies the suitability
of the individual product to the needs and goals of a user, without referring
to extrinsic properties of the product, or to other products. The needs and
poals of the user are reflected in the criteria that the user imposes on the
intrinsic product properties, when assigning guality to the product. The grey
bar in Figure 3.1 between ‘intrinsic product properties’ and ‘assigned quality’
indicates that the user plays an active role in the quality assipnment: by
defining criteria for the intrinsic product properties the user determines what
quality is assigned to a product. As an example, a different criterion will be
applied to the firmness of a tomato according to whether it will be used in a
soup or in a salad: ripe tomatoes are more suitable for soup, whereas hard
tomatoes are more appropriate for salads. Therefore, ripe tomatoes will have
a high assigned guality if the user wants to make tomato soup, but the same
tomatoes will have a low assipned quality, if the user wants to use them in a

salad.

The combination of the assigned quality, the extrinsic product properties, and
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Intrinsic
product
properties

Assigned

Extrinsic
product
properties

= | Acceptability
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User

Figure 3.1: A user evaluates intrinsic product properties to assign guality to
a product. By also taking into account extrinsic product properties and the
market situation, the user determines the acceptability of the product.

the market situation yields the ageceptability of a product: an assessment of
the product in relation to its price and to other products. Independent of the
assigned quality of the product, the acceptability will decrease or increase if
other products are assigned a better or worse quality, respectively. The ac-
ceptability of a product corresponds to ‘affordable excellence’ [Garvin, 1984],
that is, to its guality in terms of costs and price. This value-based approach
to gquality is often difficult to apply, as it combines a measure of excellence
(quality) with a measure of value (price). Here again, the user plays an ac-
tive role, as is indicated by the second pgrey bar in Figure 3.1 in front of the
‘acceptability’ ellipse. It is the user who evaluates the other products and the
price-quality ratios. Thus, the evaluation is affected by sorio-psychological
factors, such as quality-awareness, status-awareness, etc. of the user.

From this perspective, the approaches reviewed in Chapter 2 describe strate-
gies used by consumers in deciding whether to accept a product (the economic
theories about consumer behaviour and the consumer research approach}, and
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strategies used by producers toincrease the acceptability of their products (the
economic theories about producer behaviour and the production management
approach). The concept of perceived guality used in consumer research differs
from assigned quality, in that the perceived quality depends also on extrinsic
product properties and on the market situation, whereas the assigned guality
depends solely on intrinsic product properties.

Asmigned guality may change because of chanpges in intrinsic product prop-
erties, or because of changes in the criteria imposed on these product prop-
erties. This distinction between changes in product behaviour and in gual-
ity criteria can also be found in models for keeping quality [Tijskens, 1995;
Tijskens and Polderdijk, 1996]. Keeping quality is defined as ‘the time a
product remains acceptable under whatever circumstances and using what-
ever acceptance limits’. Like assigned guality and perceived quality, keeping
guality is a combination of the product behaviour and of the (possibly chang-
ing) quality criteria. However, keeping quality differs from assigned guality
and perceived gquality, in that the latter two represent assessments of a product
at a certain point in time, whereas keeping quality represents the period of
time that all quality attributes of the product comply with the quality criteria.

Changes in the intrinsic properties of agricultural products may be caused
by conditions in the environment to which the products are subjected during
postharvest storage and distribution. The environmental conditions them-
selves can be affected by the product, particularly in the case of packapged
products; for example, respiring, fruits give off carbon dioxide, thereby chang-
ing the environmental conditions. In such a case, a strong bi-directional in-
teraction exists between the product and its environment. For non-packaged
products, only a uni-directional interaction is important, because the influence
of such a product on its environment iz negligible.

From this line of reasoning, the chanpges in the assigned guality of agricul-
tural products can be decomposed into three quality-determining factors: the
assignment of quality to a product by the user, the changes in the intrinsic
product properties, and the interaction between the product and its environ-
ment.

3.2.1 Quality assignment by the user

Users select certain guality attributes and impose criteria on these attributes
to assign quality to a product (see Section 2.2). The guality attributes selected
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by a user, and the criteria imposed on them, form the gquality notion of the
user with respect to a certain product. Although each user may in principle
have a different notion of guality, groups of users can be identified that use
the same guality attributes in their evaluations, and impose more or less equal
criteria on these guality attributes. Examples of such groups are households
with growing children, vepatarians, households with a double income, etc.
We call such proups homogencous with respect to assignment of quality to a
certain product. In modelling guality change, quality assignment is defined
with respect to such homogeneous proups of users rather than with respect to
an individual user.

The assignment of guality to a product is a process that, in several steps,
transforms the many intrinsic properties of a product into one (subjective)
uni-dimensional measure of quality. To arrive at an assipnment of gquality,
a user perceives and evaluates a number of intrinzic product properties, and
then carries out an appreciation of these evaluations. The three steps of quality
assipnment are depicted in Figure 3.2. In the rest of this section these three
steps are explained in more detail.

|
Instruments, User
|

Intrinsic -
product = Perception
properties

{
Evaluation

°

i L Assigned
; Appreciation J| =-» quality

Figure 3.2: Steps in quality assignment to a product by a user. For the
perception and evaluation steps both instruments and human senses may be
used, the appreciation iz entirely done in the mind of the user.
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Perception

The first step in quality assignment is the perception of the intrinsic product
properties. Properties of perishable products can be perceived either by in-
struments (e.g. firmness can be measured by a penetrometer or an Instron,
colour by a colour meter) or by human senses (e.g. firmness of a tomato can
be assessed by pressing the tomato between your fingers). Some properties,
such as the vitamin C content, can only be measured using instruments. These
are the so-called hidden attributes [Kramer and Twigg, 1983]. Other proper-
ties can (to date) best be assessed by human senses (e.g. flavour). Through
perception, the intrinsic properties of a product are converted into quality
attributes. A single guality attribute can be based on several product prop-
erties. A pood example is colour, which in most cases is the perception of the
combined concentrations of several colour components inside the product.

Sensory perception is complex. Fven mealiness of apples, which iz an appar-
ently straightforward quality attribute, does not show a one-to-one relation-
ship with the amount of cell juice, but depends also on how the apple tissue
fractures when bitten. Mealiness iz enhanced by fracture along cell walls,
thereby preventing the perception of the juice and the supars present in the
intact cell. A user would therefore experience a mealy apple as dry, although
the apple may contain almost the same amount of juice as a crizsp apple.

Evaluation

In the second step, the perceived gquality attributes are evaluated to deter-
mine their intensities or values. FEwvaluation can also be conducted both by
instruments and by human senses. As perception and evaluation are strongly
connected, perception and evaluation of a guality attribute are usually per-
formed with the same ‘equipment’, that is, using instruments or human senses.

The relation between a stimulus intensity and the corresponding sensation
experienced by the human senses iz not a simple linear one. [t generally
flattens at high intensities owing to saturation of the human senses, whereas
intensities below a certain threshold intensity that is specific to the user, will
not be perceived at all

Another characteristic of using human senses instead of instruments to eval-
nate quality attributes is a possible shift in perceived intensity following the
evaluation of several products. Thus, a guality attribute may be evaluated
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differently if it is assessed after a batch of products with low intensities for
that attribute than after a batch of products with high intensities.

A ppreciation

Once the quality attributes are perceived and evaluated, they can be con-
verted into appreciations. In many cases, the relation between evaluation and
appreciation of a quality attribute shows a strong optimum: following the
first increasze in liking with increasing intensity, the curve flattens in a region
of no preference, which is followed by a more or less steep decline in liking
with increasing intensity. As an example, a very weak salt solution is not very
apgreeable, neither iz a very strong salt solution.

Finally, the appreciations of the individual guality attributes are combined
into a uni-dimensional guality measure. In this step, relative weights are
assipned to the individual guality attributes and to combinations of quality
attributes. These weights reflect the influence of socio-psycholopical factors,
including personal preferences, trends, tradition, and status symbols, on the
assipnment of quality to a product. The socioc-psychological factors determine
the attributes to be used, and the order of importance of these attributes.

3.2.2 Describing a product state

During the guality assipnment, users evaluate and appreciate quality attributes
that are perceptions of properties of the product. Product properties are
described using three dimensions: intrinsic or extrinsic, variable or fixed, and
whether or not the property can effectively be changed.

Firstly, it must be determined whether a product property is intrinsic or extrin-
gic. The definition of this dimension corresponds with the distinction between
intrinsic quality cues and extrinsic quality cues used in the consumer research
approach (see Section 2.2.4). An intrinsic product property is inseparably re-
lated to a product. So, changes in intrinsic product properties will always
lead to changes in the product and may therefore affect the product quality.
An ezfringic product property can change without automatically changing the
product. For example, intrinsic properties of mushrooms are the species, the
growing, origin and conditions, the amount of water in the mushrooms, the
firmness and the colour, whereas the price, the appearance of the paclage,
and the shop where the mushrooms are boupght, are extrinsic properties.
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The second dimension for describing a product property iz whether or not
the property changes during the normal lifetime of the product. Properties
that change during the lifetime of the product are called wariable product
properties; properties that are constant are called fized product properties. Of
the mushroom properties mentioned above, the prowing origin and the species
are fixed product properties, whereas the amount of water, the firmness and
the colour are variable product properties.

The third distinction is whether the value of the product property can be
effectively controlled or manipulated. This issue is more apt for the oper-
ational and strategic planning of the distribution of (agricultural} products
than for modelling or understanding the postharvest behaviour of agricultural
products. Operational planning concerns the performance of activities during
distribution and, therefore, only concerns those variable product properties
that can be effectively manipulated. Strategic planning, however, involves the
(re)design of distribution chains; in this case properties that are fixed during
the postharvest life of the products, such as harvest time, as well as variable
product properties may be manipulated.

For the purpose of quality change modelling, only intrinsic product properties
are relevant. Of these, the values of the variable product properties at any
point in the lifetime of the product determine the product atate. The product
behaviour is a series of such product states at successive time points. Fach
product state has an assigned guality associated with it, which is determined
by the user through the perception, evaluation, and appreciation of the prod-
uct, a8 described in Section 3.2.1. Hence, the quality change of the product
can easily be determined, given the time series of product states.

3.2.3 Behaviour of a product

During the normal lifetime of a product, the variable intrinsic product proper-
ties change as a result of processes occurring in the product. Examples of such
processes include the (further) ripening of fruit, and the opening of broccoli
buds. Many processes are complex systems of chemiral reactions (respiration,
colour development}), whereas other processes have a physical nature (osmosis,
diffusion}. Yet other processes have both chemical and physical aspects, such
as the complex process affecting the firmmness of a product. Firmmness may be
described as a combination of turgor pressure, which is a physical gquantity,
and of the concentrations of various chemical compounds like pectins, which
are affected by chemical reactions.
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Each process causes changes in one or more variable product properties. The
action of a process may be affected by external factors, such as ambient tem-
perature, ag well as by other product properties, both fixed and variable. Thus,
a variable product property that is affected by one process may influence the
action of another process in the product, that acts on another variable prod-
uct property. These patterns of interactions between processes result in the
observed complex physiological behaviour of agricultural products.

During the lifetime of a product, processes may be activated or inactivated.
For example, during the distribution of vegetables in Modified Air packaging
(MAP), the respiration, and consequently the rate of deterioration, gradually
decreases because of the low oxygen concentration, but increases again quite
suddenly when the package is removed. As another example, during the dis-
tribution of cut flowers, water uptake through the stem may become blocked
because of growth of bacteria in the stem, or becaunse of drying out due to
shortage of water. Subsequent re-cutting of the flower stem may remove the
bacteria and may re-enable water transport [van Doorn, 1993).

Apart from such discrete events as removing an MA package or flower stem
re-cutting, a process may also become activated or inactivated as a result of a
continuous change in the product. For example, many fruit in the pre-mature
stage will ripen slowly until they reach the climacteric stage (a hyperactive
state in many fruit just before ripening). On reaching this stage , the rates
of ripening processes will increase, so that the effects of these processes be-
come important, and the processes become activated. Another example is an
enzymatic process that gradually becomes inactive due to denaturation of the
enzyme, caused by blanching.

3.2.4 The environment of a product

Az stated above, many processes in agricultural products are affected by con-
ditions in the environment immediately surrounding the product. The product
environment is represented by external factors, of which the most important
are temperature, relative humidity, and the concentrations of oxygen, carbon
dioxide and ethylene. Hence, to describe the product behaviour and the result-
ing quality change during postharvest storage and distribution, the changes in
the product environment have to be modelled. Changes in the external factors
are caused by physical processes occurring in the product environment, such
as diffusion of gases through a package, and are caused by activities during
distribution, such as cooling.
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The external factors may also be affected by processes occurring in the prod-
uct itzelf: respiration affects the oxygen and carbon dioxide concentrations,
evaporation increases the relative humidity, and heat production changes the
temperature in the environment. The effect of the product on the environ-
ment will become relevant when the product iz contained in a relatively small
closed space, for example inside a layer of packaging. Under such conditions,
the environment may become unfavourable for minimising the loss of product
quality; for example, evaporation of a product wrapped in a foil may canse
the relative humidity inside the foil to rise, causing fungal infections [van der
Sman ef al., 1996]. On the other hand, in the case of MAP, the package ma-
terial is designed to exploit the processes occurring in the product to bring
about an environment that is favourable for minimising quality change [Kader

et al., 1989)].

3.2.5 Discussion

The conceptual model presented in this section aims at the description of
quality change during postharvest distribution. As a consequence, the effect
of economic factors on the acceptability of a product is largely neglected. The
structure of a guality change model, defined in the next section, only takes
into account the guality assipnment by the user, and the interaction of the
product with its environment.

A guality change model must combine the results of two areas of quality re-
gsearch. The first is consumer research, in which the differences in guality as-
sipnment between proups of individuals defined by their sorio-economic charac-
teristics (personal, national, regional and social preferences) are investigated.
In this area of research, the economic factors and the product are assumed to
be constant. The second iz product research, in which the influence of prod-
uct properties on guality assignment by the buyer, and the relations between
product properties and guality attributes are investigated. In this area of re-
search, the economic factors and the socio-psychological factors of the buyers
are assumed to be constant.

A third area of quality research is market research. Assuming that the socio-
psycholopical factors and the product guality are constant, market research
aims at describing the mechanisms of the market, the effects of advertising,
and relevance of availability on the sales of a product. This area of research
iz important when studying the changes in the acceptability of a product.
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3.3 Definition of a quality change model

To model the changes in the guality assipned to a product that is subjected
to particular environmental conditions, three separate models are needed: to
describe guality assignment, to describe the product behaviour, and to de-
scribe the product environment. These three models and their interactions

are depicted in Figure 3.3. The models will be described from right to left.
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Figure 3.3: A quality change model is a composition of three separate submod-
els for the three causes for chanpges in assigned quality: the guality assignment
by the user, the physiclogical behaviour of the product in a certain environ-
ment, and the changes in this environment.

3.3.1 The quality assignment model

A Quality Assignment Model (QAM) describes how a homogeneous group of
users assigns gquality to a given product. The QA M specifies the product prop-
erties that are relevant for that particular proup of users. For each relevant
product property, the QAM specifies the relationship between the product
property and its appreciation by the group of users. Furthermore, the QAN
contains a gualify function that combines the appreciations of the individual
product properties into one uni-dimensional measure of quality. This gual-

ity function can be compared with the preference function in the model of
[Lancaster, 1971].

Wilkinson and Polderdijk developed a Quality Assignment Model for the as-
sipnment of gquality to tulip bulbs by various user proups in the Dutch tulip
bulb chain [Wilkinson and Polderdijk, 1995; Wilkinson and Polderdijk, 1996]-
In this model, the guality function is a summation of individual quality at-
tributes, of squares of quality attributes, and of products of pairs of quality
attributes. The summations are weighted by weight factors that are based on
the results of questionnaires sent to members of the links in the distribution
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chain. The first summation (of the individual guality attributes) represents
the guality attributes with linearly increasing or decreasing appreciations, such
as bulb damage and bulb disease (less damage and less disease always give a
higher guality}). The second summation (of the squares of individual guality
attributes) represents the guality attributes with an optimum appreciation.
The last summation (of the products of individual pairs of quality attributes)
represents appreciations of combinations of quality attributes. For bulb gqual-
ity, such an interaction exists between bulb damage and bulb disease: if bulbs
are damaged less weight is given to the presence or absence of disease. This
reflects the kmowledge of the users that a damaged bulb is more susceptible to
dizeaze whether or not any disease iz visible.

Az a QAM only describes how a specific group of users assigns guality to
a certain product, several such models have to be used to describe quality
assignment by different groups of users. As the product behaviour does not
depend on the gquality assipnment, these different AMs can be connected to
one dynamic product model. In the case of tulip bulbs, two QAMs are defined,
depending on the intended usage of the bulbs. Qne model is for bulbs destined
for *dry sales’ directly to the consumer, whereas the other is for bulbs destined
for the production of cut flowers (‘forcing’). In both models quality assignment
iz described primarily as a linear function of bulb damage and bulb disease.
The QAM for forcing gives more weight to disease, while the model for dry
sales gives more weight to damage and other aspects of external appearance.
Data about the way consumers evaluate bulb guality was obtained with a
technique derived from conjoint measurement. This technique was also used
to analyse the assignment of gquality to ham [Steenkamp, 1987).

The development of a quality assignment model involves the analyaiz of the
gquality notion of a homopeneous group of users. Such a group of users of a
product is assumed to have a common notion of quality for the product. The
poal is to identify the guality attributes that are used in the guality notion,
and to identify the relative weights assigned to each guality attributes and
to combinations of guality attributes. All this is formulated in the quality
assignment model (QAM). This step must be performed first, as through the
identification of the relevant quality attributes a limitation is made on the
product behaviour that has to be modelled.
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3.3.2 The dynamic product model

The changes in the product properties represent the behaviour of the product
in its environment. A Dynamic Product Model (DPM) describes how envi-
ronmental conditions affect product behaviour. A DPM consists of several
submodels, each describing a single process occurring in the product or an
aspect of a process. The chilling injury model of [Tijskens e al, 1994] is
an example of how complex physiolopgical behavicur can be decomposed into
the constituting subprocesses, which are then described in separate submod-
els. The detrimental effect of radicals (process 1}, generated both within and
outside the product (process 2}, is prevented by a radical scavenging system
(process 3), which deteriorates at lower temperatures (process 4). The reac-
tion rates of these four subprocesses all depend on temperature according to
Arrhenius’ law (process 5). Each subprocess describes a small but well-defined
part of the behaviour of intrinsic product properties. The initial conditions
and boundaries together with the generic model formulation explain and de-
scribe the various forms that chilling injury, as a process and as a property
behaviour, can show.

The development of a dynamic product model consists of two steps. First, the
gquality attributes identified in the Quality Assipnment Model are decomposed
into intrinsic product properties. Each gquality attribute is a combination of
one or more intrinsic product properties. This step delivers a set of rele-
vant intrinsic product properties that may influence quality of the product as
perceived by the group of users. The result of this step is a mathematical
formulation of these relations between quality attributes and intrinsic prod-
uct properties. Second, the behaviour of the intrinsic product properties is
modelled. In this step a set of processes and interactions between processes is
constructed that together describe the behaviour of the relevant product prop-
erties. As the product behavicur is in fact the reaction of the product on its
environment, by modelling the product behaviour also the external factors are
identified that may affect the behaviour. Hence, the dynamic product model
containg the mathematical formulations of the decormpositions of the quality
attributes into intrinsic product properties, and the mathematical formula-
tions of the processes and their interactions that affect the intrinsic product
properties.



34 Chapter 3. A model for quality and quality change

3.3.3 The environment model

An environment model describes the chanpges in the environment of the prod-
uct. In the case of non-packaped products, an environment model will be a
series of environmental conditions at successive points in time, caused by the
activities in the distribution chain under study.

If the product is packaged, the environment model describes the changes in
the conditions inside the package (the micro-climate}, as they are affected by
physical processes such as diffusion of gases through the foil or the package,
and by processes in the packaged product such as respiration, evaporation,
and heat production.

The development of an environment model for packaged products involves
the description of the physical processes that affect the conditions inside the
package. These processes themselves are affected by material properties of the
package, conditions outside the package, and the product inside the package.

3.4 Conclusions

The guality of a perishable product depends on the characteristics of the prod-
uct itself, on criteria imposed by the user of the product on these character-
istics, and on the availabilty and guality of alternative products. These three
factors lead to the complex behaviour of quality observed during postharvest
distribution of perishable products. The concepts of assipned quality and of
acceptability of a product have been introduced, in which the effects of these
three guality-determining factors are explicitly separated.

Assipned guality is an evaluation of the state of a product at a particular
point in time. The product state iz determined entirely by intrinsic product
properties, which are in turn influenced by the environment. The product
state iz evaluated against quality criteria that reflect the needs and pgoals of
the user of the product. The assigned guality therefore depends on three
factors: the user of the product, the intrinsic properties of the product itself,
and the interaction between the product and its environment. The assigned
guality iz important for product research, as it refers only to the changes in
the product and to the criteria of a particular group of users. Product research
is concerned with increasing the sales of a product by improving the product
itsalf.
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The acceptability of a product is an evaluation of the assigned quality in the
context of extrinsic properties of the product such as its price, and in relation
to other available products. Product acceptability includes a trade-off between
price, availability and quality, whereas for the assipned guality itself, the price
and the availability of other products are not relevant. Market research and
consumer research focus on acceptability, and study how product sales can be
increased using only economic instruments (e.g. price changes, advertising},
hence without changing the product.

The changes in guality assipned to a product can be formalised in a quality
change model. Such models consist of three submodels: a Quality Assignment
Model describing the guality assignment by one user or one group of users
that use the same gquality criteria, a Dynamic Product Model describing the
physiological behaviour of the product, and an Environment Model describing
the changes in the environment of the product.

Using separate submodels has several advantages. First, the separation of
product behaviour and quality assignment allows a description of the phenom-
ena occurring in a product, independent of the user’s attitude, and enables
the same product model to be reused for different user groups. The separation
also allows a clear description of the guality notions of users.

Separating, the changes in the environment from the product behaviour has
a similar advantage. However, in much of the literature on this topic, the
processes occurring in the package and the behaviour of the packed products
are combined into one model. Thus, such models directly link the product
behaviour to the conditions outside the paclapge. Separate modelling of the
environment and of the product leads to a clearer conceptual description, and
enables reuse of both the environment model and the dynamic product model.

A further advantage of using separate submodels is that different analysiz and
modelling techniques may be used for the three entities. The environment
model describes physical processes, whereas the product model describes com-
plex biochemical processes. Quality assignment has a psychological nature, for
which empirical models may be more appropriate.
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Chapter 4

Automated modelling of
quality change

4.1 Introduction

The first part of this thesis focused on the concept of quality change of agri-
cultural products. In Section 3.2 a definition of quality of perishable products
was formulated. In Section 3.3 a quality change model (QCM) was defined. A
quality chanpge model consists of three submodels: a gquality assignment model
(QAM), a dynamic product model (DPM), and an environment model (EM).
It was shown that this decomposition enables the modeller to describe the
product behaviour independently of the usage of the product and of product
environment.

The second part of the thesis focuses on the task of constructing such quality
change models. In particular, we focus on the construction of the dynamic
product model (DPM), that describes the part of the physioclogical behaviour
that is relevant for the quality change of a perishable product. The QAN
describes the way in which a consumer assigns quality to a product based on
an inspection of product properties. Hence, the (A specifies how the cutput
of the DPM iz transformed into assigned guality. The EM describes how the
input of the DPM (i.e. the environment to which the product is subjected)
changes. The construction of the QAM and the EM will not be discussed
further in this thesis.

In the next chapters we will describe our approach to automate the construc-

37



38 (Chapter 4. Auvtomated modelling of quality change

tion of dynamic product models, and we will describe the implementation of
this approach in the Dksimal system. The Dmesimal system supports the
modeller to decompose the observed complex behaviour of a product into a
set of generic and primitive physiological processes. Subseguently a dynamic
product model is constructed by selecting mathematical models for these pro-
cesses. Below, it described what is meant by a generic process, when a process
iz called primitive, and why a guality chanpge model should include all pro-
cesses, also those processes that are not always observable.

A process that occurs in different products, or in different parts of one product
can be modelled as a generic process. An example iz evaporation, which
occurs both in fruit and in cut flowers. In cut flowers, evaporation occurs both
through the leaves and through the flower stem. A peneric process may be
a composition of several smaller processes corresponding with the underlying
mechanisms of the generic process. If in all occurrences of the generic process
the same underlying mechanism is used, then a generic composite model can be
developed for the process. If a process has different underlying mechanisms
in different products or in different parts of one product, then the process
cannot be described by one peneric composite model. In that case, one or
more submodels in the generic model have to replaced by specialised models.
As an example, colouring in tomatces and colouring in apples involve different
colour substances, so that at least different models are needed to describe the
decomposition of the visible colour into the colour substances. The chemical
reactions involved in these colouring processes may of course be described by
generic models.

Proresses can be decomposed into smaller processes. A process that cannot
be further decomposed is called primitive. Decomposition of a process occurs
at guantities involved in the process. A guantity that is influenced by exactly
one process can be modelled as an internal quantity of the process, thereby
hiding it from other processes and from the influences of other processes.
A quantity that may be influenced by other processes has to be wvisible for
the other processes. Hence, the complex process has to be decomposed in
several smaller processes, in which the guantity is an influencing (input) or
influenced (ocutput) quantity. These processes are connected by interactions.
An #nferaction relates an input quantity of one process to an output quantity
of another process. In some cases, the modeller may decide not to decompaose
a complex process at a quantity that is influenced by other process. A reason
might be that the other processes do not occur in the situations in which the
phenomenon is studied. In that case, the gquantity iz modelled as an internal
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gquantity in the complex process. If the model iz later used to describe the
phenomenon in a situation in which one of the other influencing processes does
occur, then the model will produce an incorrect description of the phenomenon
behaviour.

The resulting process decomposition often consists of processes that in the
phenomenon under study occur with different intensities or process rates. Al-
though the processes with a low intensity or process rate initially may not
have an observable effect on the product behaviour, the effects of these pro-
cesses may become observable after some time. Therefore, these processes are
described in the dynamic product model, so that the moment at which the
effects become observable can be predicted. For example, the water uptake
through a flower stem is hampered if a certain part of the xylem vessels inside
the flower stem are blocked by bacteria. Immediately after harvest, the xylem
vessels are free of bacteria, but during the distribution period bacteria may
enter the stem and grow, leading, to the blocking of xylem vessels. By taking
into account the bacteria growth and the vessel blocking processes from the
beginning, the moment at which the water uptake becomes hampered can be
predicted.

The proposed approach has several advantages. Firstly, the exhaustive de-
composition of the product behaviour into generic and primitive processes
results in a model that is a generic description of that part of the physiolog-
ical behaviour. Processes in this behaviour that may be unobservable at the
conditions at which the behaviour iz analysed, will be described in the model
so that the model will not fail for situations where the effects of these processes
may become observable. Secondly, by reusing generic processes and their cor-
responding mathematical models, the resulting DPM will consist of tested
mathematical models, which improves the reliability of the DPM. Thirdly, by
reusing, generic processes and their corresponding mathematical models, the
time and effort for developing a DPM iz reduced.

4.2 Related research

The Drsimal approach will use a combination of modelling, support and au-
tomated model construction to assist in the construction of dynamic product
modelz from a library of models for physiological processes. Modelling is
usually supported by providing, additional description levels to bridge the gap
between the expert’s knowledge about a certain class of problems and the awvail-
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able building blocks to solve these problems. Approaches to modelling support
mainly focus on the contents of the additional description levels. Automated
model construction aims at constructing, the simplest simulation model that
iz sufficient for describing the behaviour of a system under study. This section
reviews research on modelling support and on automated model construction.

4.2.1 Modelling support

Building, a simulation model for a physiclogical phenomenon under study re-
guires that the modeller translates his knowledge about the physiological be-
haviour of the product into a set of mathematical models of primitive pro-
cesses. Such a large semantic gap between the expert’s knowledge about a
problem and the models in the mathematical model library can be bridged by
introducing one or more additional description levels. Below, modelling sup-
port methods are reviewed for three different application domains, showing
different forms of such intermediate description levels.

The Knowledge-Based Model Construction method of [Murray and Sheppard,
1988] supports a modeller in the construction of discrete event siramlation
models for quening systems. First, a dialogue iz held with the modeller to
acquire a specification of the model to be constructed. In this dialogue do-
main lmowledpe and general simulation modelling knowledpge is used. Second,
this model specification is used together with peneral simulation modelling
knowledge and knowledpge of the target language to construct a discrete event
simulation model in the target lanpuage.

In [Top, 1993] modelling is conreived as a ‘process of maldng incremental and
gystematic assumptions’. In his svolutionary modelling method four descrip-
tion levels are identified in models for physical systems. First, the modeller
assumes a decomposition into a set of functional components. Second, as-
sumptions are made about the physical processes occurring in the functional
components. Third, mathematical equations are assumed for each process
leading to a mathematical model for the complete system. Fourth, values for
the model parameters are assipned, which is the model data level. Fach of
these four description levels describes a different aspect of the system under
study, that iz not captured in the other levels. Hence, a complete model for
that system contains descriptions for all four levels. Building, a complete model
iz an iterative process for all four description levels. Fach iteration consists
of three modelling activities: specification of the requirements for the model,
construction of the model, and assessment of the model. The assessment may
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result in a set of violated requirements. These violated requirements are input
to a next iteration in which the set of requirements iz modified, and a new
model is constructed and assessed.

In [Mili, 1995] a framework for program library documentation is described
that provides three so-ralled documentation templates: (1) for the problem to
be solved, (2) for the programs in the library, and (3) for the applicability of
a program to solve a particular problem. The third documentation template
serves as an intermediate description level between the problem to be solved
and the available programs in the library. It describes when a program is
suitable for a problem, and how the program must be instantiated for that
problem. It also describes when and why a program iz not suitable to a
problem and then points to other programs in the library that may be suitable.
The framework has been applied to document financial and mass spectrometry
libraries.

These methods illustrate different approaches to modelling support: Murray
and Sheppard use a dialogue to construct a specification of the simulation
model to be constructed. The information gathered in this dialogue iz, how-
ever, not stored in alibrary. Top introduces two intermediate description levels
between the expert’s knowledge about a physical system and the mathemati-
cal model for that system: wz functional components and physical processes.
The library contains separate building blocks for each description level. Each
building block is related to other building blocks in the adjacent description
levels [Top et al., 1995a). Mili says the focus of her research to be ‘mainly on
helping users understand the usefulness and the limitations of the programs
used, rather than on helping the users to select the correct program’. This is
manifested by the application templates in the library that explicitly specify a
mapping between the programs in the library and the problems to be solved.

The additional description levels introduced in these approaches serve to make
explicit the assumptions and decisions that a modeller makes in developing a
model. Explicit representation of modelling assumptions and reasoning, about
these assumptions is the key to automated model construction.

4.2.2 Automated model construction

In the field of qualitative reascning [Forbus, 1990; Weld and de Kleer, 1990],
several approaches to automated model construction have been presented.
The automated modelling approaches construct models for answering gueries
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about a given scenario. A scenario iz a system or situation being studied,
and is described by the physical structure of the system and (possibly) state-
ments about the behaviour of the system (e.g. about the initial state, about
steady-state assumptions, and about the operating range). The guery poses a
question about such a scenario, by specifying a set of quantities of interest that
have to be explained by the scenaric model, and a set of driving conditions.
The model must explain the effects of these conditions on the guantities of
interest. Az an example, the query “what happens to the flowering stage if the
number of bacteria increases’ has one driving condition {an increasing number
of bacteria}, and one guantity of interest (flowering stage).

To answer such a query a scerario madel is constructed using alibrary of model
fragments. The scenario model must be the simplest model that is sufficient
to explain or predict the behaviour of the quantities of interest specified in the
query. Several approaches have been described.

The compositional modelling method [Falkenhainer and Forbus, 1991; Falken-
hainer and Forbus, 1992] provides basic concepts to automated construction
of scenario models for the analysis of a system’s short-term behavicur using a
library of model fragments.

In [Iwasaki and Levy, 1994] an approach to automated construction of models
for simulation iz described. Given a query with the above structure, the con-
structed scenario model must explain how the quantities of nterest chanpge over
time. As the simulation may go through any state satizfying the initial state
gpecified in the guery, the scenario model must contain all model fragments
that can be active in any of these states, whether they are actually reached
or not. A model fragment is active in a system state, if the input conditions
and the operating conditions of the model fragment are satisfied in that state.
The active model fragments form a simulation model that determines the next
state of the system. Thiz method differs from the method of Falkenhainer and
Forbus, in that the scenario models contain all submodels that can be reached
from the initial state. Part of the model selection task is performed during
the simulation experiments to derive the applicable submodels at each state
of the system.

In [Nayak, 1995] a method for automated model construction is described that
aims at explaining a user-specified causal relation in a system under study.
The causal relation specifies the behaviour that the user is interested in. For
example, if the guestion refers to temperature chanpges around an electrical
wire, also the thermal properties have to be described which are normally
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irrelevant for electrical wires.

The TRripPEL systern [Rickel and Porter, 1994; Rickel, 1995] constructs qualita-
tive models in the domain of plant physziclogy. This system uses a large botany
knowledge basze, containing causal relations between plant properties to spec-
ify physiological processes, and encapsulation relations on plant properties
and on causal relations to express differences in levels of detail. Because many
relationships in the botany knowledge base up to now cannot be modelled
guantitatively, the level of detail reached in the gualitative models produced
by Rickel's system cannot yet be reached in gquantitative models.

More extensive reviews and discussions of approaches to automated model
construction can be found in [Schut and Bredeweg, 1996; Xia and Smith, 1996].
The remainder of this section focuses on specification of the model fragments
and on the requirements imposed on the constructed scenario models.

4.2.2.1 Specifleation and organisation of model fragments

Except for Rickel's approach, that uses a large Imowledge base of causzal re-
lations between plant properties, the automated modelling approaches use a
library of model fragmenta. (enerally, a model fragment is a partial specifi-
cation of the behaviour of an aspect of a system’s behaviour, so that for a
complete description of that aspect several model fragments are needed.

The automated model construction methods mentioned above use a similar
specification of the model fragments, which was proposed in [Falkenhainer
and Forbus, 1991]. The specification of a model fragment contains both the
formulation of the model fragment and the assumptions underlying the for-
mulation, and consists of four parts:

o Participants are the entities in the domain to which the model frapg-
ment applies. The participants are subject to conditions that define the
structural eonfiguration of the participants. The model fragment is only
applicable to entities that satisfy these conditions.

e (perating conditions are restrictions on the values of the variables in
the formulation of a model fragment. The operating conditions are used
during the simulation to determine whether the model fragment can be
activated, and to determine whether the values of the variables are valid.

e ['nderlying assumptions specify for which queries a model fragment may
be relevant, and specify decisions about the formulation of the model
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fragment, that were made during modelling.

s Behaviour relations are the qualitative or quantitative relations imposed
by the model fragment between physical quantities of the participants,
and can thus be seen as the formulation of the model fragment.

In [Gruber, 1993] a similar specification formalism for model fragments is pre-
sented, that consistz of a specification of the behawvioural effects described by
the model fragment, structural conditions specifying which domain quantities
are represented by the variables in the model fragment, bekavioural conditions
gpecifying inequalities between variables that must hold before the model frag-
ment can be applied, and model selection heuristics specifying the components
or processes for which a model fragment is relevant. The structural conditions
and the behavioural conditions form the applicability knowledge of the model
fragment, that specifies when during a simulation experiment the model frag-
ments in the scenario model can be applied. The model selection heuristics
correspond to the underlying assumptions in the model fragment specifica-
tions used by Falkenhainer and Forbus. This knowledpge iz used during the
construction of a scenario maodel, if several model fragments are available for
a component or process in the scenario, and one appropriate model fragment
has to be selected.

To illustrate the kind of mowledge represented in the model fragments, Fig-
ure 4.1 displays a model fragment that defines some properties of a contained
liguid. The participants of the model fragment are a container can and a liguid
cl. The conditions for these participants specify the structural confipuration
for which the behavioural relations are valid: the can mmst be appropriate to
contain a fluid, ¢l must be a liquid of a certain substance and must be in the
can. The model fragment specification does not contain operating conditions,
so that the model fragment iz always applicable. The underlying assurp-
tion, expressed by the Consider condition, specifies that the model fragment is
relevant for queries about cans containing, a fluid. The behavioural relations
determine the level and the pressure of the liquid in the can as a function of
properties of the liquid and properties of the container.

Aspects of a system often can be modelled in different ways. Fach possible
way of modelling an aspect is described by a separate model fragment. For
example, a model for a rechargeable battery must take into account the volt-
age of the battery and the charge-level of the batteryl. The voltage produced
by the battery can be constant or charge-sensitive. These alternatives are de-

LThis is a simplified version of the example uaed in [Iwaaaki and Levy, 1994].
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ModelFragment ContainedLiquid( cl )
Participants
can Conditions Fluid-container( can }
cl Conditions Contained-liquid( cl } And
Container-of( cL, can } And
Substance-of( cl, sub )
Operating-Conditions
Assumptions
Consider( Contained-Fluids( can } }
Behaviour
level(cl) = (4 - mass(cl}} / (density(sub) - PI - square(diameter(can}})
pressure(bottom(can)) = level(cl) - density(sub) - G

Figure 4.1: A model fragment defining the level and the pressure of a liguid
in a container. Adapted from Fig. 2 in [Falkenhainer and Forbus, 1992].

scribed by separate model fragments. For the charge-level of the battery three
alternative model fragments are available: one describing a constant charge-
level, one describing a normal accumulation recharge, and one describing an
accumulation recharge that also accounts for apeing of the battery.

Which model fragments are used for the voltage and for the charge-level de-
pends on assumptions made about the voltage and the charge-level. For each
aspect one assumption must be made, corresponding to one model fragment
for that aspect. In the above example, the alternatives for the voltage and
the alternatives for the charpe-level are mutually exclusive, which means that
only one model fragment can be applied in the model to describe the aspect.
Such mutually exclusive model fragments (and the corresponding underlying
assumptions} are grouped into assumption classes. In the construction of a
scenario model, for each relevant aspect of the system one model fragment
must be selected (in other words, a modelling decision must be made)} from
the assumption class of that aspect. Hence, a complete model for the battery
needs one model fragment from the voltage assumption class and one model
fragment from the charge-level assumption class.

The assumption classes contain model fragments with mutually exclusive un-
derlying assumptions. Model fragments describing an aspect may also differ
with respect to the operating region in which the behavioural relations are
valid. In [Iwasaki and Levy, 1994] such model fragments describing one aspect
under the same modelling assumptions, but in different operating regions, are
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grouped into composite model fragments (CMF). An assumption class then
consists of CMFs with mutually exclusive modelling assumptions.

4.2.2.2 Requirements on the models

The automated modelling approaches impose requirements of sufficiency and
simplicity on the constructed models.

The requirement of sufficiercy or adequacy means that the scenario model
only includes those aspects of the system under study that are needed to
analyse the situation specified in the query with an appropriate level of detail.
The consequence of the sufficiency requirement is that as soon as the guery
changes, a new scenario model must be constructed. The approaches differ on
the implementation of the sufficiency requirement.

Falkenhainer and Forbus use a strict structural part-of hierarchy of all objects
in the domain to determine the system boundary. Starting from the required
scenario elements, the part-of hierarchy is traversed upwards, until the smallest
gystern iz found that comprises all required scenario elements. The objects in
the domain cutside this smallest system need not be considered.

Iwasald and Levy use relevancy knowledge to determine the simplest adeguate
simulation model. For each quantity to be described by the simulation model,
Iwasald and Levy backward chain over the causal relations imposed by the
model fragments to produce a list of model fragments that influence the quan-
tity. From this list the simplest model fragment iz selected that does not
contradict the modelling assumptions for the partial model constructed so far.
To determine the simplest model fragment, relevancy claims are used. Rele-
vance claims are specified at the level of quantities, and are part of the model
fragment specifications. A positive relevance claim specifies that a quantity is
relevant for the model fragment. A nepative relevance claim specifies that a
guantity can be ignored. Qne model fragment is simpler than a second model
fragment if a quantity that is relevant in the second model fragment, can be
ipnored in the first model fragment.

Nayak uses a function-based approach. The scenaric model must explain the
function of the device of interest. This function is specified in the query as an
input/output relation, called an ezpected behaviour. Only the model fragments
on thiz causal path are relevant. For example, depending on the expected be-
haviour a model for a wire may describe the electrical, the thermal or the



4.3. The DrsimaL approach 47

mechanical properties of the material of the wire. The model iz constructed
as follows: first a comprehensive model is created that explains the specified
expected behaviour. This model consists of the most complex model frag-
ments for the relevant phenomena. This comprehensive model is simplified by
replacing the complex model fragments with simpler model fragments, until
selection of simpler model fragments results in an inadequate model.

The TripkL system [Rickel and Porter, 1994; Rickel, 1995] uses knowledge
about the time scales at which changes in quantities occur. A differential in-
fluence has an explicit time scale. A functional influence represents an imme-
diate change, and therefore does not have a time scale. Functional influences
are always relevant. A differential nfluence iz relevant only if the time scale
of the influence is equal or smaller than the time scale of interest. Thus, if the
guantities in the guery change at a time scale of minutes, then the chanpes
that take hours or days are conszidered to be negligible.

The requirement of simplicity ensures that the models describe the behaviour
at the lowest level of detail that iz needed to answer the query. The model
fragments are ordered by a simpler-than relation based on the underlying
assurnptions of the model fragment. For example, a model for a chemical
reaction assuming first-order kinetics iz simpler than a model that assumes
Michaelis-Menten kinetics. Usually, the simplest model fragment iz applied,
until it proves unsuitable to describe the behaviour. Nayak first selects the
most complex model fragments, and then applies simplifications to find the
simplest sufficient scenario model. Whereas Falkenhainer and Forbus arrange
the model fragments in an assumption class in order of increasing, complexity,
and thus use an implicit measure of simplicity, Iwasald and Levy base the
meagure of simplicity on the relevance of quantities, which is explicitly repre-
sented as relevance claims. A model fragment that assumes fewer quantities to
be relevant is simpler. This simpler-than relation corresponds to the relations
between models in the Graphs of Models approach [Addanki ef af., 1991].

4.3 The DESIMAL approach

In this section we introduce the DEsimal method for automated construction
of quantitative simulation models of postharvest processes occurring in agri-
cultural products. We discuss where the methods described in Sections 4.2.1
and 4.2.2 have been used.
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Figure 4.2 shows the three types of domain knowledge, and the two modelling
tagks, that are used in the DrsiMal approach. The domain knowledge is di-
vided into three levels: (1} gqualitative models for physiological processes and
for decompositions of quantities, {2} mathematical models, and (3) applicabil-
ity kmowledge specifying mappings between the mathematical models and the
gualitative maodels.

The first modelling task is Qualitative Proceas Analysis (QPA}, and uses the
qualitative lImowledge to construct a Process Structure (raph, which is a qual-
itative model for the phenomenon under study.

The second modelling task is Simwlation Model Construction (S3C), and uses
the applicability kmowledge and the mathematical knowledge to construct a
Dynamic Product Model, which is a quantitative simulation model for the pro-
cesses and the interactions between processes described in the Process Struc-
ture (iraph.

Phenomencn
Under Study }
Qualitative knowledge N Qualitative
qualiztive modals of —_— Pracess
physkkgical procassas Analysis
Applicability knowledge #
mapping batweaen
mathematical modaks and Process

quali=tive modalz Structure
____________________ Graphs ;

Mathematical knowledge

mathematical modeks - Simulation

ratica ) Model
f logical bah i
\\_ of ply=iological bal EW'C‘”_"/) Construction

'

Cynamic
Product
Models

Figure 4.2: Overview of the DrsiMaL approach showing the three levels of the
Desimal library on the left, and the two modelling tasks on the right.
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4.3.1 Representation of the domain knowledge

Automated model construction is only possible if apart from the object-level
lmowledge of the available models (the model formulation and the model vari-
ables) also meta-level kmowledge about the applicability of the models for the
problermn under study is represented. In the approaches to automated model
construction, reviewed in Section 4.2.2.1, both the object-level and the meta-
level knowledge are represented in the model fragment specifications. The par-
ticipants and the behaviour relations specify the object-level knowledge about
the model formulation. The assumptions and the conditions of the participants
specify meta-level kmowledge about the relevancy of the model fragments to
questions of interest.

Onur approach iz to separate these types of knowledge into three separate
knowledge levels, that together form the library used in the modelling tasks
of the DrsimaL approach (see Figure 4.2):

» A qualitative knowledge level, consisting of qualitative models for phys-
iolopical processes and for decompositions of agpregate quantities into
subguantities.

» A mathematical krowledge level, containing the mathematical models
that are the building blocks for the gquantitative simulation models.

s An applicability knowledge level between the gualitative and mathemat-
ical knowledpe levels, that specifies mappings between the gualitative
maodels and the mathematical models. This knowledge is used to select
mathematical models for the processes and decompositions in a process
structure graph.

4.3.2 The model construction task

The right side of Figure 4.2 shows the two modelling tasks of the DrsimMalL
approach. The model construction task in DesiMaL starts from a specification
of the phenomenon under atudy, consisting of the quantities of interest, of
which the behaviour over time must be explained, and a set of exogenous
guantities, serving as the inputs of the simulation model

The first modelling task is Qualitative Process Analysia (QPA). In this task one
or more Process Structure (raphs are constructed for the phenomenon under
study. Fach process structure graph describes an adegquate decomposition of
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the phenomenon under study into the generic processes represented by the
gualitative models in the gualitative knowledpe level of the DrsiMaL library.

The second modelling task is Simwlation Model Construction (SMC). In this
task a Dynamic Product Madel is constructed for each process structure graph.
A dynamic product model consists of a set of mathematical models and an
explicit simulation-contrel component that specifies when these models have to
be used during a simulation experiment. This modelling task uses the applica-
bility kmowledge and the mathematical knowledge from the Drsimal library.
The mathematical knowledge level contains the mathematical models which
are the building blocks of the dynamic product models. The applicability
knowledge level provides the knowledge that is needed to select the appropri-
ate mathematical models for the processes and decompositions in the process
structure graph.

Qnalitative Process Analysis and Simulation Model Construction both involve
reasoning about the reusability of models in a model library. Component
reuse in general involves three steps: retrieval, evaluation, and adaptation to
fit new applications, see e.g. [Penix and Alexander, 1995]. Retrieval involves
the selection of the components that are applicable for the problem under
study. The goal of the evaluation step is to determine the suitability of the
component for the problem under study. In the adaptation step, the necessary
chanpes are made to the component so that the component can be reused for
the problem under study. In the subtasks of the DrsimaL method, these steps
hawve the following meanings.

Retrieval involves the selection from the library of the building blocks that
are applicable for the phenomenon under study.

e In QPA_ thiz subtask retrieves all qualitative models that describe an
(indirect) effect of a process on a guantity of interest, and retrieves all
gualitative models that represent how a guantity is decomposed into
more detailed subguantities.

e In SMC, this subtask retrieves all mathematical models that are appli-
cable to processes or quantity decompositions in the process structure
graph developed for the phenomenon under study.

Eualuation involves the restriction of the comprehensive models derived in
the retrieval subtask to models that are adequate for the phenomenon under
study.
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e In QPA, thiz subtask selects from the comprehensive process structure
graphs those processes that represent an (indirect) effect of one of the ex-
ogenous quantities in the specification of the phenomenon under study on
a quantity of interest. Quly those quantity decompositions are selected
that include detailed guantities that are needed to relate a quantity of
interest to an exogencus guantity

e In 8, this subtask determines consistent model sets from the retrieved
mathematical models. Each consistent model set iz a simulation model
that is adequate to describe the behaviour of the processes in a certain
state of the simulation experiment.

Adaptation is not allowed in the DesiMaL approach. The gualitative models
and the mathematical models in the DesiMaL library are indivisible building
blocks.

The adequacy reguirement applied in the Drsimal method uses the cansal
dependencies between the product properties. Selecting the system boundaries
by means of a part-of hierarchy of physiclogical processes, like the component
hierarchy used by Falkenhainer and Forbus, is not possible. Such a hierarchy
cannot be created as yet, because the interactions between the processes are
to a large extent unknown. In fact, the aim of the Drsimal approach is to
assist the modeller in the investigation of interactions between physiolopgical
processes.

Selecting the relevant behaviour of the phenomenon under study by means
of time-scale information, as iz done in the TRiPEL system, is not possible.
The simulation models constructed by DesiMalL are applied in the analysis
of the behaviour of perishable products during long-term distribution chains,
so that simulation period will be much longer than the time-scale at which
the guantities change. For example, if the modelling guestion only contains
guantities that chanpge at the scale of minutes and the simulation model is used
to analyse the behaviour during a period of five days, changes with a scale of
hours and days will be important as well. These changes would be left out in
the TRIPEL system.

4.4 Discussion

The approaches to automated model construction reviewed in Section 4.2.2
produce the simplest sufficient models for a given gquery. These models are
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constructed for testing hypotheses about the hehawiour of the system under
study. This justifies the automatic selection of the simplest possible model.
However, the DrsiMalL approach aims at supporting, the modeller in the de-
composition of the phenomenon under study into a set of generic or funda-
mental processes. The alternative process decompositions are presented to
the modeller, who then selects the suitable decomposition. In this way, the
modeller can test hypotheses about the appropriate process decompasition for
the phenomenon under study.

The DrsimaL approach differs from the TripkL system [Rickel and Porter,
1994: Rickel, 1995]. Whereas TRIPEL system constructs a phenomenological
model from a large knowledge base of causal relations between plant prop-
erties, the Qualitative Process Analysis task of the Drsimal approach uses
a library of peneric or fundamental processes to decompose the phenomenon
under study into a set of fundamental processes.

Compared to the method of [[wasaki and Levy, 1994], the Simulation Model
Construction task of the DrsiMAL approach constructs compositional simula-
tion models with an explicit control level.

The applicability Imowledge used in the Simulation Model Construction task
compares with the application templates in the approach of Mili. In her ap-
proach the application templates provide the intermediate description level
between the problem under study and the available programs. However, from
the viewpoint of the overall model construction task of the DrsimalL approach,
the gualitative knowledge serves as the intermediate level between the expert’s
knowledge about the phenomenon under study and the collection of mathe-
matical models.
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Qualitative Process Analysis

5.1 Introduction

As discussed in the previous chapter, the construction of a dynamic product
model for a quality change phenomenon is composed of two separate auto-
mated modelling tasks. The construction starts from a modelling question,
which iz a specification of the phenomenon under study, consisting of quanti-
ties of which the behaviour over time must be explained (guantities of interest)
and a set of exogenous gquantities, serving as the inputs of the dynamic product
model.

The goal of the first modelling task, Qualitative Process Aralysis (QPA), is to
find one or more gualitative models for the phenomenon under study, called
process structure graphs. Fach process structure praph represents an ade-
gquate decomposition of the phenomenon under study into a set of interacting
generic processes. Qualitative Process Analysis uses the gualitative models
of postharvest physiclogical processes, stored in the Dpsimal library. This
is displayed in Figure 5.1, which is the upper part of Figure 4.2 discussed in
Section 4.3.

Fach process represented in the Drsimal library affects one or more product
properties and may itself be affected by other gquantities, which can be product
properties or external factors. Two processes interact if a quantity that affects
one process, is itself affected by the other process. A gualitative model of a
process represents which quantities are involved in the process, but hides the
gquantitative details of the process, which are not needed to find an adequate
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Figure 5.1: Qwverview of the Qualitative Process Analysis task

decomposition of the phenomenon under study. The gualitative knowledpe
level allows the modeller to analyse what processes are involved in a quality
change phenomenon under study, without bothering about the mathematical
formulations for these processes.

Besides gualitative models of physiological processes, the gualitative knowl-
edpge in the DrsimaL library contains separate gualitative models describing
how compaosite product properties are composed of more detailed product
properties. These models are used when a phenomenon under study is mod-
elled as a set of processes that involve product quantities at different levels of
apgregation. For example, to model the changes in the firmness of a product,
a model is needed that describes which chemical substances are responsible for
the firmness, and that describes the relative importance of these substances
for the overall firmmness. With the knowledpe in such a model, the processes
affecting these substances can be selected, and the effects of these processes
can be combined into the behaviour of the firmness of the product.

In Section 5.2 the formalism for the representation of thiz lmowledpge is pre-
sented. The construction of the process structure graphs is discussed in Sec-
tion 5.3. In Section 5.4, Qualitative Process Analysis iz compared to the
techniques for the construction of gualitative models, that were reviewed in
Chapter 4.
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5.2 The domain knowledge

In this section, we propose a formalism, based on conceptual graphs [Sowa,
1984], to represent complex phenomena of quality change in perishable prod-
ucts as interactions between a number of predefined generic physiological pro-
cesses.

The formalism is illustrated with the complex phenomenon of dower opening
in cut rose flowers.

5.2.1 Example: opening of rose flowers

An important quality attribute of cut rose flowers is the flowering stage at the
moment of purchase. The flowering stage is a measure for the appearance of
the flowers that describes how far the flowers are opened. In this example,
the flowering stage is described as a ranking on an integer scale between [
(fully closed buds) and 6 (finished flowering). The changes in the flowering
stage are modellad with an increasing discrete function. The fowering stage
could also be described by the diameter of the flower bud. In that case, the
changes in the flowering stage have to be modelled by a continuous function
that increases to a maximum value corresponding to a fully opened flower,
followed by a decrease representing, the dropping, of the petals. This will be
not be further elaborated.

The opening, of the rose buds iz a complex process in which the water uptake
through the xylem wvessels in the flower stem plays an important role. The
water uptake becomes hindered if a certain part of the xylem vessels inside
the flower stem become blocked. Vessel blocking may be caused by growth
of bacteria inside the stem, or by air bubbles that enter the vessels when the
flower stems are kept dry. The growth of bacteria is an autocatalytic process
with a rate that depends on temperature.

Previous exposure to bacteria or dry storage may cause the flower buds to
open partially, even if the flowers are subsequently kept at optimal conditions.
Therefore, the blocking of xylem vessels iz assumed to have a negative effect on
the maximum reachable flowering stage rather than on the rate of the flower
opening process. This rate is only dependent on temperature, and can be
modelled with the Arrhenius function for rates of chemical reactions [Chang,
1981]. The flower opening process itself is modelled as a limited exponential
growth process.
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5.2.2 Types of knowledge

The above description of the phenomenon of flower opening illustrates the
reasoning involved when decomposing a gquality change phenomenon into in-
teracting generic processes. Domain knowledpge iz used about the behaviour
of intrinsic product properties, about the decomposition of intrinsic product
properties, about quality assipnment relations between intrinsic product prop-
erties and guality attributes, about parameters of product properties, about
modelling assumptions, and about applicable guantitative models. Below,
these types of domain knowledge are elaborated, and for each type of domain
knowledge examples are given from the modelling, case of the opening of rose
flowers.

s quality assignment relations between product properties and quality at-
tributes
This type of knowledge is specific to the task of modelling gquality chanpe.
Ag described in Chapter 3, quality attributes are perceived combinations
of one or more intrinsic product properties. The gquality assignment
relations specify which intrinsic product properties are perceived and
evaluated to assess a gquality attribute.

Example: the flowering stage iz a guality attribute that is the
perception of the flower bud diameter and the condition of
the flower, such as damage, wilting, and necrosis, which are
intrinsic product properties.

e behavioural knowledge about product propertica
This type of knowledge includes causal relations between intrinsic prod-
uct properties and external factors, and lmowledpe about which pro-
ceszes are responsible for the behaviour of a product property. The
behaviour of guality attributes iz modelled through the behaviour of
the intrinsic product properties that are perceived and evaluated for the
quality attribute.

Example: the blocking of the xylem vessels is caused by bac-
teria in the flower stem, and by air bubbles in the flower stem.

e parameters of product propertics
The product properties may have parameters such as a maximum or
minimum value, and a threshold value. These parameters are often
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affected by other product properties or external factors. To capture this
behaviour, the parameters are modelled as intrinsic product properties.

Examples: the flowering stage has a maximum reachable value
that iz affected by the number of blocked wvessels in the flower
stem; the number of blocked vessels has a threshold that must
be exceeded before the number of blocked vessels affects the
water uptake through a flower stem.

decompositions of product properties

This type of knowledge iz used to select the level of detail that iz ap-
propriate for describing the behaviour of the phenomenon under study.
Differences in the level of detail are represented at the level of product
properties. The Desimal library contains kmowledge about the decom-
position of a product property intoc more detailed product properties.

Example: the number of blocked vesselz is a composition of
the number of vessels blocked by bacteria and the number of
vesgsels blocked by air bubbles in the flower stem.

Both the decomposition of product properties and the guality assign-
ment relations concern the representation of differences in the level of
detail. Consequently, a guality assignment relation between a quality
attribute and the perceived intrinsic product properties is modelled as a
decomposition of the quality attribute. Hence, the colour of a tomato is
a composition of the amounts of the colouring substances. By treating
the quality assignment relations as differences in level of detail, a quality
attribute can either be described as a black box gquantity, or in terms of
the perceived product properties.

modelling assumptiona

An important type of knowledge are the modelling assumptions. A maod-
elling assumption relates a specific process to a generic process, or states
that a product property is assumed to be affected by a certain generic
process.

Examples: the prowth of bacteria is assumed to be an auto-
catalytic process; the flower opening is modelled as a limited
exponential process governed by the amount of blocked vessels.

applicable quantitative models
The above description of the phenomenon of flower opening also contains
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knowledge about the mathematical modelz that can be used to describe
the behaviour of the gquantities, £.g. the rate of flower opening can be
modelled by an Arrhenius function. This type of knowledpe iz used only
in the Simulation Model Construction task, rather than in the current
Qualitative Process Analysis task, and will therefore not be discussed
here.

5.2.3 Knowledge graphs

As a basis for the representation of the qualitative knowledge used in Qual-
itative Process Analysis, knowledge graphs [James, 1991: Willerns, 1993] are
ugsed. One of the ideas underlying kmowledge graphs is that one should limit
the number of different relation types between domain concepts. This iz in
contrast to conceptual graphs or logical representations where the set of rela-
tion types iz unlimited so that one can introduce new relation types whenever
needed. Fach Imowledpe praph represents the Imowledpe about a subject in
the application domain. The nodes in a lmowledge praph are concepts that are
relevant for the subject. The arcs between these nodes represent cause-effect,
part-of, and kind-of relationships between domain concepts. The arcs in a
knowledge praph are labelled with abbreviations of the relation types: causal
relations are labelled with cau, part-of relations are labelled with rar, and
kind-of relations are labelled with Ak, A more complex conceptual struc-
ture can be formed by grouping concepts and relations into a frame with its
own name. Frames are in turn concepts in the knowledge graph, and can be
related to other concepts in the knowledge graph. To specify that a concept
belongs to a frame, FrPaRr relations are used. In a praphical representation of
a knowledge graph, the rran relations are kept implicit, and the frames are
represented by boxes around the subgraphs.

In DesimaL, knowledge graphs are used to represent the postharvest physi-
ological behaviour that underlies the quality change of perishable products.
Each lmowledge graph in the DrsiMal library is a qualitative model for one
guality chanpge phenomenon of a perishable product. The concepts in these
knowledge praphs are the gquantities involved in the phenomenon, which are
quality attributes, intrinsic product properties and external factors. A knowl-
edge graph in the Drksimal library may contain two types of frames: pm-
ceaa frames to represent physiclogical processes and decomposition frames to
gpecify decompositions of gquantities. The frames are building blocks of the
knowledge graphs in the DrsiMal library. Below the contents and the repre-
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sentation of the two types of frames are further elaborated.

5.2.3.1 Process frames represent physiological behaviour

A process frame represents the behaviour of a physiolopical process at one
level of detail The arcs between the guantities in a process frame are causal
relations. We distinguish two types:

¢ dcau( source, target )

The pcav relation represents a differential causal relation. Hence, the
value of the source quantity determines the rate of change (first deriva-
tive} of the target quantity. pcau relations correspond with influences
in Qualitative Process Theory (QPT) [Forbus, 1984, and with the dif-
ferential influences in [Rickel, 1995]. The differential causal relations
represent a differential equation for the target quantity on the mathe-
matical level

e fcau( source, target )
The rcavu relation represents a functional causal relation. Hence, the
value of the source guantity directly determines the value of the target
gquantity. Fcau relations correspond with qualitative proportionalities
in QPT, and with functional influences in [Rickel, 1995]. The functional
causal relations represent an algebraic equation for the target quantity
on the mathematical level

Figure 5.2 shows two examples of process frames that are used to model the
opening of rose flowers. The process frame BacteriaBlocking represents the
process of vessel blocking caused by bacteria. The pcau relation between
ConcBacteriaWater and ConcBacteriaStem represents the bacteria flow from
the vase water into the flower stem. A pcau relation is used, because the
bacteria concentration in the water determines the bacteria flow rate into
the stem, which in turn determines the increase of the bacteria concentration
in the stemn. The second relation in this process frame represents the wves-
sel blocking. Here, an rcau relation is used between ConcBacteriaStem and
BacteriaBlockedVessels, because the number of vessels blocked by bacteria is
proportional to the bacteria concentration in the stem.

The process frame FloweringOQbstruction represents the effect of vessel block-
ing on the maximum reachable flowering stage, which is represented by the
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FloweringQbstruction
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Figure 5.2: Two process frames describing processes involved in the opening
of rose flowers. The left-side frame represents the blocking of vessels in the
flower stem by bacteria. The right-side frame represents the effect of vessel
blocking on the maximum reachable flowering stage.

gquantity Reachable5tage. This quantity depends on the amount of water taken
up through the flower stem. The number of blocked vessels (represented by
BlockedVessels) determines the maximal low of water through the flower stem,
and therefore, has a differential causal relation (pcav) with ReachableStage.
Vessal blocking has an effect on the maximal reachable flowering stage, only if
the number of blocked vessels exceeds a certain threshold value. This is mod-
elled with a functional causal relation from the property ThresholdBlockedVes-
sels to ReachableStage.

The gquantity ThresholdBlockedVessels is a parameter of the product property
BlockedVessels. This fact is not represented in the lmowledge graph, becausze
the kmowledge praphs in the DrsimaL library only represent the behavioural
relations between the product properties.

5.2.3.2 Decomposition frames relate different levels of detail

The second type of frames are decomposition frames. Fach decomposition
frame represents the decomposition of a product property into product prop-
erties at a more detailed description level, and may only contain par relations:

o par( q_detailed, q_aggregate )
The paRr relation represents that the quantity g.detailed iz a part of
the agpgrepate quantity q_aggregate. A paRr relation defines a bound-
ary between the different levels of detail on which the behaviour of the
aggregate quantity can be described.
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The purpose of the decomposition frames iz to provide the means to select the
appropriate level of detail for describing the phenomenon under study. The
decomposition frames represent structural relations between product proper-
ties, and are not intended to represent behaviour. As a consequence, causal
relations are not allowed in decomposition frames.

Decomposition frames are also used to represent through which intrinsic prod-
uct properties a guality attribute iz evaluated. Hence, quality assignment, as
described in Section 3.2.1, is modelled as a composition of intrinsic product
properties into quality attributes. In this manner, a quality change model can
describe the changes in a quality attribute either at the level of the quality
attribute, disregarding the behaviour of the intrinsic product properties, or by
modelling the behavicur of the intrinsic product properties.

Az an example, colour iz a quality attribute of tomatoes that iz the per-
ceived combination of the amounts of the colouring substances, chlorophyll
and lycopene, which are intrinsic product properties. This guality assignment
relation iz represented by the decomposition frame Dec-TomatoColour in Fig-
ure b.3.

Dec-TomatoColour

Tomate Colour

PAR PAR

Lycopene  Chlerophyll

Figure 5.3: To assess the colour of tomatoes (gquality attribute) the chlorophyll
and lycopene amounts (intrinsic tomato properties) are perceived and evalu-
ated. In the Dusimal library, quality assipnment is represented as a difference
in the level of modelling detail.

In our approach we do not allow an aggregate quantity to have multiple de-
compositions into more detailed quantities. Hence, all constituent guantities
of an agprepate quantity must be in one decomposition frame. A consequence
of this is, that in many cases product-specific quantities have to be introduced,
guch as the quantity TematoColourin the figure above, if a generic quantity has
different decompositions intoc more detailed guantities in different products.

If a quantity depends on two or more other quantities, then it has to be decided
whether the dependency has to be modelled by a set of AR relations or by a
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set of cansal relations. A set of PAR relations has to be used if the quantities
are on different levels of detail, and the behaviour can either be described
in terms of the quantity at the lower level of detail, or in terms of the more
detailed quantities. The gquantity at the lower level of detail is a combination
of all quantities to which the quantity has paR relations. It iz not allowed to
use only a subset of the rar relations. (ausal relations have to be used if
the relationships between the quantities are time-dependent. A gquantity may
be the influenced guantity of a number of causal relations in different process
frames. For each influencing process the modelling task will decide whether
or not the process is relevant in the phenomenon under study. Hence, in a
model a quantity may only depend on a subset of the causal relations that are
defined in the Drsimal library.

In the figure above, the quantity TomatoColour is modelled as a composition
of the colour substances, because TomatoCeolour is on a lower level of detail
than the guantities Lycopene and Chlerophyll, and because it is not possible to
model the quantity TomateColour as dependent on only one of the colouring
substances Lycopene or Chlorophyll. Thiz would be allowed if the dependency
were modelled with causal relations.

5.2.3.3 Frames are connected by the quantities

A decomposition frame relates product properties at different levels of detail,
but does not sperify the behaviour of the product properties. Similarly, a
process frame specifies a physiological process, but does not specify other
proceszes in which the affected quantities may be involved. To connect the
frames in a knowledge graph, two types of relations are used at the level of
the gquantities in the frames:

¢ equ( quantityl, quantity? )
The equ relation specifies that quantityl in one frame and quantity? in
another frame represent the same product property. The egu relations
are used to connect separate frames that together describe one complex
physiological process. These separate frames then contain guantities,
possibly with differing names, that represent the same property. The
ryu relation explicitly represents this relationship.

e ako( q_specific, q_generic )
The AKD relation represents that the specific guantity q_specific is
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(modelled as) a kind of the peneric guantity q_generic. An AKD re-
lation can represent generalization lmowledge, e.g. in Figure 5.4 the
gquantity ConcBacteriaStem is a kind of CencBacteria. The AKD rTe-
lations can also represent modelling assumptions, e.g. the relation
ako(ConcBacteria, AutoCatalyst) represents that the bacteria concentra-
tion is assumed be a kind of AutoCatalyst, thereby specifying that the
pgrowth of bacteria is assumed to be an autocatalytic process.

The ku relations from the decomposition frame Dec-BlockVessels in Fig-
ure 5.4 specify that AirBlockedVessels and BacteriaBlockedVessels in this frame
are the same as in the process frames AirBlocking and BacteriaBlecking, re-
gpectively.

The process frame Bacteria Blocking contains ako relations from the gquantities
ConcBacteriaWater and ConcBacteriaStem to the generic quantity CencBacteria
to specify that both the bacteria concentration in the stem and the bacteria
concentration in the vase water are influenced by a separate bacteria growth
process. In this case AKD relations are used, because ConcBacteriaStem and
ConcBacteriaWater are more specific quantities than the quantity ConcBacteria,
and separate instances of the process frame BacteriaGrowth have to be created
for the two bacteria concentrations.

The pu and AKO relations are the only relations that are allowed between
frames in the Desimal library. In the knowledpe praph formalism as presented
in [James, 1991], frames are concepts in the graph and thus can be related
to other concepts. In the Dwsimal library, however, relationships between
frames, such as decompositions of processes and generalisations of processes,
are reprezented at the level of quantities.

Decomposition of a complex process into subprocesses is modelled by intro-
ducing, intermediate quantities that are affected by the subprocesses. The
guantity that is affected by the complex process is modelled as a composi-
tion of the intermediate quantities. For example, vessel blocking in flower
stems i a complex process that is the composite of vessel blocking caused
by bacteria and vessel blocking caused by air bubbles. The decomposition
frame Dec-BleckedVessels in Figure 5.4 shows that the decomposition of the
vessel blocking process is represented at the level of quantities: the guantity
BlockedVessels iz decomposed into the gquantities BacteriaBlockedVessels and
AirBlockedVessels, which are affected by the processes BacteriaBlocking and
AirBlocking, respectively.
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Figure 5.4: Knowladge graph representing that vessel blocking in a flower stem
iz caused by growth of bacteria in the stem and by air bubbles in the vessels.
The bacteria concentration in the stem is also affected by bacteria flowing
from the vase water into the stemn. The bacteria prowth in the stem and in
the vase water are separate processes.

Just as for guantities, one process can be (modelled as) a kind of another pro-
cess. This relationship can be a generalisation relationship (e.g. an enzymatic
reaction is a chemical reaction}, or a modelling assumption for a specific pro-
cess (e.g. FlowerQOpening is modelled as a kind of LimitedExponential process).
These relationships between two processes are in our approach modelled by
AKD relations between the guantities in the two process frames. These AkD
relations specify the mapping of the guantities in the peneric frame on the
guantities in the specific frame. In this way, the role of the gquantities in a
process is explicitly represented. For example, the ako relations in Fipgure 5.5
between the quantities in the BacteriaGrowth and AutoCatalysis frames repre-
sent that the growth of bacteria can be modelled as an autocatalytic process,
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in which ConcBacteria iz the AutoCatalyst. When using AKD relations at the
level of frames this mapping of the gquantities could no longer be represented
explicitly.

5.2.3.4 Properties of the quantities

The guantities in a lmowledpe praph represent the product properties and the
external fartors involved in the modelled guality change phenomenon.

Quantities are identified by their name. Two gquantities with the same name
represent the same product property or external factor. {Juantities do not have
additional attributes, such as location or unit of measure. The unit of measure
is guantitative information, and is therefore not represented in the knowledge
graphs. If information about the location of a product property iz needed,
then this has to be included in the name of the quantity. For example, vessel
blocking caused by bacteria involved the bacteria concentrations in the vase
water and in the flower stem. These properties are represented by separate
gquantities ConcBacteriaWater and ConcBacteriaStem.

Two quantities with different names may represent the same product prop-
erty. This is represented by an ku relation between the guantities. In the
knowledge graphs shown in this thesiz, quantities in different frames that have
the same name, are connected by kU relations. However, these relations are
not used in the model construction task.

If a knowledge graph contains multiple instances of one process frame or de-
composition frame, then the guantities in those frames that represent different
product properties have to be given a unique name. This iz done automatically
by the implementation of the model construction task. When a new process
frame is inserted into the knowledge praph, each gquantity in the process frame
that does not have an kQu relation with a quantity already in the knowledge
graph, is duplicated and piven a unigue name.

The quality change models constructed by the DusiMaL method are suitable to
calculate the effect of varying external conditions on the quality change of the
modelled product or products. It iz, however, assumed that the environment
around the modelled product or products is homogeneous at any time point.
As a consequence, the guantities that represent external factors cannot be
duplicated.
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5.2.4 Knowledge graphs for generic processes

Qualitative Process Analysiz uses a library of knowledge praphs for generic
processes. Figure 5.5 displays the frames in the library that are used to con-
struct a kmowledpge graph for the phenomenon of flower opening. These frames
are described below.

ReactionKinetics and ReactionSetKinetics are process frames for generic pro-
cesses that relate the rate of a chemical process to temperature. The frame
ReactionKinetics represents the temperature dependency of the rate of one
chemical reaction, represented by the quantity SimpleRate. The frame Reac-
tion5et Kinetics represents the temperature dependency of the ApparentRate of
a chain of chemical reactions. In principle, the ApparentRate is a composi-
tion of several SimpleRate quantities. As this decomposition depends on the
actual rate being modelled, the Drsimal library does not contain a generic
decomposition frame for Apparent Rate.

The process frame LimitedExponential represents the generic process of lim-
ited exponential prowth. This process is a gualitative representation of
a limited exponential function. The process affects the peneric guantity
LE_Guantity, which ranges between the values of the gquantities LE_Minimum
and LE_Maximum, which are parameters of LE_Quantity.

The process frame AutcCatalysis represents the peneric process of antocatal-
weis. The process affects the generic quantity AutoCatalyst, which has two
parameters AC_Minimum and AC_Maximum, representing the minimum and
maximum value of the AuteCatalyst, respectively.

The Degsimal library also contains more complex processes that consist of
several generic frames, and that can be reused as one complex process. An ex-
arnple is the process frame BacteriaGrowth. Growth of bacteria in flower stems
iz modelled as an autocatalytic process, as is represented by the AKOD relations
between the gquantities of the process frame BacteriaGrowth and AutoCatalysis.
The BacteriaGrowthRate is a specialisation of the quantity ApparentRate in the
generic process frame ReactionSetKinetics.

A chemical reaction is also modelled as a complex process, that consists of
three process frames. The frame ChemicalReaction specifies the guantities
involved in a chemical reaction. The guantity SimpleRate depends on tem-
perature as represented in the process frame ReactienKinetics. The decrease
of the quantity ConsumedReactant is represented by the process frame De-
cayReaction. The increase of the gquantity ProducedReactant iz described by
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Figure 5.5: The gqualitative knowledge in the DrsiMalL library containg generic
process frames that are reused to model postharvest physiological processes.
Process frames in the library can be related to represent more complex generic

pProcesses.
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the process frame FormationReaction. The guantities in the three frames are
the same, as iz represented by the QU relations. Separating the degradation
and formation processes enables the modeller to include only the effect on
one of these quantities. Complex chemical reactions can be modelled by using
decomposition frames for specialisations of the gquantities ConsumedReactant
and PreducedReactant.

5.2.5 Knowledge graph for the opening of rose flowers

The frames for the peneric processes described above are used to develop
a lmowledpe graph for the phenomenon of flower opening described in Sec-
tion 5.2.1. The product properties involved in this phenomenon are grouped
in the process frame FlowerQpening in the lmowledge graph displayed in Fig-
ure b.6.

ReactlonKInetlcs LimitedExponential
- DoAL
SimpleRate LE_Rate — = LE_Quantity
%
/!mu é chy' . .
Temperature - LE_Minimum FoaU | o
Y LE_Maximum
' %
aka | ako { AKO KO
FloweringObstruction \\\ : -
. FlowerOpening
Blocked _ZAY L Reachable - :
Vessels Stage Opening i Flowering
Rate : Stage
Threshold BT ii
Blocked FoAL ‘-\“\_\“ Reachable
Veassels Stage

Figure 5.6: Knowledge graph for the opening of rose flowers, representing that
the flowering stage can be modelled with a limited exponential function.

The behaviour of the guantities in this frame is specified by sko relations to
generic process frames from the library. The ako relation from the guantity
OpeningRate to the quantity SimpleRate in the generic frame ReactionKinetics
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specifies that the rate of lower opening is assumed to be monotonically chang-
ing with temperature. The other AK0 relations specify that the behaviour of
the flowering, stage of cut roses is modelled with a limited exponential function.

The process frame FloweringQbstruction is specific for the phenomenon of flower
opening, and represents that the maximum reachable flowering stage (Reach-
ableStage) depends on the number of blocked vessels. The product property
ThresholdBlockedVessels is a threshold value for the visible negative effect of
vessel blocking on the ReachableStage. The roau relation between these quan-
tities represents that the maximum reachable stage chanpges if the threshold
value chanpes.

The processes that are involved in the blocking of flower stem wvessels are
shown in Figure 5.4 on page 64. The decomposition frame Dec-BlockedVessels
demonstrates that the decomposition of the complex process of vesszel blocking
is modelled at the level of the quantities rather than at the level of processes:
the total amount of blocked vessels (BlockedVessels) is composed of the number
of vessels blocked by bacteria (BacteriaBlockedVessels) and the number of ves-
sels blocked by air bubbles (AirBlockedVessels). The process frame AirBlocking
is an empirical model of the part of the vessel blocking that is caused by air
entering the flower stem during periods of dry storage. The process frame Bac-
teriaBlocking iz a model for the part of the veszel blocking that is caused by the
bacteria concentration in the stem (ConcBacteriaStem). The latter quantity is
influenced by three processes: (1) growth of bacteria in the stem, (2} trans-
port of bacteria out of the vase water into the stem, and (3} growth of bacteria
in the vase water (ConcBacteriaWater). The transport process is represented
ag a pCau relation between the quantities ConcBacteriaWater and ConcBac-
teriaStem. These two guantities are specialisations of the generic guantity
ConcBacteria, that is influenced by the generic process BacteriaGrowth, stored
in the process library (Figure 5.5).

5.3 The Qualitative Process Analysis task

Qnalitative Process Analysis constructs one or more procesa structure grapha
for a phenomenon under study. A process structure graph is a graph of in-
teracting, processes, in which each process is an instance of a process frame
retrieved from the gualitative knowledpge level in the Drsimal library. Two
processes interact if a property that affects the one process, is itself affected by
the other process. A process structure praph may contain one or more product
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properties that are decomposed into more detailed product properties. The
process structure graph then contains a decomposition frame that represents
how the behaviour of the agpregate product property has to be described in
terms of the detailed product properties. Note that a process structure graph
will not contain decomposition frames, unlesz one or more product properties
in the process structure graph are modelled as compositions of more detailed
product properties.

A process structure praph only contains pcav and rcav relations, represent-
ing a piece of behaviour, and paRr relations, representing decompositions of
aggrepated properties into detailed product properties. The AKD and wgQu
relations represent structural knowledge, such as modelling assumptions and
specialisations. These relations are used in the Drsimal library to represent
relationships between frames. The process structure graphs do not contain
these relations. If a quantity has an AKD relation or an kU relation to a sec-
ond guantity, then the relations that hold for the second guantity also apply
to the first gquantity. This not only holds for the causal and par relations, but
also for the AkD and kQu relations, so that chains of modelling assumptions
and specialisations can be specified.

Qualitative Process Analysis starts from a modelling queation about the phe-
nomenon under study. The modelling question consists of a set of guantities
of interest and a set of exogenous quantities. The process structure graphs
constructed by the Qualitative Process Analysis task describe the effects over
time of the exogenous gquantities on the guantities of interest. Section 5.3.1
describes how the modelling question is specified.

Asg described in Section 4.3, Qualitative Process Analysis involves reasoning
about the reusability of the knowledge graphs in the Drsimal library, and
consists of a retrieval and an evaluation subtask. The retrieval subtask selects
from the DksiMaL library the process frames that describe an (indirect ) effect
of a process on a quantity of interest. This subtask also retrieves the decom-
position frames that represent how a guantity in one of the process frames is
decomposed into more detailed subguantities. The result are one or more com-
prehensive process structure graphs that include all processes that (indirectly)
affect the quantities of interest. The retrieval subtask is further described in
Section 5.3.2.

The evaluation subtask simplifies the comprehensive process structure graphs
derived in the retrieval subtask to process structure graphs that are adeguate
for the phenomenon under study. The resulting adequate process structure
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graphs only contain the process frames that represent an (indirect) effect of
one of the exogenous quantities on a guantity of interest. Furthermore, the
adequate process structure graphs only contain the decomposition frames that
introduce the detailed quantities that are needed to relate a quantity of interest
to an exogenous guantity. The evaluation subtask is further described in

Section 5.3.3.

5.3.1 Specify phenomenon

The modelling question for Qualitative Process Analysis consists of a set of
quantities of intereat, a set of erogenous quantities, and a set of irrelevant
quantities:

» (Juantities of interest. QQuantities that are expected by the modeller to
be involved in the behaviour of the phenomenon under study. Quantities
of interest determine which aspects of the phenomenon under study have
to be described at what level of detail

» Ezogenous quantifies. The input quantities of the process structure
graphs to be constructed. The praphs must describe the effects of these
guantities on the gquantities of interest.

» Irrelevant quantitics. Quantities that have to be excluded from the
process structure graphs. The modeller can specify a quantity to be irrel-
evant, if the effects of this quantity can be neglected in the phenomenon
under study, or to force an alternative description of the behaviour of
the gquantities of interest. This may be important when a guantitative
simulation model that was constructed on the basis of an earlier process
structure graph, proves to be inappropriate. To construct a different pro-
cess structure graph for the phenomenon, the inappropriate guantities
have to be excluded explicitly.

Usually, one or more external factors are used as exogencus quantities. The
external factors are affected both by the environment (e.g. a package) and by
processes occurring in the product (e.g. respiration and heat production). As
wag discussed in Section 3.3, the effects of the environment on the external
factors have to be described in a separate Environment Model. Effects on the
external factors of the processes occurring in the product have to be included
in the process structure graphs, only if the product iz in a confined space, such
as a package, or if interactions between products have to be considered, such
as in mixed loads. For phenomena studied in products in an unconfined space,
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the effects of processes occurring in the product on the external factors can

be neglected.

The modelling question iz in fact a representation of the experimental setup:
the exogenous quantities are the guantities that are varied in the experiment;
the guantities of interest are the gquantities of which the behaviour is studied
in the experiment. Therewith the modelling guestion also determines the
gystermn boundary of the process structure graphs and of the dynamic product
models developed from these praphs: the quantities of interest determine what
guantities st be described, and the exopenous quantities determine what
effects on the quantities of interest are of importance to the modeller.

5.3.2 Retrieval of relevant frames

The goal of the retrieval subtask is to construct one or more comprehensive
process structure graphs for the phenomenon under study. Fach comprehen-
sive process structure graph contains all chains of process frames that connect
the guantities of interest to the exogenous quantities via a specific set of in-
termediate quantities.

All process frames that have a direct effect on a gquantity have to be included
in the process structure graph, unless the process frame is itself influenced by
a gquantity that is irrelevant according to the modelling gquestion. Multiple
process structure graphs with different sets of mtermediate quantities are gen-
erated only, if any of the quantities of interest depends on a quantity that is a
composition of more detailed gquantities. The behaviour of such an aggregate
guantity can be modelled in two ways: at the aggregate level, or as the com-
position of its constituent detailed guantities. These models are represented
in separate process structure graphs. One process structure graph will con-
tain the decomposition frame for the aggrepate quantity and does not contain
the process frames that directly influence the aggregate quantity. The other
process structure graph will contain the process frames that directly influence
the appgrepate quantity, and does not contain the decomposition frame and the
detailed quantities.

The retrieval subtask uses the algorithm displayed in Figure 5.7 to generate
these comprehensive process structure graphs. The algorithm consists of the
following steps:

s Iteratively, a gquantity q is selected from the process structure graph
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mitialise Lhe sel of candidale process slruclure graphs
with a praph consisling of the guanlilies of nleresl and the exogenous
guanlilies speciflied in the modelling queslion.
foreach psg i Lhe sel of candidale process slruclure graphs:
foreach yuanlily g in psg Lhal i= nol an exogenous quanlily, and
thal s nol dependent on other quanlilies in Lhe psg:
foreach decomposilion frame df thal decomposes q inlo subguantilies
a) creale a copy psg2 of Lhe currenl process slruclure graph.
b) melude the decomposilion [rame df in psg2.
¢) add psg? lo the sel of candidale process slruclure graphs.
end foreach
if no decomposition frames found
then
foreach process [rame pf thal allecls g
include the process frame in the process sleuelure graph psg.
end foreach
foreach frame f included in psg:
foreach proup of AKO relalions belween quanlilies in f and
guarlilies in a more generie feame £2:
a) creale an inslance of Lhe frame £2;
b) add lhis inslance Lo the process slouclure graph.
¢) add this inslance (o Lhe sel of selecled Crames
Lo consider Lhe aK0 and EQU relalions in Lhis frame,
end foreach
foreach proup of EQU relalions belween guantilies in f and
guaniilies in anolher [rame £2:
if Lhe [rame 2 15 nol included in the process slruclure graph
then
a) add lhe [rame f2 lo Lthe process struclure graph.
b) add tlis inslance lo Lthe sel of selecied [rames Lo
consider the AKO and BEQU relalions in this [rame,
else
consider gl in [rame f and g2 in frame f2 (0 represent
the same producl properly.
end foreach
end foreach
end foreach
end foreach

Figure 5.7: Algorithm to generate comprehensive process structure graphs.
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under construction (psg), and the process structure graph is extended
with frames that represent an effect on thiz gquantity. The effects are
found by backward chaining over the causal relations. To prevent the
algorithm from entering an infinite loop when a guantity is part of a
feedback loop, a quantity q can only be selected if the process structure
graph does not have a relation from another quantity p to q- Fxogenous
guantities in the process structure graph will never be selected, as the
effects on these quantities have to be ignored. The algorithm stops
when all other quantities in the process structure graph are dependent
on exogencus quantities.

For each szelected quantity, the Drsimal library is searched for frames
that represent an effect on the selected guantity. Both process frames
and decomposition frames may be found.

Fach process frame iz included in the current process structure graph,
as a separate effect on the quantity that may be relevant for the phe-
nomenon under study.

Fach decomposition frame is inserted in a separate candidate process
structure praph, which is a copy of the process structure graph under
construction. This candidate process structure graph represents one
possible decomposition of the selected guantity into subguantities, and
is further developed in parallel with the current process structure graph.

Hence, if the Drsimal library contains one process frame and two de-
composition frames for an aggregate quantity, then in second step of the
algorithm three candidate process structure graphs will be constructed,
one containing only the process frame, and the other two containing only
one of the decomposition frames. If the DrsimalL library contains only
a decomposition frame for the aggregate guantity, then the algorithm
will still construct two candidate process structure graphs. One pgraph
will contain the decomposition frame, the other graph will describe the
guantity as an exogenous guantity.

Fach of the frames may contain AKo and kQu relations that connect
gquantities in the frame with gquantities in other frames in the process
structure graph or in the Dksimal library. All ako relations between
two frames are treated as a group. The same holds for the sgu relations.

For each group of AKD relations and for each group of Egu relations from
one frame to a second frame, an instance of the second frame iz created
and added to the process structure graph. Hence, the ru relations are
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treated in the same way as the AKD relations, only the semantics of thesze
relation types for representing knowledpge about physiological processes

differ.

The algorithm correctly includes feedback loops into the process structure
graph. Suppose the guantity of interest y depends on another gquantity x
which in turn depends on y. First quantity y will be selected, because it iz a
gquantity of interest. Searching the influences on y will introduce the quantity
x and the causal relation from x to y. Next, the quantity x is selected, and
influences on x are searched. This will mtroduce the causal relation from y to
x. As the process structure graph already contains a causal relation influencing
y thizs quantity will not be selected again to search influences for.

The mumber of candidate process structure graphs depends on the number
of aggregate gquantities and the number of available decomposition frames
for these aggrepate guantities. The candidate process structure graphs are
generated in the second step of the alporithm. In the way this step iz described
in the algorithm, this step may lead to a combinatorial explosion of the number
of candidate process structure graphs. For example, if the phenomenon under
study has to be modelled with two aggregate quantities, then four candidate
process structure praphs are penerated. In general, if » agpregate gquantities
are involved, then 2" randidate process structure graphs are generated.

This combinatorial explosion can be avoided in two ways. Firstly, a copy
of the process structure graph can be created only if the Drsimaln library
contains a process frame that influences the aggrepate quantity at the agpre-
gate level. If the DrsimalL library contains only decomposition frames for an
aggregate quantity, then the aggregate quantity cannot be modelled at the ap-
pregate level. In that case, the process structure graph in which the aggrepate
gquantity iz not decomposed becomes superfluous. For example, the quantity
BlockedVessels is a composition of the gquantities BacteriaBlockedVessels and
AirBlockedVessels (see the frame Dec-BlockedVessels in Figure 5.4). As there
are no process frames that affect this quantity at the aggregate level, the quan-
tity BlockedVessels must be described in terms of the detailed guantities. The
decomposition frame can be inserted into the process structure graph under
construction, instead of in a copy of the process structure graph.

Secondly, if an agpregate quantity is encountered, then at first only the agpgre-
gate level description can be generated. The modeller has to decide whether
to generate the process structure graph in which the apgrepate quantity is
decomposed into its subguantities.
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5.3.3 Selection of adequate process structure graphs

The process structure graphs constructed in the retrieval subtask contain all
process frames that represent effects on the quantities of interest, and all de-
composition frames that decompose a gquantity in the process structure graph
into more detailed quantities. For phenomena studied in a product in a con-
fined space also the process frames are included that represent effects of the
product on the external factors.

As the goal of Qualitative Process Analysis is to devise gualitative models
describing the effects of piven exogenous gquantities on one or more quantities
of interest, the constructed process structure graphs may contain frames that
are irrelevant for the phenomenon under study. In the evaluation subtask,
each comprehensive process structure graph is simplified to a process structure
graph that is adequate for the phenomenon under study.

A process structure graph is adequate for the phenomenon under study if the
following, conditions are satisfied:

s The process structure graph must contain all quantities of interest, but
may leave out exogenous guantities that do not affect any of the quan-
tities of interest. However, if the product in which the phenomenon is
studied iz in a confined space, the process structure graph has to contain
the external factors that are affected by the product.

s The behaviour of each agpregate quantity in the process structure graph
mst either be described at the apgpregate level, or in terms of the de-
tailed guantities of which the apgregate quantity is composed. In the
latter case, the process structure graph must contain a decomposition
frame that represents how the aggregate quantity iz decomposed into the
detailed quantities.

#» The process structure graph must only contain process frames that repre-
sent an (indirect) effect on a quantity of interest and that themselves are
(indirectly) affected by an exogenous guantity. If the product in which
the phenomenon is studied iz in a confined space, the process structure
graph has to contain the process frames that represent an effect on the
external factors affected by the product.

#» The process structure graph must be connected, to prevent the descrip-
tion of unrelated pieces of behaviour.
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The second condition specifies that an agpregate quantity cannot be both af-
fected by a process, and decomposed into its subgquantities in the same process
structure graph. These are two alternative ways of modelling of an aggregate
guantity, that have to be represented in two separate process structure graphs.

Both the aggrepate level description and the detailed level description are
considered to be adequate models for an agpregate quantity. Thisis in contrast
with the approaches to antomated modelling reviewed in Chapter 4. In these
approaches each element in the studied system is described at an apggregate
level, until this description proves inadequate to account for the observed
behaviour of the element. In that case, another assumption is selected from
the assumption class for the aggregate quantity. The new assumption implies
a change of the model, so that the behaviour of the element is described at a
more detailed level. Besides the assumption classes, [Falkenhainer and Forbus,
1991] use granularity assumptions to specify the level of detail that is required
in the constructed model. Fach granularity assumption specifies an element
that has to be incorporated in the model, and furthermore specifies that that
element cannot be decomposed into itz sub-elements.

The third condition states that processes that (indirectly) cause changes in a
gquantity of interest, but that are themselves not affected by exopenous quan-
tities in the phenomenon under study, are considered to be irrelevant. Hence,
it is this condition that leads to a simplification of the comprehensive process
structure praphs. The processes that are not affected by exopenous gquantities
can be ignored, because the process structure graphs are constructed for a spe-
cific modelling question. The guantities in the modelling question determine
which influence paths are relevant. The other influences on the quantities of
interest are irrelevant for the modelling question. If, according to the modeller,
these influences are relevant, then the modelling question has to be chanpged.

The comprehensive process structure graphs are simplified by determining the
influence paths from the exogenous guantities to the guantities of interest.
This is done by a traversal over the pcau, Fecau and pPar relations in the com-
prehensive process structure graph, starting, from the exogenous guantities and
ending with the gquantities of interest. The frames that are not on these paths
are considered to be irrelevant. In this manner, all effects of the exogenous
guantities on the gquantities of interest are kept in the process structure graph.
Also all effects of processes on the external factors are kept. Although this
satisfies the third condition given above, a modeller may want to leave out
some of the effects represented in the adequate process structure graph.
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For example, the effects on the external factors can be neglected, if the prod-
uct in which the phenomenon is studied is in an unconfined space. Az a second
example, if a phenomenon under study includes an enzymatic reaction, then
the comprehensive process structure graph constructed for that phenomenon
will always contain a denaturation process for that enzyme. If the temper-
ature iz specified as an exopenous guantity, the evaluation task will consider
the denaturation process to be relevant. The evaluation task cannot decide
whether or not the denaturation process is indeed relevant for the phenomenon
under study, because this depends on the situations in which the phenomenon
is studied.

The above examples show that after the evaluation task, a modeller may
further simplify the adequate process structure praphs by leaving out certain
processes that in the modelling task are considered to be relevant.

5.3.4 Process structure graph for bacteria growth

The subtasks of the Qualitative Process Analysis task are illustrated with
the construction of a process structure praph for the generic bacteria growth
process. The Imowledge graph of this generic process iz displayed in Figure 5.5.
For this example, suppose that the modelling gquestion specifies ConcBacteria
as the quantity of interest, and Temperature as the exogenous gquantity.

The steps in the construction of the process structure graph are displayed in
Figure 5.8. To find the process structure graph for this modelling question,
Qualitative Process Analysiz starts with a process structure graph that con-
taing only the guantities ConcBacteria and Temperature. The initial process
structure graph is displayed in Figure 5.8 (A).

e First, the process frame BacteriaGrowth iz included, as this is the only
process frame in the Desimal library that influences the gquantity of
interest ConcBacteria (Figure 5.8 (B)).

» Next, the akp relations from this process frame to the process frame
AutoCatalysis are followed. Instantiation of this process frame intro-
duces an additional quantity AC_Minimum_, and adds the relations be-
tween the guantities already included in the process structure graph

(Figure 5.8 (C)).

e The quantity BacteriaGrowthRate also has an Ak relation to the process
frame Reaction5etKinetics. Instantiation of this process frame introduces
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Temperature Cone
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A: The initial process structure graph.
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B: Add the process frame BactetiaGrowth.
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D: Include ReactionSetkKinetics for BacteriaGrowthFHate.

Figure 5.8: Construction of a process structure graph for the generic process of
bacteria growth. Each part of the figure displays one step in the construction
of the process structure graph. Boxes represent frames that are added in the
step. Arrows in black represent the partial process structure graph constructed

so far.
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the relation between Temperature and BacteriaGrowthRate. The final
process structure graph is displayed in Figure 5.8 (D).

5.4 Discussion

This chapter presented the Qualitative Process Analysis task of the DrsiMaL
approach to automated modelling of postharvest physiological phenomena.
Qualitative Process Analysis uses gualitative models of peneric postharvest
physiological processes to construct process structure graphs for a phenomenon
under study. A process structure graph iz a gqualifative model of the phe-
nomenon under study, that represents a decomposition of the phenomenon
into a set of interacting generic processes. A process structure graph is not
intended for simulation of the behaviour of the phenomenon, and does there-
fore not contain quantitative information about the phenomenon. The next
chapter describes the second subtask of the DesimaL approach, called Sim-
ulation Model Construction. This subtask uses the process structure graphs
tO generates one or more quantitative simulation models for the phenomenon,
called dynamic product models.

5.4.1 Representation of physiological processes

The Imowledge praph formalism used in DesiMaL i3 based on the knowledpe
graph formalism described in [James, 1991]. Below the semantics of the five re-
lation types used n DrsiMaL are summarized, and compared to the formalism
presented in [James, 1991].

e PAR relations

A par relation relates an aggregate product property to one of the de-
tailed product properties into which the apggrepate product property can
be decomposed. The rar relations are also used to represent guality
assipnment relations between a quality attribute and the intrinsic prod-
uct properties that are perceived and evaluated to assess the guality
attribute. Hence, a guality attribute is treated as an aggregate product
property-

In the Imowledge graph representation of [James, 1991] the par relations
are used to represent that one domain concept is a part of, or an attribute
of, another domain concept. In DEsimaL, however, the rar relation type
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is used only to connect product properties at different levels of detail
Product properties in the Drsimal library may have attributes. These
attributes are represented as separate product properties, and may be
affected by other processes. The knowledpe praphs in DesiMaL only rep-
resent the behaviour of the product properties. Therefore, the influences
between an attribute and a product property are represented, but the
part-of relationships between an attribute and a product property are
not.

¢« pCav and reavu relations
In DesiMar the cav relation type is refined into rcav and pCAU re-
lation types to explicitly distinguish between functional and differential
causality. A functional causal relation (rcav) represents that one quan-
tity affects the value of another quantity. A differential causal relation
(pcav) represents that one guantity affects the rate of chanpe (first
derivative} of another quantity.

¢ AKD and EQu relations
In the knowledge graph formalism of [James, 1991] a frame can have
a relation to any other concept in the knowledpe praph. All relation
types that are allowed between simple concepts are alzo allowed between
frames.

In DesimaL relations at the level of frames are not allowed, all relations
must be at the level of the quantities. Furthermore, only kEgu and AknD
relations are allowed to connect guantities in different frames. An kgQu
relation specifies that two guantities in different frames represent the
same product property. An aKD relation specifies that a quantity in one
frame i= a specialization of a gquantity in another frame.

An Ak relation is not only used to represent generalization mowledge,
but, more importantly, can also be used to represent a modelling as-
sumption about a quantity: an AKD relation from a specific quantity to
a more generic quantity then represents that the specific quantity is as-
sumed to have the same behaviour as the generic quantity. A modelling
assumption that a process is a specialisation of a more peneric process
is represented by AKD relations between the product properties in the
frame for the specific process and the product properties in the frame
for the peneric process. The Ak0D relations specify an explicit mapping
between the guantities in the specific frame and the guantities in the
peneric frame.
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e types of frames
In the kmowledge graph formalism of [James, 1991] a frame can represent
any complex conceptual structure consisting of several other concepts
and the relations between these concepts.

The knowledpe pgraphs in Drsimal use two types of frames, correspond-
g with the two types of building, blocks of the process structure graphs.
A process frame represents a physiological process, and may only con-
tain pcav and roav relations. A decomposition frame contains only
paR relations to represents the complete decomposition of one aggrepate
product property into detailed product properties.

The TripEL system [Rickel and Porter, 1994; Rickel, 1995] also uses a graph
representation for the domain lmowledge about plant physiology. The be-
havioural kmowledge iz represented by functional and differential influences.
A functional influence between two guantities represents that the one gquan-
tity is a function of the other guantity, and thus corresponds to the roau
relation in Dksimar. A differential influence between two guantities repre-
sents that the rate of chanpe of the one gquantity is a function of the other
guantity, and thus corresponds to the pcav relation in Drsimal.

The influences in TriPEL specify the direction of change (4, —). This infor-
mation iz used to predict the behaviour of the variables of interest. A cansal
relation in the DksiMmal library does not specify a direction of chanpe. In
Desimal the causal relations only specify that one guantity depends on an-
other quantity. The exact form of the dependency, including the direction
of change caused by the influencing gquantity, is specified in the mathematical
model that will be selected for the causal relation during the Sirulation Model
Construction task.

The TRrIPEL system uses two constricts to represent differences in the level of
detail. On the one hand, ezplanation relations are used to represent that a pro-
cess can in more detail be described as a set of subprocesses with intermediate
quantities.! On the other hand, encapswlation relations are used to represent
that a quantity can be decomposed into subquantities with intermediate pro-
cesses. In our view, the explanation and encapsulation relations represent the
same kind of knowledge (namely about possible decompositions), but from
different viewpoints (explanations from the viewpoint of the processes and en-
capsulations from the viewpoint of the quantities). The decomposition frames

! Actually, the explanation relation is defined on the influences, but an influence can be
seen aa a primitive process.
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in Desimal correspond to encapsulation relations.

5.4.2 Specification of the modelling question

Qualitative Process Analysis starts from a modelling question that consists
of a set of gquantities of interest, a set of exogenous quantities, and possibly
a set of irrelevant gquantities. The phenomenon has to be modelled in such a
way that the quantities of interest are described explicitly. All gquantities of
interest have to be included in the process structure graph. The modelling
task fails if it iz not possible to create a connected process structure graph
containing all specified quantities of interest.

This definition of quantities of interest corresponds to the definition given in
[Top, 1993, page 32], where quantities of interest defined as the ‘measurable
gualities through which the model must mimic the observed system. Quan-
tities of interest are the principal entities in the model’. His evolutinnary
modelling method starts from a question about a system under study. The
guestion mentions one or more quantities of interest the behaviour of which
has to be described by the model. Contrary to the approaches to automated
model construction, the structure of the system under study is not formally
specified. It iz supposed that the modeller has a diagram or mental model
of the system under study, and that the assumptions made by the modeller
during, the modelling process correspond with this diagram or mental model.

The model construction task in the TRiPEL system [Rickel and Porter, 1994;
Rickel, 1995] starts from a prediction guestion that consists of variables of
interest and driving variables. For each driving variable a value or a direction
of change is specified. The goal of the modelling task iz to build a model
that describes the chanpges in the variables of interest caused by the values
and directions of change of the driving variables. The model construction
tagk selects a suitable system boundary. The variables on thiz boundary are
called exopenous variables. These exogencus variables are thus not given by
the modeller, but are determined by the TrirEL system. A wvariable in a
model constructed by TRIPEL is exogenous if it has a significant influence on
a variable of interest, but any influence on the variable itself is not significant.
A driving variable need not be an exogenous variable, but may be influenced
by other variables in the constructed model.

In the DksimalL approach the exogenous variables are usually external factors,
such as temperature and air composition, and correspond with the driving vari-
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ables in TriPrL. Az the poal of our approach iz to describe the behaviour of
the guantities of interest in function of the behaviour of the exogenous quan-
tities, the modelling question does not specify initial values for the exogenous
variables. As in the TriPEL approach, an exopenous variable may be influ-
enred by quantities within the phenomenon under study. However, influences
on the exopenous gquantity that do not belong to the phenomenon under study
are ignored. This definition allows that the effects of a product in a confined
gpace, e.4. a package, on the immediate environment of the product are in-
cluded in the process structure graph, but changes in the environment caused
by the package, such as diffusion through the package material, are ignored.

5.4.3 Determining the relevant system

The approaches to antomated model construction reviewed in Section 4.2.2
produce the simplest suffirient model for a given query. These models are
constructed for testing hypotheses about the behaviour of the system under
study: pgiven a set of values and derivatives for the driving variables, the
only purpose of the model iz to describe the changes in the guantities of
interest caused by the driving variables. This justifies the automatic selection
of the simplest possible model. The Dksimal approach aims at supporting
the modeller in the decomposition of the phenomenon under study into a set
of peneric or fundamental processes. Therefore, every quantity is considered
relevant, that is directly or indirectly affected by an exogenous quantity, and
that itself directly or indirectly affects a quantity of interest. The alternative
process decompositions are presented to the modeller, who can then select the
suitable decomposition. In this way, the modeller can test hypotheses about
the appropriate process decompositior for the phenomenon under study.

In the DrsimalL approach first a comprehensive process structure graph is con-
structed that contains all influences of the exopenous quantities on the guanti-
ties of interest. The comprehensive process structure graph is constructed by
backward chaining over the relations in the knowledge graph frames, and may
also contain influences from gquantities other than the exogenous quantities.
If the phenomenon under study involves gquantities that can be described at
different levels of detail, then for each level of detail a separate comprehensive
process structure graph is constructed. Next, each constructed comprehensive
process structure graph is simplified into a process structure graph that de-
scribes the part of the phenomenon that is relevant for the modelling question.
This process structure graph is determined by selecting all frames on a path
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between an exogenous quantity and a gquantity of interest.

The relevant process structure graph represents all effects of the exogenous
gquantities on the quantities of interest. Usually, this process structure graph
has to be further simplified. Simplification is done by the modeller, who has to
adapt the modelling guestion, and specify some gquantities in the constructed
model to be irrelevant or exogenous. The Qualitative Process Analysis task
has to be executed again to construct the smaller process structure graph.
Hence, the simplification is done after the construction of the comprehensive
process structure graph for the phenomenon under study. This supports the
idea that a modeller has to lmow and understand the complete behawviour
before certain parts of that behaviour can safely be disregarded.
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Chapter 6

Simulation Model

Construction

6.1 Introduction

The Drsimal approach to automated modelling support consists of two sub-
tasks. In the first subtask, Qualitative Process Analysis (see Chapter 5}, qual-
itative models, called Process Structure Graphe (PSQ), are constructed that
represent how a phenomenon under study can be decomposed into a set of
interacting generic processes.

The process structure graphs are not used for simulation, but serve as require-
ment specifications for the second subtask, Simulation Model Construction.
A process structure pgraph specifies the processes that are occurring in a phe-
nomenon under study and the interactions between the processes. In the
Simulation Model Construction task, for each process structure graph one or
more gquantitative simulation models, called Dynamic Product Models (DPM),
are constructed by selecting appropriate quantitative models for each process
and for each interaction. Although a simulation model could be constructed
immediately from the observed behaviour of the phenomenon, the process
structure praph helps to construct simulation models that describe the under-
lying processes rather than only the observed behaviour of the phenomenon.

The Simulation Model Construction task uses the applicability mowledge and
the mathematical knowledge in the Dwpsimal library. This iz displayed in
Figure 6.1, which is the lower part of Figure 4.2 discussed in Section 4.3.

87
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Applicabilty knowledge

mapping batween
mathematical mode ks and Frocess

qualiative modeks Structure
___________________ Graphs }
Mathematical knowledge

mathamatical mode k= -
of physic kgical bahaviour

Simulation
Modal
Construction

v

Dynamic
Product
Modelz

Figure 6.1: Overview of the Simulation Model Construction task.

A dynamic product model is a compoasitional simulation model, consisting, of
a set of mathematical models and a simulation-control component to activate
these models. The models in a dynamic product model are connected by
interactions that transfer the value of an output variable of one model to a
value for an input variable of another model.

The mathematical models are formulated as sets of differential and algebraic
equations. The specification of a mathematical model in the DrsimaL library
consists of its formulation, its variables, and the operating conditions for which
the formulation is valid.

The dynamic product model describes the physiclogical behaviour underlying
the quality change of an agricultural product during postharvest distribution.
The guality change phenomenon may involve processes that are active only
during, a certain period of the distribution. To efficiently simulate the be-
haviour of the quality chanpe phenomenon, the dynamic product model must
be able to dynamically activate and deactivate the mathematical models for
such processes during a simulation experiment. To this aim, the dynamic
product model has a simulation-contrel component that is a declarative spec-
ification of the conditions at which the models in a dynamic product model
have to be activated and deactivated. In this way, a dynamic product model
describes the activation and deactivation of processes occurring in the phe-
nomenon under study. Furthermore, the dynamic product model can activate
alternative mathematical submodels for one process, depending on the actual
values of the variables. In Section §.3 the elements and the specification of a
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compositional simulation model are elaborated.

Fach mathematical model in the Drsimal library corresponds to one or more
process frames or decomposition frames in the library. Knowledge about the
application of the mathematical models to the Inowledge graph frames in the
Desiman library is represented in separate applicafion frames. An application
frame for a mathematical model in the DrsiMaL library specifies for which
knowledge graph frames the model can be applied, and specifies constraints
of the mathematical model with respect to other mathematical models. The
contents and the representation of the applicability knowledge in the DrsimMaL
library are described in Section 6.4.

The goal of the Simulation Model Construction task is to retrieve from the
Desimal library those mathematical models that are applicable for the given
process structure graph, and to construct the simulation-control component
to activate these mathematical models. The Simulation Model Construction
task is further described in Section 6.5. Finally, Section 6.6 describes how
the specification of a dynamic product model iz translated into an executable
gimulation model.

6.2 Example: modelling an enzymatic reaction

The Simulation Model Construction task is illustrated by the construction
of an executable simmlation model for an enzymatic reaction. An enzymatic
reaction is a chemical reaction in which one reactant, an enzyme E, iz a catalyst
for the conversion of the reaction substrate 5 into the reaction product P. The
enzyme itself iz not used up by the enzymatic reaction. Typically, the following
overall reaction scheme is assumed:

S+E_F. PLF.

The gquantitative model for an enzymatic reaction depends on the assumed
type of kinetics, which can be first-order (Arrhenius) or Michaelis-Menten.
Assuming first-order kinetics leads to the guantitative model:

= kSE
L= _kSE

where % is the reaction rate according to Arrhenius’ law.
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Often Michaelis-Menten lkinetics are assumed for an enzymatic reaction
[Chang, 1981]. Michaelis-Menten kinetics are more complex than first-order
kinetics, in that Michaelis-}enten kinetics assume a so-called active complex
AC of the substrate § and the enzyme E, from which the reaction product P is
formed. The active complex iz assumed to be in dynamic equilibrium with the
substrate and the enzyme. This equilibrium is maintained by two reactions
between the substrate and the enzyme and the active complex:

ksl kp
S+E — AC P+ E
ksﬂ

Hence, azsuming Michaelis-\Menten kinetics leads to a complex reaction mech-
anism, that consists of three reactions with separate reaction rates. The com-
plete guantitative model for an enzymatic reaction with Michaelis-Menten
kinetics is:

- T

mer kaD

Kn = (ksﬂ + kp),lfksl

P = B+85:-5
e} |

&= TELET

In the remainder of this chapter, the construction of an executable simulation
model for an enzymatic reaction is used as a running example to illustrate the
tagk and knowledpge representation for Simulation Model Construction.

6.3 Compositionality in simulation models

The dynamic product models constructed in DrsiMaL are compositional sim-
ulation models. In [van Langevelde et al., 1992], a compositional system is
defined to consist of a set of components, a set of interactions between the
components, and a control level. The control level is a declarative speci-
fication of the conditions at which the components must be activated and
deactivated. Interactions between components are used to transfer the values
of output variables of one component to valies for input variables of another
component. Fach component represents an aspect of the modelled system or
phenomenon that can be described in isolation.

The dynamic product models constructed in DrsiMaL are compositional sys-
tems in the above sense, and consist of mathematical models, interactions
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between these models, and one simulation-control component.

5.3.1 Mathematical models

The mathematical models contain the mathematical equations of a dynamic
product model. Each mathematical model describes the changes in intrinsic
product properties caused by one process or one aspect of a process.

Figure 6.2 displays the mathematical models for an enzymatic reaction with
Michaelis-Menten linetics. The three models in the left column describe the
changes in P and 5 with Michaelis-Menten kinetics. The model Michaelis-
Menten is the generic model, and has no restrictions on its operating region.
The models linear-MM and exponentialMM are approximations of this model,
and are only valid in well-defined operating repions. The input variables ¥max
and Km of these three models are combinations of other variables. The calcu-
lation of VYmax and Km is specified in separate models maximum-rate-MM and
specificity-M M. The variable ¥max is a function of the concentration of active
enzyme E and the chemical rate kp. The variable Km is a function of chemical
rates ksl, ks? and kp of the individual chemiral reactions in the enzymatic
conversion.

The specification of a mathematical model consists of its formulation, itz op-
erating conditions, and the variables that appear in the formulation and in
the operating conditions.

» variables
This section specifies the variables that appear in the formulation and in
the operating conditions of the mathematical model. The variables are
listed by their role in the mathematical model: input, internal or output.
A variable that is an input of a model may also be cutput of the model
An example is the variable 5 in the models linear-MM, exponential-MM,
and Michaelis-Menten in Figure §.2.

* formulation
Each formula in the formulation of a mathematical model has to be an
azzsignment of the value of the right hand side expression of the formula
to an internal or cutput variable of the model. Implicit equations, such
as z + y = 0, are not allowed.

An expression integrate(diffeq) in a formula specifies that the value of the
output variable iz the result of an integration of the differential equa-
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tion diffeq over some small time step. The time step iz determined by
the numerical integration routine applied when executing the dynamic
product model, and is not part of the specification of the mathematical
model, nor of the dynamic product model. The integrate expression in
the formulation of the model linear-MM specifies the differential equation

dS'fdf = — J;nrc.r.-

» operating conditions

The operating conditions specify the value ranges of the variables in
the dynamic product model for which the formulation of the model is
valid. The operating conditions are specified as (in)equalities between
variables used in the dynamic product model. Hence, in the operating
conditions for one mathematical model also variables from other math-
ematical models may be used. An example iz the Km variable in the
model linear-MM. Although Km is not used in the formulation of the
model, the value of Km determines when it is allowed to approximate
the rates of change of 5 and P by a linear function.

An important property for alibrary of models is that one model must not make
assumptions about other models in the library, because this would imply that
once that model iz applied, then also the other models have to be applied.
The models are not independent any more. This iz called the No Function In
Structure principle [de Kleer and Brown, 1984]. If a variable in the operating
condition of a mathematical model in the Drsimal library is not used in the
model formulation, then this means that the model in fact has an additional
input variable. No assumption iz made about which model has to be used
to calculate the value of the variable. Hence, the No Function In Structure
principle is not violated.

6.3.2 Interactions hetween models

In general, when a simulation model is developed by reusing previously devel-
oped models, the value of the output variable of one model has to be trans-
formed before it can be used as an input for ancther model. These transfor-
mations are often hidden in the formulations of the models.

In a dynamic product models constructed by Dresimal these transformations
are explicitly specified by interactions. An #nteraction connects one output
of a mathematical model to one input of another mathematical model, and
specifies a conversion function to transfer the value of the output variable to a
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model linear- MM
variables
mmput 5, Vmax, Km
ocutput 5, P
operating conditions
8> %.Km
formulation
P:=P0) + 5(0) =5
8 := integrate(— ¥ max)
end model

model exponential-MM
variables
mput 5, Viax, Kim
output 5, P
operatimy, conditions
5 < Km/?
formulation

P:=P{0) + S5(0) -8

5= imtepgrate( —(VYmax/Km) -

end model

model Michaelis-Menlen
variables
mmput 5, Vmax, Km
output 5, P
formulation

P:=P{0) + S5(0) -8

5= imtegrate( —(Vmax - 5)/(Kin+5) )

end model

93

muodel maximum-rale-MM
variables
input kp, E
output Yinax
formulation
Vmax :=kp - E
end model

muodel specilicily-MM
variables
input k=1, ks, kp
output K
formnulation
K := (ka2 +kp)/ksl

end model

Figure §.2: Mathematical models for enzymatic reactions assuming Michaelis-

Menten kinetics.
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value of the input variable. Note that with this definition, several interactions
are necessary when two models share more than one variable.

An interaction is not intended to describe a part of the physiological behaviour
of the phenomenon under study, but iz a technical construct to accommodate
the composition of previously developed mathematical models. Therefore, the
conversion function has to be an algebraic and time-independent function, in
which only the value of the variable to be transformed and constants may be
used.

Besides the conversion function, the specification of an interaction contains
one source variable, one target variable and the guantities represented by
these variables. The variables in the models need not be unique in a dynamic
product model. However, each gquantity in the qualitative level of the Drsimal
library has a unique name and a well-defined semantics. Hence, the interaction
iz in fact defined in terms of the guantities. For example, the interaction in
Figure 6.3 specifies the conversion of the value of any variable representing
the quantity Temperature to a value for any variable representing the gquantity
AbsoluteTemperature. This interaction can be applied to convert the obzerved
temperature in the product environment into an input variable for the model
Arrhenius, that describes the dependence of the rate of a chemical reaction on
temperature.

interaction Cenliprade-lo-Kelvin

variables

source ‘I’

tarpet ‘Tabs
quantities

source lemperaiure

tarpet Absolulelemperal ure
conversion function

Tabs ;=1 + 274.15

end interaction

Figure 6.3: The specification of an interaction to transfer temperatures on the
Celsius scale to absolute temperatures.

Often, an output variable of a model need not be converted before it can be
used as an input of another model. In these cases, the variables in the two
models are connected by an interaction in which the conversion function is
identity. The interaction then merely indicates that the output of one model
is used as an input of another model.
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6.3.3 The simulation-control component

A dynamic product model has a separate simulation-control component, that
controls the execution of the dynamic product model, and is active throughout
a simulation experiment. The simulation-control component is a declarative
specification of the conditions at which the models in the dynamic product
model have to be activated and deactivated.

Three requirements have to be satisfied before a mathematicral model in the
dynamic product model can be active at a certain time point: (1) the process
described by the model must be occurring at that time point, (2} the val-
ues of all input variables of the model must be mown, and (3) the operating
conditions of the model must be satisfied. The simulation-contrel component
containg rules for each of these requirements. These rules are processed sepa-
rately and continuously during a simulation experiment.

A simulation-control component consists of three sections: Initialisation, Execu-
tion, and Termination. The sections are described below.

Initialisation This section specifies the initial values for variables in the
dynamic product model, and may also activate models to calculate variables
that depend only on variables that have a constant value throughout the sim-
ulation experiment. These models are thus activated only once, and must be
time-independent. The Initialisation section is processed at the start of the
simulation experiment.

Execution The dynamic product model is a continuous time simulation
model, and uses a numerical integrator to run the simulation, see Section 6.6.
The numerical integrator divides the continucus simulation interval into a
number of small time steps. At the start of each time step the rules in the
Execution section are processed to determine which models in the dynamic
product model have to be activated or deactivated to simulate the behaviour
during that time step. Figure 6.4 shows the execution rules of a simulation-
control component in a dynamic product model that contains the models for
an enzymatic reactions displayed in Figure 6.2 and two identity interactions
transfer-Vmax and transfer-Km that transfer the variables VYmax and Km be-
tween the models. The Execution section containz three types of rules:
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Subslrale > ) and AcliveEnzyme > ()
oeeurring-process( Boegymalic Reaclion )
occurring-process{ Kngymalic Reaclion )
applicable-model [ Michaelis-Menlen )
oeeurring-process( Boegymalic Reaclion )
Subsirale > 2*Km

applicable-odel ( linear-MM )
occurring-process{ Kngymalic Reaclion )
Subslrale < K /¥

applicable-model | exponential-MM )
occurring-process{ Kngymalic Reaclion )
applicable-model (| maximum-rate-MM )
occurring-process{ Kngymalic Reaclion )
applicable-model ( specificily-MM )
applicable-model { maximum-rale-MM )
model-aclivalion( maximum-rale-MM )
applicable-model ( specilicily-bMM )
model-aclivalion( specilicily-MM )
applicable-odel( linear-MM )
model-lepminaled( maxitum-rale-MbM )
model-lerminaled( specilicily-MM )
inleraclion-aclivalion( Lransler-Yinax)

inleraclion-aclivalion( Lransler-Kin)
model-aclivation( linear-MM )

applicable-model ( exponential-MM )
model-lecminal ed( maximum-rale-MBJ )
model-lecminaled( specilicily-MM )
inleraclion-aclivalion( Lransler-Yimax)
inleraclion-aclivalion( Lransler-Kin)
model-aclivalion( exponential-MM )
applicable-model [ Michaelis-Menlen )
not applicable-model( linear-MBM )

not applicable-model( exponential-MM )
model-lepminaled( maxitum-rale-MbM )
model-lerminaled( specilicily-MM )
inleraclion-aclivalion( Lransler-Yinax)
inleraclion-aclivalion( Lransler-Kin)

model-aclivalion( exponential-MM )

Figure 6.4: The Execution section in the simulation-control component of a

dynamic product model for an enzymatic reaction with Michaelis-3lenten ki-

netics.
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» occurring-process rules
The first rules are ccecurring-process rules. The simulation-centrol compo-
nent must have an occurring-process rule for each process that is modelled
in the dynamic product model. This rule type specifies the conditions
at which the process will occur. An occurring-process rule is expressed
in terms of the quantities that are involved in the process.

For example, rule 1. in the Execution section in PFigure 6.4 specifies that
the EnzymaticReaction occurs as long as there iz a substrate and an active
enzyme.

Thesze rules are specified for process frames only. Decomposition frames
specify a relationship between guantities, that is similar to the interac-
tions between models. Therefore, decomposition frames are activated in
the same way as interactions. This will be described below.

» applicable-maodel rules
The occurring-process rules specify which processes are active. The mod-
els in the DPM that are applicable to simulate the behaviour of these
processes are specified by applicable-model rules.

The simulation-control component must have an applicable-model rule
for each model in the dynamic product model that describes a process.
Apain, models for decomposition frames are treated differently. This
rule type specifies the (combinations of} processes for which the model
can be applied, and the operating conditions for the model, as specified
in the Desimal library.

Rules 2. thru 6. in Figure 6.4 are the applicable-model rules. Qf these,
rule 3. specifies that the model linear-MM can be applied to describe the
process frame EnzymaticReaction, if the process is occurring and if the
value of the variable representing Substrate is at least twice as large as
the value of the variable that represents Km.

e model-activation rules
The applicable-model rules specify which models are applicable for the
occurring processes. A model can be activated if it is applicable for an
occurring process, and if the values of the input variables of the model
are lmown. The latter condition ensures that the applicable models are
activated in the order of computation.

The simulatien-control component must have a model-activation rule for
each model in the dynamic product model. The condition part of
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this rule type is a logical combination of applicable-model and model-
terminated clauses. The action part i= a sequence of interaction-activation
clauses followed by one model-activation clause.

The applicable-meodel clauses specify which models have to be applica-
ble and which models may not be applicable, in order to activate the
current model If several models in the dynamic product model are ap-
plicable for a process, then the applicable-model rules for these models
may specify overlapping conditions. The applicable-model clauses in the
model-activation rules for these models must be formulated such, that
always exactly one of these models is activated. For example, three
models are available to describe the changes in the Substrate. The mod-
els linear-MM and exponential-MM have disjunct operating regions, but
the model Michaelis-Menten is always applicable. The last three rules in
Figure §.4 specify that the approximations must be activated whenever
these models are applicable, and that the model Michaelis-Menten must
be activated only if the approximation models are not applicable.

The model-terminated clauses ensure that the model is activated, only if
other models that calculate the input variables have been activated and
terminated during the current time step. The model-terminated clauses
explicitly represent the order of computation of the applicable models.

Before a model can be activated, the values for its input variables have
to be transferred from the models that calculated these values. If the
input variable of the model to be activated represent the same gquan-
tity as the output of another model, then an interaction has to be used
to link the input variable to the ocutput variable, If the input variable
represents a guantity that is a composition of other guantities (as rep-
resented by a decomposition frame in the process structure graph}, then
the corresponding model for this decomposition frame has to be used
to calculate the new value for the input variable. Note that the de-
composition models are treated as interactions, with several source vari-
ables an one target variable. The necessary interactions are specified by
interaction-activation clauses.

At the start of each time step, the rules in the Execution section are
processed to decide which models in the dynamic product model have to
be activated. These models are activated to calculate new values of the
output variables. During one time step, a model can be activated only
once. Hence, loops in the dynamic product model will always involve
two time steps.
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Termination This section contains a simulation-termination condition that
specifies when the dynamic product model normally has to terminate. The
dynamic product model terminates successfully, if this condition iz satisfied.
The dynamic product model terminates unsuccessfully if at a certain time
point no models can be activated. In that case, the simulation has reached a
state that was not foreseen during model construction, so the dynamic product
model was used outside its region of operation.

The Termination section in the simulation-control component of a dynamic
product model for an enzymatic reaction may be as follows:

Termination
if ActiveEnzyme = 0 or Substrate = 0
then simulation-termination

6.4 Applicability documentation

So far, two representation formalisms have been described for the postharvest
physiological behaviour of agricultural products: a gualitative representation
in terms of processes and decompositions of quantities (Section 5.2.3}), and a
quantitative representation in terms of mathematical equations {Section 6.3).

To connect these two representation formalisms, the Drsimal library has an
intermediate knowledge level consisting of application frames. An application
frame relates one mathematical model to one or more qualitative knowledge
graph frames. The application frames provide additional Imowledge that is not
present in the specifications of the mathematical models, but that iz necessary
for automated construction of the dynamic product models.

An application frame for a mathematical model specifies a proceas structure
consisting of the qualitative Imowledpe graph frames for which the mathemat-
ical model is applicable, and an interpretation that maps the variables of the
mathematical model onto the guantities in the process structure.

6.4.1 The process-structure specification

The precess-structure specifies the knowledge graph for which the mathematical
model is applicable, and iz a conjunction of four predicates:
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e A term describes-process(pf) specifies that the model describes the pro-
cess frame pf.

* A term describes-decomposition(df) specifies that the model describes the
decomposition frame df.

e A term ignores-process(pf) specifies that the mathematical model is for-
mlated with the assumption that the quantities in the described pro-
cesses and decompositions are not influenced by the process frame pf.

e A term ignores-decomposition(df) specifies that one of the quantities in
the process structure has to be described as an apgrepgate quantity, and
cannot be decomposed into its subguantities, as described in the decom-
position frame df.

A term ignores-decomposition(df) can only be used to specify that a guantity
in the process structure graph has to be described as an agpregate quantity.
This quantity may not be an input of the model, because this would represent
an assumption about the way in which the inputs of the model are calculated.
This would violate the aforementioned No Function In Structure principle.

A term ignores-decomposition(df) cannot be used to specify that one quantity
in the process structure graph may not be a subquantity of another gquantity
in the process structure graph. This would mean that the behaviour of the
guantity depends on its use, which is not allowed.

A conjunction of the predicates specifies that the model describes a connected
graph of the specified frames. For example, the process-structure of an appli-
cation frame for a model describing the effect of bacteria on vessel blocking
would be:

describes-decomposition( Dec-Blocked Vessels) and
describes-process(BacteriaBlocking) and
ignores-process(AirBlocking).

This model disregards the vessel blocking caused by air bubbles that entered
the flower stem during a pericd of dry storage. However, it still contains the
guantity AirBlockedVessels, which will therefore be treated as an input of the
model.

Disjunctions of the predicates are not allowed, because an application frame
gpecifies how one mathematical model can be applied to one lmowledge graph.
Consequently, when a mathematical model is applicable to different knowledge
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graphs, then separate application frames have to be specified for each knowl-
edge graph.

6.4.2 The interpretation of the model variables

The interpretation specifies how variables of the mathematical model map to
guantities in the knowledge graph specified in the process-structure. The map-
ping need not be complete: variables of the mathematical model may represent
guantities not included in the knowledge graph frames for which the model
is applicable (e.g. Vmax and Km in the models displayed in Figure 6.2}, and
guantities in these knowledge pgraph frames may be left implicit in the model
formulation. The interpretation iz specified by the following terms:

A term mapping(v,q) specifies that the model variable v represents the quantity
q- If this quantity does not occur in the Imowledpge graph frames for which the
model is applicable, then v can be an internal variable of the model, or v can
be an additional input variable of the model. A model cannot have cutput
variables that represent other guantities than those in the knowledge graph
frames for which the model is applicable, as this would imply that the model
describes more processes than specified by the process-structure.

A term implicit(q) specifies that the guantity q is described implicitly in the
formulation of the model. This term specifies that, when this model is applied
for the specified lmowledpe graph, then the guantity q appearing in a frame
in the knowledge graph, is covered by this model

6.4.3 Examples

Figure 6.5 shows the application frames for the models linear-MM and
maximum-rate-MM in Figure §.2. The first application frame specifies that
the model linear-MM describes the behaviour of the gquantity Substrate in the
process frame EnzymaticReaction. The term implicit(Apparent Rate) specifies
that the apparent rate of the enzymatic reaction is included in the model
formulation, but iz not described explicitly. Instead the apparent rate iz a
combination of two quantities MM _MaximumRate and MM _Specificity, repre-
sented by the variables ¥max and Km. These variables are additional inputs
to the model, that are either input to the dynamic product model, or calcu-
lated by other models. According to the second application frame the quantity
MM _MaximumRate can be calculated by the model maximum-rate-MM.
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application frame linear- M
process-structure
describes-process( EnzsymalicReaclion)
interpretation
unplicit(Appareni Rale)
mapping (S, Subsirale)
mapping (P, Producl)
mapping(Vmax, MM_MaxunumBale)
mappimg(Km, MM SaluralionRale)
end application frame

application framme maximum-rale- M
process-structure
describes-process( EnzsymalicReaclion)
interpretation
mapping(kp, EnsymalicReaclionRale)
mapping (B, Aclivebnzyme)
mapping(Vimax, MM_MaximumBale)
end application frame

Figure 6.5: Application frames for two models for the process frame Enzymatic-
Reaction.

6.5 The simulation model construction task

The Simulation Model Construction task starts from a process structure graph
constructed in Qualitative Process Analysis, and constructs one or more dy-
namic product models for this process structure graph. Which process struc-
ture graph is used, iz a decision of the modeller, who has to select the pro-
cess structure graph that represents the preferred decomposition of the phe-
nomenon under study.

As described in Section 4.3, the Simulation Model Construction task involves
reasoning about the reuse of the mathematical models in the Drsimar library.
The result of the Simulation Model Construction task is a specification of a
dynamic product model. Such a specification consists of a set of mathematical
models that are applicable for the processes in the process structure graph,
and a simulation-control component, that specifies in which order the models
have to be activated.

The Simulation Model Construction task consists of two subtasks. The first
task involves the selection of all mathematical models from the Drsimar li-
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brary that are applicable for the processes represented in the process structure
graph. The second subtask evaluates the applicable models, and constructs
one or more consiatent simulation models. A consistent simulation model
describes the processes that are occurring at a certain point during the sim-
ulation. A consistent model has exactly one mathematical model for each
relation in the process structure subgraph for the occurring processes. The
consistent simulation models in a dynamic product model are specified by
meodel-activation rules in the simulation-control component.

The simulation-control component is constructed as part of the subtasks of
the Simulation Model Construction task. First, occurring-process rules are
generated for the processes represented in the process structure graph. The
occurring-process rules are generated after the modeller has selected a process
structure graph, from the process frames in the process structure graph and
their occurrence conditions.

After the applicable models have been retrieved, for each applicable model
one applicable-model rule is generated, that specifies the process in the process
structure for which the model is applicable and the operating conditions of
the model

After the consistent simulation models have been identified, the meodel-
activation rules are penerated. A medel-activation rule for a model specifies
which models and interactions have to be activated and terminated, before
that model can be activated. One applicable model may have several such
rules, corresponding to different consistent simulation models in which the
maodel is used.

6.5.1 Retrieval of applicable models

The first subtask of Simulation Model Construction is the retrieval of the
applicable models. This subtask selects from the mathematical models in the
Desiman library an applicable model set, containing all models that describe a
part of the behaviour represented in the process structure graph. The dynamic
product model will contain the complete set of applicable models.

To retrieve the applicable models, the process-structure conditions in the ap-
plication frames in the DrksiMal library are used. A mathematical model
is applicable for a subgraph of the process structure graph, if the following
conditions hold for the subgraph:
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s the subgraph must be connected and must contain all process frames and
decomposition frames in the process-structure condition of the application
frame for the mathematical model;

» the subgraph must not contain additional process frames or decomposi-
tion frames;

» the guantities in the subgraph must not be influenced by excluded
process frames, that are specified by ignores-precess and ignores-
decompeosition terms in the process-structure condition of the application
frame for the mathematical model.

These requirements express that the process structure graph must be divided
into subgraphs in such a way that each subgraph exactly corresponds to one
or more mathematical models in the DrsimaL library. All frames in the pro-
cess structure praph are considered to be relevant, and therefore have to be
modelled. Furthermore, models describing behaviour that is not represented
in the process structure graph, cannot be applicable.

The requirernents are checked with a simple graph matching algorithm. The
algorithm stops when applicable models have been found for all relations in the
process structure graph, and when all mathematical models in the Drsimal
library have been checked.

The exact mapping, between a subgraph in the process structure graph and
an applicable mathematical model iz specified in the interpretation section of
the application frame for the mathematical model. The interpretation section
gpecifies which gquantities in the subgraph are represented by variables in the
mathematical model, and which guantities are left implicit in the formula-
tion of the mathematical model. The relations between these quantities are
supposed to be covered by the formulation of the mathematical model. More
precizely, if a mathematical model is applicable for a process frame, and the
model has two variables that are mapped to guantities in the process frame,
then it is supposed that the formulation of the mathematical model describes
all knowledge graph relations between these quantities that are included in the
subgraph of the process structure graph for which the mathematical model is
applicable.

The mathematical model may not cover all quantities in the process struc-
ture subgraph. In that case additional models are retrieved for the gualitative
relations that involve one or more guantities that are not covered. Further-
more, if the mathematical model has variables representing quantities that are
not included in the subpraph for which the mathematical model is applicable,
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then additional mathematical models are retrieved that describe the changes
in these guantities in terms of gquantities included in the process structure
subpraph. In the end, a set of mathematical models must be selected, so that
all quantities in the process structure subgraph are covered by one of these
models.

6.5.2 Selection of consistent simulation models

The applicable maodel set contains all mathematical models that describe one or
more relations in the process structure graph. These models are all included in
the dynamic product model. The applicable model set may contain alternative
models for a relation in the process structure graph.

The specification of the model-activation rules has to be such that at each time
point during a simulation experiment exactly one mathematical model in the
dynamic product model is activated for each relation in the process structure
subpraph that represents the processes that are occurring at that time point.

The set of active models for the occurring processes iz called a consistent
simmlation model. The poal of the serond subtask of Simulation Model Con-
struction iz to select such consistent simulation models from the applicable
model set for this subgraph.

If each relation in the process structure graph is covered by exactly one ap-
plicable model, then the applicable model set forms one consistent simulation
model. When several models are applicable for a relation in the process struc-
ture graph, then also several consistent simulation models are found.

The set of consistent simulation models is determined by the algorithm in

Figure 6.6.

6.5.2.1 Example

The model-activation rules in the simulation-control component in PFigure 6.4
specifies three consistent simulation models inside the dynamic product model
for an enzymatic reaction. These consistent simulation models only differ in
the mathematical model that is used for the gualitative relation between the
gquantities ActiveEnzyme and Substrate in the process frame EnzymaticReac-
tion. The consistent simulation models are specified by the model-activation
rules. For the models maximum-rate-MM and specificity-MM only one model-
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foreach relalion r in the process siruclure subgraph for lthe occurring processes:
foreach model m thal is applicable the relation
— creale a new consislenl simulalion model, conlaining the models
already selecled for olher relalions in the subgraph.
— add the selecied model to the consislenl simulation model.
— mark the relalions in the subgraph belween quanlilies represented
by the variables of seleclied model as covered.

end foreach
end foreach

Figure 6.6: The algorithm to select the consistent simulation models.

activation rule is specified, so that these models are always used when they are
applicable.

6.6 Translation into an executable model

The DrsiMaL system translates the specification of a dynamic product model
intoa ProsiM simulation model. ProsiM is a modular simulation environment
for simulation of parallel processes (Sierenberg & de Gans). The implementa-
tion of a dynamic product model in Pros1M consists of the required modules
define and main, and a number of process modules. Each process module im-
plements one physiolopgical process in the dynamic product model. The main
module is active throughout a simulation experiment. The other modules can
be activated and deactivated.

In the define module all variables used in the simulation model are declared.
The main module of the ProsiM model implements the Initialisation and Ter-
mination sections. Figure 6.7 shows the main module for a dynamic product
model with one enzymatic reaction. The contents of a main module iz basi-
cally the same for all dynamic product models. First, the process modules
are activated. The procress modules will be executed as parallel simulation
processzes, each having its private control about which models to be activated.
Next, the main module will wait until the simulation-termination condition is
satisfied. Finally, the cancel all statement will stop the process modules, and
stop the simulation experiment.

Farch process in the modelled phenomenon is implemented as a subsystem,
having its private set of submodels and a private simulation-contrel component
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maod ain
activate FEnzymalic_Reaclion
wauil until (E =0 or R = 1))
cancel all

end maod

Figure 6.7: Part of the main module in a ProsiM model for the enzymatic
reaction process.

to determine which of these submodels has to be activated. These subsystems
can be seen as reusable generic models for the processes. This means that the
dynamic product model is implemented as a hierarchical systerm. Instead of
using one set of models with one simulation-contrel component that determines
both which processes are occurring and which models are activated for these
processes, the rules in the simulatien-control component are distributed over
the main module of the PrRosim model and the process modules.

Figure §.8 shows a part of a Prosim module for the process EnzymaticReaction.
The module starts with a wait until statement containing the condition part of
the occurring-process rule for the process. When this condition is satisfied, the
model is activated of which the operating condition is satisfied. Fach model is
implemented as a macro, that chanpes the equations for the output variables 5
and P. Each model is executed (integrated} as long as the operating condition
for that model hold. When the operating condition does not hold anymore,
it is checked whether the process is still occurring. If so, one of the other
models is activated. (Jtherwise, the module waits until the eccurring-process
condition iz again =atisfied, or until the module is cancelled because of a cancel
all command.

6.7 Discussion

In this chapter we presented the Simulation Model Construction task, and de-
scribed the levels in the DksiMal library containing the mathematical models
and the appliration frames, that are used in this task. We described the
subtasks of Simulation Model Construction.

To conclude this chapter, some technical details of these levels are looked
into, and the structure of the dynamic product models is compared with the
structure of simulation models constructed by other approaches to antomated
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mod Enzymalic_Reaclion
slarl_EnzymalicReaclion:

walt until (5 > 0 and E > 0)

if (S > 2*%Km)

call Linear Approxh b

integrate while (5 > 2*Km)

repeat from slarl _EnzsymalicBeaclion
end

if (5 < K /f?)

call ExpoA pproxb M

imteprate while (5 < Kin/?)

repeat from slarl _EnzsymalicBeaclion
end

if ((S = Km/¥) and (8 <= *Kwm))
call MichaelisMenlen
integrate while ((5 > Km/?) and (5 < 2*Km))
repeat from siarl _EnzymalicBeaclion
end
end mod

Figure 6.8: Example of a Prosim module for the enzymatic reaction process
that uses the approximate submodels when possible.

modelling.

6.7.1 Specification of the mathematical models

The mathematical models in the DrsiMal library are formulated as assign-
ments to output or internal variables of the mathematical model (e.g. y = —z).
Several automated modelling approaches use a model library in which the mod-
els are formulated as equations (e.g. z +y = 0). The simulation systems asso-
ciated with those libraries use dependency relationships between the variables
to transform the equations into assignments to internal and cutput variables.
For example, one model in the library containing, the equation z + ¥ = 0 can
be transformed intoc two variable assipnments to be used in the simulation
model: # = —y when # iz the dependent variable, or into y = —z when y is
the dependent variable. Specifying the formulation as an equation set rather
than a set of assipnments has the advantage that the model library can contain
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one model formulation for different input-output relations between the vari-
ables. If the formulation has to be in assignment form, two separate models
have to be stored in the library. As the mathematical models for postharvest
physiological behaviour are in general applied with one fixed imput-output
relationship between the variables, an assignment form of the model formula-
tion is sufficient. However, this does not hold for models describing, physical
phenomena. such as diffusion and osmosis, which are important transport pro-
cesses in agricultural products. For such processes the DesiMalL library has to
contain several mathematical models, one for each input-cutput relationship
between the model variables.

The variables in the mathematical models in the executable dynamic product
models are time series of simulated values, so that the construct var(t) can
be used to refer to the value of a variable var at time t. However, explicitly
referring to the value of a variable at a specific time point is not encouraged,
because the numerical integration routine that is applied in the executable dy-
namic product model uses a variable step size, and therefore may not calculate
a value for the variable at the specified time point. However, this construct
can safely be used to refer to initial values of variables (at time ¢ = 0}, as is
done for the variables P and 5 in the formulations of the models linear-MM,

exponential-MM and Michaelis-Menten (Figure 6.2).

6.7.2 Explicit representation of applicability knowledge

The application frames in the Dwmsimal library are specified by a process-
structure and an interpretation. Each application frame contains applicability
knowledge for one mathematical model. The process-structure specifies the
knowledge graph for which the mathematical model is applicable. The inter-
pretation specifies a mapping, between the variables in the mathematical model
and the guantities in the process structure.

In [Sloof, 1998] the application frames contained also a model-structure, that
specified relations between the mathematical model and other models in the
Desimay library. The model-structure was specified by req-model and not-
model terms. A term reg-model(m) specified that the mathematical model can
only be applied in combination with another mathematical model m. This
term could imply that a quantity could have different definitions, depending
on the model in which the gquantity is used. Thiz is not allowed any more.
Each quantity in the DrsimaL library has a unique definition, so that whenever
the quantity is used, it has to be calculated by the same set of mathematical
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models. Hence, the information that an output quantity of one model is an
input of another model, can be derived from the interpretation in the appli-
cation frame. A term not-model(m) specified that the mathematical model
of the application frame and the model m are based on different modelling
assumptions. Therefore, the models cannot be used both in one dynamic
product model to describe one process. In many cases, models that are based
on different modelling assumptions also use different guantities, so that the
appropriate model can be derived from the process structure graph and the
interpretation in the application frame. However, still several models may be
applicable for one process structure with overlapping operating, conditions. In
that case, the modeller has to choose which model to use. As an example, the
simulation-control component displayed in Figure 6.4 results from the decizion
of the modeller that the approximations of the Michaelis-Menten have to be
used when possible.

6.7.3 Explicit simulation-control

A dynamic product model describes the dynamic behaviour of an agricultural
product during postharvest distribution. To cover all possible conditions en-
countered during postharvest distribution, a dynamic product model may have
several submodels with different operating regions for one process. A dynamic
product model has an explicit simulation-control component to control the
activation of the mathematical models. In this way, during a simulation ex-
periment not only may different models be used, but also the set of occurring
processes may change.

The simulation models constructed by the method of Iwasalki and Levy may
contain several models to describe the behaviour of one quantity. The models
for one guantity have different operating regions, but must be based on the
same underlying assumptions. Contrary to the DesiMal approach, the set of
occurring, processes cannot be changed during a simulation experiment. The
simulation models do not have an explicit simulation control level Which
models will calculate the next state in the simulation experiment is determined
by the values of the variables and the operating conditions of the models.

The simulation models constructed in the evolutionary modelling approach
[Top, 1993] have a static model structure. If another model has to be selected
for an aspect of the system under study, a new simulation model has to be
constructed, by changing the functional decomposition, by changing one or
more agsumptions about the physical processes, or by changing assumptions
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about the mathematical relations for the physical processes.

6.7.4 The executable dynamic product models

The executable dynamic product models are generated in the PROSIM simu-
lation language. The structure of a ProsiM model slightly differs from the
structure in the formal specification of a dynamic product model.

An executable dynamic product model in ProsiM consists of a main module
and several process modules. The main module starts and stops the dynamic
product model, and activates the process modules for all processes modelled
in the dynamic product model. The rules that determine when the processes
occur and which models are activated to simulate the processes, are distributed
among, the process modules. A proress module in an executable dynamic
product model can be seen as a small compositional component within the
compositional structure of the dynamic product model. The control level of a
process module consists of the applicable-model and model-activation rules.

The process modules may only contain mathematical relations, which are
primitive components. Hence, the executable dynamic product model is re-
stricted to three hierarchical levels. The highest level iz the main module,
the middle level contains the process modules, and the lowest level contains
the mathematical relations (implemented as macros that are called from the
process modules). These three levels correspond to the three types of rules in
the specification of the simulation-control component. For this reason, the exe-
cutable dynamic product model is treated as a non-hierarchical compositional
system, corresponding to the non-hierarchical simulation-control component in
the specification of a dynamic product model.
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Chapter 7

The DESIMAL system

7.1 Introduction

The automated modelling method described in the previous chapters has been
implemented in a software system, called DrsiMaL, which is an acronym for
‘Design and Specification of Interacting MAthematical. models’.

In thiz chapter, the Desimal system is described. The next section illus-
trates the functionality of the DesiMaL system by showing how the modeller
is supported in the construction of a model for a phenomenon under study.
Section 7.3 discusses the implementation of the DrsiMal system. Section 7.4
describes the generation of executable ProsIM models from the formal speci-
fications of the dynamic product models. In Section 7.5 the quantities and the
frames in the DrsimaL library are defined. Finally, in Section 7.6 a number
of modelling cases are elaborated.

7.2 Functionality

This section illustrates how the DEsimAL system supports the construction of
an executable guality change model for the colour development in tomatoes as
a function of a temperature scenario. It is shown which actions are performed
by the modeller, and which actions are performed by the Drsimal system.

First the modeller must provide a modelling question about the phenomenon

113
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Figure 7.1: The main screen of the application.
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under study. This is shown in Figure 7.1. The modeller starts by selecting
the product in which the phenomenon is studied. The DrsimaL system then
displays the gquantities that are relevant for that product. These guantities
include the intrinsic properties of the selected product, external factors, and
possibly quality attributes of the selected product. The modelling guestion
is specified by selecting a guantity from the list, and subsequently pressmg
one of the buttons below the list of quantities. B} pressing the button [

L)

the gquantity iz added to the modelling question as a required quantity: the
constructed model is valid if it describes the behaviour of this quantity. The
button adds the quantity as an irrelevant quantity: the constructed model
is valid if it does not include the gquantity. By pressing the button the
selected quantity iz included as an exopenous guantity of the model to be
constructed. The fourth button, [[# i, removes a quantity from the modelling
guestion. The modelling question must contain at least one required quantity

and one exogencus quantity.

The next step is to construct the process structure graphs for the modelling
gquestion. The process structure graphs are displayed in textual form, see Fig-
ure 7.2. First the quantities in the process structure graph are listed, followed
by the relations. The list ends with the process frames and decomposition
frames. A guantity is specified by the role, the quantity class and a unigue
name for the quantity. The role of a quantity can be input, cutput or inter-
nal. A relation is specified by the relation type and the quantities involved in
the relation. A decomposition frame is specified by the predicate d-frame. A
process frame iz specified by the predicate p-frame. For each element a status
code iz shown that specifies how the element is used in the process structure
praph. The possible status codes are described in Section 7.3.

Qiven a modelling question in terms of quantities of interest, exogenous guan-
tities and irrelevant gquantities, the DrsiMal system will construct all pro-
cess structure graphs that represent a possible process decomposition for the
phenomenon under study. The modeller has to accept one process structure
graph as the appropriate process decomposition for the phenomenon under
study. Different process structure graphs are constructed if the phenomenon
under study iz described in terms of one or more quantities that can be de-
composed into subgquantities. Selecting the appropriate process decompaosition
means that the modeller has to decide which guantities are describe as aggre-
gate quantities and which quantities are described as compositions of other
gquantities.

After the modeller has selected the appropriate process structure graph, dy-
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Figure 7.2: The first process structure graph for the phenomenon of colour
development of tomatoes as function of temperature.
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namic product models can be constructed that correspond with the frames
in the selected process structure graph. This step may result in a number of
dynamic product models, if the process structure graph contains one or more
relations for which several gquantitative models are applicable.

The dynamic product models are displayed as a list of submodel declarations.
A submodel declaration specifies the name of the submodel, followed by a list
of mappings between the model variables and the guantities in the process
structure graph from which the dynamic product model is constructed. For
example, the first submodel declaration in Figure 7.3 specifies that the model
ExpDecrease iz a submodel in the dynamic product model. The model variable
k iz mapped on the gquantity ReactionRate_1. The model variable A is mapped
on the guantity Chlorophyll. For each submodel a status code is shown that
specifies how the submaodel is used in the dynamic product model. The possible
status codes are described in Section T.3.

The modeller has to accept one dynamic product model as the appropriate
guantitative model for the phenomenon under study. The DrsiMal system
will generate a PrR0OSIM model for the selected dynamic product model.

The penerated PrRosIM model for the dynamic product model displayed in Fig-
ure 7.3 consizts of three modules and four macros. Fach module and macro is
written into separate files. These files have to be imported into the Prosim
environment to construct an executable PROSIM model. The main module
is displayed in Figure 7.4. The main module contains a call to the macro
initdata to initialise the constants in the model. This macro is not shown.
After initialisation, the components are activated. The components Comp_1,
Comp_2, Comp_3 and Comp_4 implement the processes and guantity decom-
positions. The component watch_meod generates an output file with the model
results. This component is not shown. The other modules and the marros are

dizplayed in Figure T.5.

7.3 Architecture

The DrsiMaL systern has been implemented in Kappa-PC, a programming en-
vironment for kmowledge based systems. The building of blocks of a knowledge
bases system programmed in Kappa-PC are objects, methods, and rules.

Figure 7.6 displays the classes used in the implementation of the object model
for the Drsimal library. The modelling tasks are implemented as methods in
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o CALL initdata

ACTIVATE comp 1 FROM Start comp 1
ACTIVATE comp 2 FROM Start comp 2
ACTIVATE comp 3 FROM Start comp 3
ACTIVATE comp 4 FROM Start comp 4
ACTIVATE WATOHEFR FROM start watch [N WATOH MO

WAL MAXTIM

CANCHL ALL
TEBMINATE

Start comp 1:
SPHECIFY glomataColonr
PRECEPT{glomatololour := Sum{ qChlorophyll, gliycopene )]

Start_ comp 2:
SPECIFY qChlorophyll
PRECEPT{gChlorophyll := ExpDecrease| qHeactionHate 1, qChlorophyll )
SPECIFY gHeactionBate 1
PRECEF]{gReactionRate 1 := arrhenius( gActivationtnergy 1, gHef SimpleRate 1,
qRef ‘lemperature_1,qlemperature })

Start_ comp.3:
SPHECIFY qliycopens
PEECEPT{glycopene ;= bxplncrease( qSimpleRate 1, gReactant )
SPECIFY gSimpleHate 1
PRECEF]{gSimpleRate 1 := arrhenius( g Activationbinergy 2, gHef SimpleHate 2,
qRef ‘lemperature 2, qlemperature ]}

Start comp 4:
SPECIFY qConsnmedHeactant 1
PEECEPT{gConsumedReactant 1 := FuplDecrease( gHeactionRate 8, qConsumedReactant 1 )
SPHECIFY gHeactionHate 2
PEECEPT{gReactionRate 2 := arrhenius{ qActivationbnergy 3, qHef_SimpleRate 3,
qjHef I'emperature 3, q'lemperature ))

Figure 7.4: The main module of the ProsimM module contains the calls to the
submodels.
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ﬂ' e ——
COMPONENT:

WATCOHER

Comp 1

Comp 2

Comp 2

Comp 4

ATTRIBUTE OF Comp 1 :
CONTINUOUS(1) : glomataColour
CONTINUDUS(1) : gqChlotophyll
CONTINUOUS(1) : glycopens

ATTRIBUTE OF Comp 2 :
CONTINUGUS[L) : gReactionRate 1

BEAL : gActivationbnergy 1
BEAL : gRef SimpleHate 1
BEAL : gqRef Temperature 1

AITRIBUTE OF Comp 3 :
CONTINUGUS(1) : qSimpleRate 1

CONTINUOUS(1) : gConsumedReactant 1

CONTINUGUS(1) : gReactant

BEAL : gActivationbnergy 2
BEEAL : gRef SimpleHate 2
BEAL : gRef lemperature 2

ATTRIBUTE OF Comp 4 :
CONTINUOUS(1) : gApparentHate 1
CONTINUOUS(1) : gReactionBate 2

BEAL : gActivationbnergy 3
BREAL : gRef SimpleHate 3
BEAL : gHef Temperature 3
ATTRIBUTE OF WATCHER :

REAL D WATCH FREL)
ATTRIBUTE OF MALN :

REAL  MAXTIM

BEAL : glemperature
INPFUTSTREAM @ DATIN

DUTPULTSTEREAM : DATOUL

Figure 7.5: The meod define module and the macros in the generated Prosim

model.
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I = ==—===============
PARAMETERS :

BEAL: k

BEAL: A

RETURN O - k*A

PARAMETERS :
BEAL: Bact
BEAL: kRef
REAL: THef
REAL: T

LOCALS :
HEAL: Tabs

Tabs :=71 4 273

BETURN kRef * exp( Bact * ((1/1Ref) - (1/Labs}))

I ——————— e e —

PARAMEITERS :
HEAL: k
HEAL: A

HETURN k*A
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these clagses.

— AgroProduct
——— ExtemFactor
Qua ntity — — VarableProperty
ProductProparty —
+——— FixadProperty
—— AKO
——— DCAU
I—— CAL
Ralation — —— FCAU
—— EdQU
DESIMAL — ——— PAR
—— DF=ma
—— Frame
+——— PFrama
Graph ProcassStructura
——  ModelStructure
Modal

ApplicationFrama

Figure 7.6: The class hierarchy of the DrsiMAL system.

s The clazs AgroProduct is the root for a hierarchy of agricultural products.
For each agricultural product, an instance of this class is created that
holds the guality attributes and the product properties that are relevant
for the agricultural product. This knowledge is used to restrict the search
alporithm used in Qualitative Process Analysis.

e The class Quantity is the base class for the external factors, the fixed
product properties and the variable product properties. Each Quantity
instance has a dimension and a role. The dimension (unit of measure-
ment) can be used to automatically generate interactions between vari-
ables of mathematical models. The role of a gquantity specifies whether
the gquantity is an input guantity, an internal guantity or an ocutput
guantity of a process structure graph, and is assigned during Qualitative
Process Analysis.
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s The clazs Relation iz the root for the knowledge praph relations between

gquantities in the Imowledge graph frames. The AKD, EQU, DCAU, FCAU,
and pAR relations are explicitly represented as subclasses of the Relation
class. Fach Relation instance connects two Quantity instances, called the
source and the tarpet of the relation. As the AKD and kQu relations
connect quantities in different frames, the instances of the correspond-
ing classes additionally specify the Frame instance the target guantity
belongs to.

The class Graph is the base class for the directed graphs that are used in
the Dksimal system. Fach instance of this class has a list of quantities
and relations that make up the graph.

The class ProcessStructure is a subclass of Graph representing the pro-
cesz structure graphs that are constructed during Qmualitative Process
Analysis. Besides the quantities and relations, an instance of this class
also contains a list of Frame instances that are included in the process
structure graph.

Furthermore, each ProcessStructure instance maintaing information
about the current status of the guantities, relations and frames in the
Gualitative Process Analysis task. The following status codes are used
for quantities, relations and frames in a ProcessStructure instance:

— exogenous
Only guantities can have an exogenous status. This status specifies
that the quantity is an input of the process structure graphs. Effects
on guantities with an exogenous status are not represented in the
process structure graph.

— g-output
Only gquantities can have a q_output status. This status specifies
that the gquantity is a gquantity of interest. The process structure
graph must describe the effects on such guantities.

— irrelevant

A guantity with an irrelevant status is specified as, or found to
be, irrelevant. Neither the effects of this quantity on guantities
of interest, nor the effects on thiz guantity are represented in the
process structure graph.

The irrelevant status iz also assigned to pak relations in a decompo-
sition frame for an aggregate quantity in a process structure graph
that describes the apggregate gquantity at the agprepate level. The
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decomposition frame has to be included in this process structure
graph, because the frame may contain AKD and kqu relations from
the appgregate quantity to quantities in other frames.

— possible
(Juantities, relations and frames may get a peossible status during
the first step of Qualitative Process Analysis: retrieval of relevant
frames.
A possible status for a quantity indicates that the guantity affects
one of the guantities of interest. A relation gets a possible status
when it is found to represent an effect on a gquantity of interest. A
frame pets a possible status when one of the relations in the frame
iz found to represent an effect on a quantity of interest.

— relevant

Quantities, relations and frames may get a relevant status during the
second step of Qualitative Process Analysis: selection of adequate
process structure graphs.

A relevant status for a quantity indicates that the gquantity iz on a
relevant influence path from an exogenous gquantity to a quantity of
interest. The relations that make up a relevant influence path also
have a relevant status, as well as the frames the relations belong to.

s The class ModelStructure is a subclass of Graph representing the model
structure praphs that are constructed during Simulation Model Con-
struction. The nodes in a model structure graph are Model instances.
The arcs in a model structure graph are Interaction instances.

# The class Frame is the root for the knowledge praph frames that make
up the gualitative level of the Drsimal library. Fach frame iz a small
directed praph. The nodes are Quantity instances. The arcs are Re-
lation instances. The poavu, voau, and PAR relations are connections
between guantities in one frame. The AKD and kQU relations connect
two quantities in two frames.

s The clazs ApplicationFrame represents the application frames that specify
the relationships between the mathematical models and the knowledge
graph frames. An application frame specifies the knowledge graph frames
for which a mathematical model iz applicable. It also specifies a mapping
between the variables in the mathematical model and guantities in these
knowledpe praph frames.
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e Model
The class Model iz the root class of the library of mathematical models.
Fach Model instance represents a mathematical model in the Drsimal
library. A Model subclass has a list of equations, and lists of input, local
and output variablez. Fach equation must be an assignment of input
and internal variables to one output variable of the model.

The constructed simulation model may have several ApplicatienFrame
instances for one Model instance, representing multiple applications of
one model in the simulation model. These ApplicationFrame instances
represent mappings of the model variables to different quantities in the
process structure graph.

The explicit representation of the knowledge graph relations as objects iz most
useful for AKO relations. These relations represent generalisation relationships
between gquantities, and thus could be implemented by the inheritance capa-
bilities of Kappa-PC. However, as one guantity may have ako relations to
several other quantities, this would require multiple inheritance, which is not
supported by Kappa-PC.

More importantly, the AkD relations not only represent generalisation relation-
ships, but also represent modelling assumptions. Explicitly representing the
AKD relations enables to reason about the modelling assumptions. This would
not be possible when the akD relations were implemented using the inheri-
tance capabilities of an object hierarchy. Moreover, the modelling assumptions
need not correspond with inheritance relationships between guantities.

An additional advantage of the explicit representation of the Imowledge praph
relations as objects, iz that the object model closely corresponds with the
knowledge praph formalism presented in Chapter 5.

T.4 Generation of the PROSTM models

Prosim is a language to develop process-oriented models both for discrete-
time and continuous-time simulation. The DesiMaL system uses only the
continuous-time capabilities.

The building; blocks of a Prosim model are called components. The compo-
nents are executed in parallel and can be activated and deactivated dynam-
ically. Therefore, this lanpuage iz well-suited to implement and execute the
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Dynamic Product Model specifications constructed in the Simulation Model
Construction task.

A component in a continuous-time PROSIM model consists of a set of at-
tributes, a set of algebraic and differential equations for these attributes, and
an INTEGRATE statement. The attributes can have the following types:

* REAL
Attributes of this type have a constant value throughout a simulation
run. This type is used for fixed properties.

e coNTINUDUS(])
Attributes of this type chanpe instantaneocusly. This type iz used for
variable properties that are influenced by rcav relations.

* CONTINUDUS(])
Attributes of this type do not change instantanecusly. This type is uzed
for variable properties that are influenced by pcav relations.

Higher orders are possible for coNviNUDUS attributes, but are not used in
Drsimal.

A ProsiM implementation of a Dynamic Product Model consists of the com-
ponents MALN and walCHER, and has one or more process components imple-
menting the gquantitative relations. The component MAIN is required in any
Prosim model, and iz active throughout the simulation run. This component
is typically used to activate other components and to control when the simu-
lation model has to terminate. The component waTCHER at regular intervals
writes the values of the model variables to an output file.

The process components implement the guantitative relations of the Dynamic
Product Model. A process component may contain one or more guantitative
models, but cannot contain a part of a quantitative model. The boundaries be-
tween process components are formed by differences in occurrence conditions of
the processes described in the Process Structure Graph. Each process compo-
nent implements a piece of the phenomenon’s behaviour that can be activated
and deactivated. Therefore, interacting processes that have equal occurrence
conditions are implemented in one process component in the Prosim model
Consequently, if all processes have the same occurrence conditions, then the
generated PrR0SIM model will contain only one process component.

The boundaries of the process components are determined by examining the
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qualitative relations on the imput quantities of the knowledge graph frames.
If an input guantity of a process frame or decomposition frame iz the tar-
pet of a pcau relation, then the guantity is influenced by another process.
If the knowledge praph frame for this influencing process has an occurrence
condition that differs from the process that is influenced by the quantity, then
these processes are implemented in separate process components, so that the
processes can be activated independently.

The specification of a Prosim model consists of a mumber of modules and
macros. The modules MOD pDEFINE and MOD MAINMOD are Tequired in each
Prosim model specification. Apart from these modules, a ProsiM model
gpecification generated by Drsimal contains a module MOD warcH_MoDb, a
MACTO MAC INITDATA, and a number of modules and marcros to implement the
guantitative relations of the model.

* MDD DEFINE
This module is required in any ProsiM model. It contains declarations
of the components in the ProsiM model and of the attributes of these
components.

* MDD MAINMODD
This module is required in any ProOSIM model It contains the specifi-
cation of the component MAIN. It may also contain the specification of
other components.

* MOD WATCH MOD
This module contains the specification of the component WATCHER.

® MAC INITDATA
This macro iz called from MoOD MAINMOD to initialise the simulation
model to read the values for the fixed properties, the initial values for
the variable properties, and the scenarios for the external factors.

The specification of a process component consists of a set of spECIFY state-
ments and at least one INTEGRATE statement. The spwCLFY statements are
used both for algebraic equations and for differential equations. The equations
are executed with the INTEGRATE statement, even if the component contains
only alpebraic equations. In the Prosim models generated by the Drsimar
gystem, the SPECIFY statements have the following form:
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SPECLFY vi PRECEPY (v] +— mi(pl, ..., pm))

SPECIFY ©2 PRECEPT (v2° +— m2(ql, ..., qr})

where 1 is a coNTINUDUS(() variable, m is a macro implementing the al-
gebraic equation for v, #2is a coNTINUDUS(1) variable, and m2 is a macro
implementing the differential egquation for »2.

A process component may describe a process for which several models are
applicable. As was described in Section 6.5.2, in that case a number of consis-
tent simulation models are penerated. A consistent simulation model contains
exactly one equation for each Imowledpe graph relation. In peneral, the spec-
ification of a process component contains of a group of SPECIFY statements
and an INTEGRATE statement for each consistent simulation model This con-
sistent simulation model is used as long as the operating conditions of all
the models in the consistent simulation model are satisfied. If the operating
condition of one of the models iz not satisfied any more, then another consis-
tent simmlation model is selected. The component terminates if no consistent
simulation model can be selected. In general, the specification of a process
component has the following structure:

start_component:

¥ opeond{mal) AND opoond{mb)
SPECLFY A PRECEPY (A’ — mal)
sprClFY B pPrRECEPT(B’ « mb)
INTEGRATE WHILE {opeond(mal] AND opcond{mb))
REFPEAT FROM start_component
END

¥ opeond{ma2) AND opcond{mb)
SPECIFY A PRECEPT (A’ +— ma2)
sprClFY B pPrRECEPT(B’ « mb)
INTEGRATE WHILE {opeond(ma2} AND opcond{mb))
REPEAT FROM start_component
END

This process component is active as long, as the operating conditions for the
model mb, and the operating conditions of either the model mal or the model
ma2 are satisfied. The process component will terminate if the simulation
state does not satisfy the operating conditions of the models that are selected
to describe the process. In that case, the simulation model is used outside its
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foreseen operating region, and has to be stopped.

7.5 The process library

The idea behind the DesiMal method is that the physiological phenomena
underlying guality change can be decomposed into a set of generic processes.
In this section the library of generic processes as it is used in the Drsimal
gystem is described.

The Drsimal library provides a collection of generic frames each representing
a sperific behaviour often encountered in physiological phenomena underlying
guality change of agricultural products.

7.5.1 Chemical reactions

Chemical reactions are ubiguitous in modelling physiological phenomena. The
DesiMaL library contains frames for several types of chemical reactions, and
containg a collection of generic quantities involved in these frames. The guanti-
ties Reactant, ConsumedReactant and ProducedReactant represent the concen-
trations of substances involved in the chemical reaction. A chemical reaction
is decomposed into a formation reaction of the produced reactant and a decay
reaction of the consumed reactant.

Fach chemical reaction in some way depends on the temperature, according
to Arrhening’ law or a function of Arrhenius’ law. The guantities SimpleRate
and ApparentRate represent the rate of a chemical process. ReactionKinetics
and ReactionSetKinetics are generic frames to represent the dependency of a
chemical process on the temperature.
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7.5.1.1 Quantities

| Quantity | Deseription |

Reactant An abstract quantity representing a substance that
is either consumed or produced in a chemical reac-
tion or is modelled as such.

Consumed Reactant A specialisation of Reactant, representing a sub-
stance that is (modelled as) consumed by a chemi-

cal reaction.

ProducedReactant A specialization of Reactant, representing a sub-
stance that is (modelled as) produced by a chemical
reaction.

SimpleRate Represents the rate of exactly one chemical
reaction.

ApparentRate Represents the apparent rate of a set of chemical

reactions, and is an explicit or implicit composi-
tion of at least two specialisations of SimpleRate or

Apparent Rate.

7.5.1.2 Frames

» FormationReaction

This is a generic process that represents that the increase in the quantity
ProducedReactant iz caused by one chemiral reaction. The rate of the
reaction is represented by the guantity SimpleRate. The source of the
reaction is represented by the gquantity Reactant, representing that the
source is assumed to be abundant with respect to the reaction, and will,
therefore, not be affected by the reaction. However, if the reaction has
an effect on the source, then the source has to be represented by the spe-
cialised gquantity ConsumedReactant. The decrease has to be described
by the process frame DecayReaction with the same SimpleRate.

Relations: dcau( SimpleRate, ProducedReactant )
dcau( Reactant, ProducedReactant )

» DecayReaction
This peneric process represents that the decrease in the guantity Con-
sumedReactant is caused by one chemiral reaction. The rate of the reac-
tion is represented by the guantity SimpleRate.
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Relations: dcau( SimpleRate, ConsumedReactant )

e FormationReactionChain

This peneric process has to be used when the increase in the guantity
ProducedReactant is the result of a (possibly assumed} chain of chemical
reactions. The intermediate reaction rates are combined into a special-
isation of the generic quantity ApparentRate. The source of the reac-
tion chain is represented by the guantity Reactant, representing that the
source iz assumed to be abundant with respect to the reaction chain,
and will, therefore, not be affected by the reaction chain. However, if
the reaction chain has an effect on the source, then the source has to be
represented by the specialised quantity ConsumedReactant. The decrease
has to be described by the process frame DecayReactionChain with the
same ApparentRate.

Relations: dcau( ApparentRate, ProducedReactant )
dcau( Reactant, ProducedReactant )

DecayReactionChain

This generic process models the decrease in the gquantity ConsumedReac-
tant as the result of a (possibly assumed) chain of chemical reactions.
The intermediate reaction rates are combined into a specialization of the
generic quantity ApparentRate.

Relations: dcau( ApparentRate, ConsumedReactant )

ReactionKinetics

This generic process frame relates the quantity SimpleRate to the exter-
nal factor Temperature. Generally, Arrhenius’ law is used as a quantita-
tive model for this process frame.

Relations: fcau( Temperature, SimpleRate )

ReactionSetKinetics

This generic process frame relates the quantity ApparentRate to the ex-
ternal factor Temperature. The temperature dependency iz generally a
function of a number of Arrhening’ laws, one for each reaction rate that
iz assumed to be a part of the ApparentRate.

Relations: fcau( Temperature, ApparentRate )
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7.5.2 Catalysis reactions

An important type of chemircal reactions are the catalysis reactions. In such
reactions, one reactant serves as a trigger for the reaction. In normal catalysis

reactions, the catalyst is not influenced by the reaction. However, autocatal-
y=is reactions cause a net increase of the catalyst.

7.5.2.1 Quantities

| Quantity | Description |

Catalyst The guantity that triggers the catalysis reaction.
The quantity Catalyst is a specialisation of the
generic quantity Reactant.

AutoCatalyst The guantity that triggers the autocatalysis reac-
tion and iz increased by the reaction. The quantity
AutoCatalyst iz a specialisation of the generic quan-
tity Catalyst.

7.5.2.2 Fraanes

o Catalysis

Catalysis iz a chemical reaction that only occurs when the quantity Cata-
lyst has a non-zero concentration. Enzymatic reactions are an important
class of catalysis processes. The Catalyst is both consumed and produced
by the process, but the net concentration of the Catalyst is not changed
by the process. Therefore, the frame does not have relations for the
behaviour of the quantity Catalyst. As the rate of a catalyst reaction in
pgeneral cannot be described by a simple Arrhenius function, the rate is
represented by the guantity ApparentRate. The source of the catalysis
reaction is represented by the gquantity Reactant, representing that the
source iz assumed to be abundant with respect to the reaction, and will,
therefore, not be affected by the reaction. However, if the catalysis reac-
tion has an effect on the source, then the source has to be represented by
the specialised quantity ConsumedReactant. The decrease has to be de-
scribed by a process frame that relates the quantity to the ApparentRate
in the process frame Catalysis.
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Relations: dcau( ApparentRate, ProducedReactant )
dcau( Catalyst, ProducedReactant )
dcau( Reactant, ProducedReactant )

« AutoCatalysis
A peneric process representing that the increase in the quantity AutoCat-
alyst iz the result of an autocatalytic reaction. This process frame iz a
gqualitative representation of a logistic function, with a rate represented
by the quantity AC_Rate. The quantities AC_Minimum and AC _Maximum
represent the range of the quantity AutoCatalyst.

Relations: dcau( AC_Rate, AutoCatalyst )
decau( AC_Minimum, AutoCatalyst )
decau( AC_Maximum, AutoCatalyst )

7.5.3 Empirical relations

The above process of AuteCatalysis is a gqualitative model for the logistic func-
tion. This iz an empirical function: the behaviour of the guantity follows a
pattern of behaviour, but the pattern of behaviour cannoct be explained in
terms of underlying processes. In such cases an empirical function, such as
the logistic function, is used. An other example of such an empirical function
is limited exponential growth, represented by the guantities and the frame
below.

7.5.3.1 Quantities

| Quantity | Deseription |
LE_Guantity The guantity that changes according to a limited
exponential growth function.
LE_Minimum The lower limit for LE_Guantity.
LE_Maximum The upper limit for LE Quantity.

7.5.3.2 Frames

e LimitedExponential
A peneric process representing that the guantity LE_Quantity changes
exponentially in a range represented by the gquantities LE_Minimum and
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LE_Maximum. These gquantities have rcau relations with the gquantity
LE_Quantity because the latter quantity will change immediately when

the lower or upper limits change. The rate is represented by the quantity
LE_Rate.

Relations: dcau( LE_Rate, LE_Quantity )
feau( LE_Minimum, LE Quantity )
feau( LE_Maximum, LE_Quantity )

7.6 Cases

In the rest of this chapter a mumber of modelling, cases are elaborated for which
simulation models have been developed by the DrsimaL system.

7.6.1 Rate of chemical reactions

Many physiological processes in perishable products are systems of chemi-
cal reactions. The rate of each chemical reaction in the system depends on
temperature, according to Arrhenius’ law [Chang, 1981]. The complexity of
the reaction system underlying a physiological process can partly be derived
from the process rate. If the process rate is monotonically increasing with
temperature, one chemical reaction may be assumed to underlie that process.

If the rate shows a maximum or minimum at some termperature, several re-
actions have to be assumed to underlie the process. Such a combination of
chemical reaction rates in principle should be modelled as a combination of Ar-
rhenius functions. However, one Arrhenius function may be used if the process
rate decreases or increases monotonically with increasing, temperature.

7.6.1.1 Types of knowledge

This case is about one behawioural relation: the dependency of the rate of a
chemical process on the temperature. This behavioural relation has different
mathematical formulations depending on the modelling assumption made for
the process rate: as a rate of a simple chemiral reaction or as a combination
of such reaction rates.

The case includes decomposition knowledge about the apparent rate of a com-
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plex chemical process: the apparent rate can either be modelled as a black box
gquantity or as the composition of the reaction rates of the individual chemical
reactions in the process.

7.6.1.2 Knowledge graph

To describe the effect of the temperature on the rate of a chemical process the
modeller has to determine whether the rate of the process can be modelled
as a simple chemical rate, or as a composition of several rates. Depending on
which modelling assumption is made, one of the two process frames displayed
in Figure 7.7 is used.

ReactionKinetics ReactionSetKinetics

SimpleAate Appareniiate
||
Temperature Temperature

Figure 7.7: Knowledge graphs for the rate of a chemical process.

The process frame ReactionKinetics represents the relation between the temn-
perature and the rate of one chemical reaction, which is represented by the
gquantity SimpleRate. If a process rate is assumed to be a simple chemical rate,
the process rate has to be a specialisation of SimpleRate, and an instance of
the process frame ReactionKinetics has to be created to model the effect of the
temperature on the process rate.

The process frame ReactionSetKinetics represents the relation between the tem-
perature and the apparent rate of a complex of chemical reactions. The quan-
tity ApparentRate represents the composition of the rates of these chemical
reactions. The DrsiMaL library does not contain a decomposition frame for
ApparentRate, becanse the decomposition of an apparent rate depends on the
phenomenon under study, and therefore has to be represented in a phenomenon
gpecific decomposition frame. For example, the Michaelis-Menten model for
the kinetics of enzymatic processes contains a specificity constant (K, ) that
iz a composition of the reaction rates of the three reactions involved in the
enzymatic process [Chang, 1981].
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7.6.2 Colouring of tomatoes

The colour of a tomatois a quality attribute that is the user’s perception of the
amounts of two colouring substances, chlorophyll and lycopene. Chlorophyll is
responsible for the green colour of an unripe tomato, and lycopene gives rise to
the red colour of a ripe tomato. During ripening under normal temperatures
(between 12°C and 25°C) chlorophyll degrades, and lycopene is formed. The
degradation of chlorophyll and the forming of lycopene are assumed to be
two enzymatic processes [Grierson and Kader, 1986; Shewfelt e# al., 1988).
The enzyme involved in the chlorophyll degradation is assumed to be inactive
at low temperatures, leading to discolouring when the tomatoes are stored
at too low temperatures. Discolouring at high temperatures iz assumed to
be caused by a denaturation occurring at high temperatures of the enzyme
involved in the lycopene forming process. In [Tijskens and Evelo, 1994] the
combination of chlorophyll degradation and lycopene forming iz modelled as
one logistic function, with a temperature-dependent rate that is a combination
of the chlorophyll depgradation rate and the lycopene forming rate.

7.6.2.1 Knowledge graph

This case contains a gquality assignment relation between the tomato colour
(quality attribute} and the chlorophyll and lycopene concentrations (product
properties). This guality assignment relation is represented by the decompo-
sition frame Dec-TomateColeur in Figure 7.8. This decomposition frame is the
link between the two levels of detail at which the tomato colour is described.

At the agpregate level, the tomato colour is assumed to be the result of a
chain of reactions. This modelling asaumption iz specified by the AKOD rela-
tions between the guantities in the process frames TomatoColeuring and For-
maticnReactionChain in the upper part of the knowledge graph displayed in
Figure 7.8.

At the detailed level, the changes in the tomato colour are described as result-
ing from changes in the amounts of the individual colouring substances, Chloro-
phyll and Lycopene. The ako relation from Chlerophyll to ConsumedReactant
in DecayReaction represents the modelling assumption that the chlorophyll
conversion can be modelled as a chemical depradation. The ako relation from
Lycopene to ProducedReactant in FormationReaction represents another mod-
elling assumption that the lycopene production can be modelled as a chemical
formation.
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Figure 7.8: The knowledge graph about colouring of tomatoes contains two
levels of detail at which this phenomenon can be modelled. These levels are
separated by the dashed line.

7.6.2.2 Construction of the process structure graphs

Toillustrate the construction of the process structure graphs for the colouring
of tomatoes, suppose that the modelling question specifiez TomateColour as the
guantity of interest, and Temperature as the exopenous quantity. Furthermore,
suppose that the tomatoes are not packaged, so that influences of the tomatoes

on the temperature can be neglacted.

To find process structure graphs for this modelling question, Qualitative Pro-
cess Analysis starts with an initial process structure graph, containing only
the quantities TematoColour and Temperature.

In the first step of the retrieval task, the decomposition frame Dec-
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TomatoCeleur is found to be possibly relevant. Hence, the initial process
structure graph is duplicated. In the one graph, the decomposition is ig-
nored, so that the gquantity TematoColour is described at the agpregate level.
In the other graph, the decomposition is taken into account, describing the
TomatoCelour as the composite of the colouring substances Chlorophyll and
Lycopene.

After the first step, the Qualitative Process Analysi= continues with the first,
apgregate level, process structure graph. The subseguent steps for the refine-
ment of the first process structure graph are displayed in Figure 7.9. Part (A)
in this figure displays the quantities in the modelling question.

» In the second step, the process frame TomatoColouring is found to have
an effect on the guantity TomateCelour, and is therefore added to the
process structure graph. (see Figure 7.9 (B)).

# The third step considers the akpD relations in the process frame Toma-
toCelouring. An instance of the process frame FormationReactionChain
is created to describe the behaviour of TomatoColour as the result of a

chain of chemical reactions (Figure 7.9 (C)).

#» The fourth step considers the kU relation for ApparentRate between
the process frames FormationReactionChain and ReactionSetKinetics. An
instance of the latter process frame is created to relate the rate of tomato
colouring to temperature. This step results in the final process structure

graph displayed in Figure 7.9 (D).

After completion of the first graph, Qualitative Process Analysis continues
with the second, detailed level, process structure graph. The subsequent steps
for the refinement of this process structure graph are displayed in Figure 7.10.
Again, part (A)in this figure displays the guantities in the modelling question.

® In the first step, the decomposition frame Dec-TomateColour is added
to the graph (Figure 7.10 (B)}). The second step, finding process frames
for the quantity TomateCelour, is skipped, because the behaviour of this
guantity has to be described at a more detailed level as a composition
of the colouring substances.

s The third step considers the AKD relations in the decomposition frame.
An instance of the procress frame DecayReaction is created that mod-
als Chlorephyll as a kind of ConsumedReactant. In the same manner,
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Figure 7.9: Construction of a process structure graph in which the colour of
tomatoesis modelled as an agpregate quantity. Each part displays an extension
of the process structure graph with the gquantities and relations that appear
in bold face. Boxes represent frames. See text for details.
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Figure 7.10: Construction of a process structure graph in which the colour of
tomatoes is modelled as a composition of the constituent colouring substances.
Fach part displays an extension of the process structure graph with the quan-
tities and relations that appear in bold face. Boxes represent frames. See text

for details.
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an instance of the process frame FormationReaction iz created in which
Lycopene is modelled as a kind of ProducedReactant. Figure 7.10 (C)
dizsplays the resulting graph.

Note that the gquantity ConsumedReactant in the latter process frame is
not replaced by Chlorophyll, as these quantities are not connected by AKO
relations in the knowledpge praph displayed in Figure 7.8. The conversion
of chlorophyll and the forming of lycopene are separate reactions.

The fourth step considers the kgu relations for the guantities added
to the process structure graph constructed so far. Again, the QU re-
lation for the gquantity TematoCeolour from the decomposition frame to
the process frame TomatoColouring is ipnored, because the behaviour of
TematoCelour is described at a more detailed level as a composition of
the colouring substances.

The gquantity SimpleRate in DecayReaction has an kqu relation with the
same guantity in the process frame ReactionKinetics. Therefore, an in-
stance of the latter process frame is created to represent that the rate of
the degradation reaction depends on temperature. In the same manner,
a separate instance of the process frame ReactionKinetics is created for
the SimpleRate in FermatienReaction.

This step results in the final process structure graph displayed in Fig-
ure 7.10 (D).

7.6.3 Chilling injury

Chilling injury is a general term for visible forms of damage that may oc-
cur when products are stored at too low temperatures. The injury normally
appears after a chilling period, when the product may already be stored at
optimal conditions. This deferred appearance makes chilling injury difficult
to comprehend and to model. By decomposing the phenomenon of chilling
injury into generic processes, a model has been developed for the occurrence
of chilling injury in cucumber fruits and bell peppers [Tijskens ef al., 1994].
The decomposition was based on the following assumptions:

e Chilling injury is the visible effect of too many free radicals that are

penerated by reactions in the living cells of the product. The occurrence
of chilling injury was modelled as a chemical reaction that consumes
the generated radicals. The generation of radicals was modelled as an
autocatalytic process with respect to the amount of free radicals.
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s At normal conditions no chilling injury is observed, so that the free
radicals must be removed or inactivated in some way. This radical scav-
enping process was assumed to be an enzymatic process, affected by the
amount of free radicals and by the enzyme activity.

# The enzyme in the radical scavenping process was assumed to denaturate
irreversibly at low temperatures. This accounts for the fact that chilling
injury only occurs after a period of too low temperatures.

By making the above assumptions and by using generic processes, it proved
possible to develop a guantitative simulation model for the complex phe-
nomenon of chilling injury. Thiz model also correctly explained chilling injury
phenomena that were not accounted for in the development of the simulation
model, which proves the validity of the approach.

7.6.3.1 Knowledge graph

Figure 7.11 displays the kmowledge graph for the chilling injury phenomenon.
The product properties that are involved in this phenomenon are grouped in
the process frame ChillingProcess. The relations between these properties are
specified in the frames to which the product properties have AKD relations.
The phenomenon of chilling injury is a complex interaction of four processes:

e The ako relation from Radicals to AutoCatalyst in the process frame
AutoCatalysis represents the modelling assumption that the increase of
free radical= is an autocatalytic process.

e The aKo relation from Radicals to CensumedReactant in the process
frame ChemicalReaction represents the modelling assumption that the
visible effect of free radicals on cell membranes (i.e. chilling injury) can
be modelled as a conversion of free radicals to produce chilling injury.

¢ The ako relation from Radicals to Substrate in EnzymaticReaction repre-
sents the modelling assumption that the scavenging of the free radicals
iz an enzymatic process.

e The ako relations from the RadicalScavengingEnzyme to ActiveEnzyme
in the process frame IrreversibleEnzymeDenaturation represent that the
enzyme in the radical scavenging process may denaturate irreversibly to
an inactive form.
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Figure 7.11: Knowledge graph showing how the occurrence of chilling injury
is modelled as interactions between generic processes.

The occurrence of chilling injury is a quality attribute that is the visible effect
of the amount of free radicals on cell membranes. This iz modelled as a
behavioural relationship between Radicals and Chillinglnjury. This example
again shows that guality attributes can be treated as product properties.

7.6.3.2 Construction of the process structure graph

To illustrate the construction of the process structure graph for the occurrence
of chilling injury, suppose that the modelling guestion specifies Chillinglnjury
as the quantity of interest, and Temperature as the exogenous gquantity.

Figure 7.12 (A} displays the initial process structure graph consisting of the
guantities in the modelling question. In the first step, displayed in Fip-
ure 7.12 (B}, the process frame ChillingProcess is included, as this is the only
process frame in the Desimal library that contains the quantity of interest
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Figure 7.12: The first steps in constructing a process structure graph for
chilling injury. Graph (A) contains quantities in the modelling question. In
(B) the process frame ChillingProcess is added which relates chilling injury to
(free) radicals and radical scavenging.

Chillingl njury.

Next, the ako relations from this process frame are followed, which causes
instances of the process frames ChemicalReaction, EnzymaticReaction, Irre-
versibleEnzymeDenaturation, and AutoCatalysis to be created and included in
the process structure graph. This is displayed in Figure 7.13 (C1) through
(C4). The process frame ChemicalReaction only contains guantities and kgu
relations to the process frames DecayReaction and FormationReaction that spec-
ify the relations between these guantities (see Figure 5.5). These process
frames are instantiated and included in the process structure graph. This is
not displayed.

Finally, instances of the proress frame ReactionKinetics are created for SimpleR-
ate, DenaturationRate, and EnzymaticReactionRate, representing these rates de-
pend on Temperature according to Arrhenius’ law. For the quantity AC_Rate
an instance of the process frame ReactionSetKinetics i3 created, representing
that this quantity is a combination of several chemical rates. The resulting
process structure graph is displayed in Figure 7.14.
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Chapter 8

Discussion

8.1 Introduction

This dissertation describes the development of the Desimal method for mod-
elling chanpe of agricultural products. The first step was to develop a definition
of quality and quality change of agricultural products. This resulted in the
conceptual model and the definition of a quality change model presented in

Chapter 3.

The second step was to identify the tasks in supporting the construction of
such gquality change models. The conceptual model shows that the quality
change of an agricultural product can always be traced back to a combination
of physiological processes occurring in the product. As it is not always obvious
which processes are responsible for the observed gquality change, the first task in
the DrsimaL method is to propose several process decompositions for a quality
change phenomenon under study. This Qualitative Process Analysis task was
described in Chapter 5. Once the appropriate decomposition into generic
processes is found, it is relatively simple to construct a simulation model for
the quality change phenomenon. This second task is called Simulation Model
Construction task and was described in Chapter 6.

Qualitative Process Analysis and Simulation Model Construction are separate
tasks that antomatedly construct a model for the guality change phenomenon
under study. In Section 8.3 the Dwsimal approach will be compared with
other approaches to automated modelling. In the next section a resume of
the contributions of this research to the field of modelling gquality chanpe of

147
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agricultural products is given.

8.2 Main achievements

s A ronceptual model for quality and quality change of agricultural producta
was developed, and the concepts of assigned quality and acceptability of
a product were introduced. The assigned guality is a combination of
mtrinsic product properties and gquality criteria imposed on one product
in isolation. Acceptability is the assigned guality in relation with other
products. We showed that for modelling the effects of the conditions
during postharvest distribution on the guality change of the distributed
agricultural product only the assigned quality of the agricultural product
is important.

s In the many examples of models for physiological phenomena described
in this dissertation and elsewhere (e.g. [Tijskens and Sloof, 1096]}, the
advantages of a strict decomposition of the complex phenomenon into
primitive physiological processes were shown. It is this strict decompo-
sition that enables the automated construction of the dynamic product
maodels.

» A praph-based representation lanpuage for gualitative modelling has
been developed, based on a variant of conceptual graphs, called kmowl-
edge graphs [James, 1991]. The language defines a restricted number of
relation types: pcau and roau relations to represent behavioural lmowl-
edpge, PaR relations to represent decompositions, and AKo and kU rela-
tions to represent modelling assumptions. Relations between guantities
are grouped into frames to represent physiclogical processes and decom-
positions of agprepate quantities. These frames are the building blocks
for the models constructed in the Qualitative Process Analysis task.

e Our approach to simulation model construction strictly distinguishes
between qualitative and guantitative models. The qualitative model
is used for decomposition and finding relevant processes, but not for
gimulation. This is deliberate and in our opinion justified. For model
construction and reuse one needs to abstract from detadls (both in reality
and in implementation) in order to focus on the associations between the
modelz. For simulation, however, quantitative models and precision are
needed.
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# To connect the gualitative knowledge frames and the guantitative mod-
els, an explicit level of applicability knowledge has been introduced.
Each application frame specifies a mapping between one guantitative
maodel and a connected graph consisting of one or more Imowledge graph
frames. In this way, the models at the qualitative level can be developed
independent of the models at the quantitative level, and vice versa.

s The Drsimal system constructs simulation models that have an explicit
control component. This enables to combine several simulation compo-
nents into one large model. It is possible to combine a ‘fast’ model for
stable portions of a process with more precise models for portions that
are outside the scope of the ‘fast’ models. In this way, more efficient
simulation models are obtained, without sacrificing the accuracy of the
simulation model.

» A working method has been described for constructing executable simu-
lation models for physiological behaviour using a commercially available
simulation environment.

8.3 Comparison

In this section, the DksiMaL approach is compared with other approaches to
modelling support and antomated model construction. Below, the main dif-
ferences and similarities are summarized between the Drsimal approach and
the four approaches to modelling support and automated model construction
that have been described in Chapter 4. In the subsequent sections for each
approach we describe where and why the Dusimal approach differs from that
approach.

8.3.1 Differences and similarities between the approaches

The DrsimaL approach, the evolutionary modelling approach of [Top, 1993],
the compositional modelling approach of [Falkkenhainer and Forbus, 1991], the
antomated modelling for simulation approach of [[wasaki and Levy, 1994] and
the TRriPEL approach of [Rickel and Porter, 1994] are compared on the follow-
ing aspects:

e poal of the methods,
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purpose of the constructed models,
structure of the simulation models,
inputs to the methods,

separate description levels,
representation of the qualitative level,
representation of the gquantitative level,
determination of the relevant systern.

The pgoal of both the DrsiMaL and the evolutionary modelling method of
Top i= to provide maodslling support. The method of Iwaszaki and Levy, the
TriPEL system and the compositional modelling method of Falkenhainer and
Forbus aim at awtomated model construction. The poal of these methods is to
construct the simplest adequate model that can explain the behaviour of the
gystem under study-

The models constructed by Trirel and by the compositional modelling
method of Falkenhainer and Forbus are intended to explain the immediate
behaviour of a system under study, in reaction to a disturbance. The con-
structed model has to satisfy only the initial state specified by the question.
In contrast, the models constructed by Drsimar, by the evolutionary mod-
elling method of Top and by the method of Iwasaki and Levy are intended for
simulation of the system under study. These models describe the behaviour
of the system under study over a period of time, and have to satisfy all states
that can be reached from the initial state specified in the modelling question.

The simulation models constructed by Drksimar, by the evolutionary mod-
elling method of Top and by the method of Iwasaki and Levy construct simu-
lation models that consist of a number of submodels. In the simulation models
constructed by the evolutionary modelling method of Top the submodels are
active throughout a simulation run, and it is not possible to select alternative
models during a simulation run. The simulation models that are constructed
by DesiMal and the method of Iwasaki and Levy are collections of submodels
that are activated dynamically during a simulation run. For each process or
component in the system the simulation model may contain a number of sub-
models that describe the behaviour of the process or component in different
operating regions.

Automated modelling starts from a modelling question and a specification
of the system under study. The modelling question specifies the guantities
that have to be described by the model. The specification of the system un-
der study contains additional information, such as the physical layout of the
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components in the system. The methods of Iwasaki and Levy and of Falken-
hainer and Forbus both use a separate scenario description. Furthermore, the
modelling question used in the method of Iwasald and Levy contains a set
of conditions describing the set of states for which the model is constructed.
In the evolutionary modelling method of Top it is assumed that the modeller
uses a diagram or a mental model of the system under study to guide the
modelling process by specifying the physical layout of the system under study.
The TripEL and DesimaL systems only use a modelling question. The system
under study is always a subset of the physiclogical processes occurring in the
agricultural product. As the relationships between the processes cannot be
manipulated, TripkL and DesiMal do not need an explicit specification of
the system under study.

The methods use different description levels to represent the domain knowl-
edge. A description level corresponds with a level of building blocks provided
by the method. The description levels are used to bridge the gap between the
modeller’s knowledge about the system under study and the simulation mod-
els. The DrsimaL method defines a qualitative and a quantitative description
level. The evolutionary modelling method defines four description levels: func-
tional components, qualitative processes, mathematical relations, and model
data. The methods for automated model construction use one description
level Fach model fragment at this description level combines several types of
knowledge. For example, a model fragment specification in the compositional
modelling method of Falkenhainer and Forbus consists of a specification of the
structural layout of the modelled concept, relations describing the behaviour
of the concept, a specification of the operating region in which the relations
are valid, and the assumptions underlying the formulation of the relations. In
the methods for modelling support these types of Imowledge are represented
in separate description levels.

The number of description levels corresponds with the number of modelling
tagks defined in the method. Hence, the approaches to antomated model
construction implement one modelling cycle, while the approaches to mod-
elling support use a number of modelling cycles, one for each description level.
When multiple description levels are used, explicit relations have to be de-
fined between the description levels. These relations specify how a model at
one description level can be implemented using models at the next description
level In the DrsimalL approach these relations are represented by application
frames.
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Formal representations are used for the guantitative level and for the descrip-
tion level immediately above the quantitative level In the DrsiMaL method
and the evolutionary modelling method the latter description level represents
processes occurring in the domain under study. In Desimaln the physiologi-
cal processes are represented by knowledge praphs. Top uses bond graphs to
represent the physical processes.

The specification of the quantitative levels can usually immediately be applied
in an executable version of the constructed model. Falkenhainer and Forbus
use ready-to-use L15P code to specify the quantitative relations in the model
frapments. The models in the DrsimMaL library are specified as variable assign-
ments, that are easily translated into a PR0S1M model. Top uses mathematical
equations that are to be converted into assignments to variables.

The methods use different definitions to determine the part of the system
that is relevant for answering the modelling question. These definitions were
discussed in detail in Section 5.4.3.

8.3.2 Evolutionary modelling

The evolutionary modelling method uses a structure for a model library, in
which each model consists of four description levels [Top, 1993; Top et al.,
1995a). The highest description level consists of fanctional components, which
are building blocks for a functional decomposition of the system for which
the model is developed. The next description level represents the physical
processes that occur in the functional components. The third description level
specifies the mathematical relations for the physical processes. The fourth and
lowest description level defines values for the parameters of the mathematical
relations.

The physical processes are represented by bond graphs. The nodes in a bond
graph represent physical mechanisms such as storage, dissipation, conversion
and distribution of energy. The edpges represent energy flows described in a
complementary pair of physical variables, called flow and effort. The bond
graph representation iz domain-independent. In each domain, domain-specific
concepts can be found for the effort and flow variables. For exarmple, in ther-
modynamics these variables are temperature and entropy flow, respectively.
With bond graphs it is possible to incorporate different domains into one
model.
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Each bond praph element defines the global form of the mathematical model
to be used for the mechanism. The actual form of the mathematical model is
found by making additional modelling, assumptions.

The use of bond graphs to restrict the possible mathematical models for a
system under study corresponds to the use of the knowledge graphs in the
Desimal approach. For each kmowledpge praph frame only a restricted set of
mathematical models is applicable. The application frames in the Dresimal
library represent knowledge about which mathematical models are applicable
for a qualitative knowledge praph frame. As each bond graph element defines
the global form of the mathematical relations to be applied for the element,
the model library used by Top does not use explicit applicability lmowledpe.

Compared with the Drsimal library, the model library used by Top has an
additional level of functional components. Thiz description level is not in-
chided in Drsimal, because the constructed gquality change models describe
the gquality chanpge of one agricultural product, and the product is treated as
a homopgeneous ob ject with respect to the processes occurring in the product.

If processes were allowed to have a different behaviour in different parts of the
product, then a component level could be introduced, in which the components
correspond to anatomical parts of the product. For example, for a flower such
components could be the stem, the leaves, and the petals. The knowledge
graph for the process of bacteria growth displayed in Figure 5.4 in fact contains
two components: the stem and the vase water. These components are modelled
by using separate specialisations of the process frame BacteriaGrowth, involving
separate quantities for the bacteria concentrations in the sterm and in the vase
water. In this example, the vase water iz not part of the flower, but belongs
to the environment of the flower, so that the bacteria growth in the vase
water could also be modelled in the environment model instead of the dynamic
product model.

A guality change model constructed by DEsiMaL can be used to describe the
gquality change of a batch of products, provided that the batch contains only
products of one cultivar, and that the environmental conditions across the
batch are the same or can be modelled as such. If the batch contains different
products, for example in case of a mixed load transport [Vogels and Janssens,
1993], or if the environmental conditions may vary across the batch, then the
products in the batch have to be divided into groups of products of the same
cultivar with homopeneous environmental conditions, and separate dynamic
product modelz have to be used to describe the guality change of the product
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groups. These dynamic product models will share one environment model for
the environmental conditions inside the batch. In this way, the interactions
between the products in the batch are correctly modelled by influences on
the common environment. In our view, the product groups cannct be mod-
elled as components, as in that case the products would influence each other
immediately rather than through the common environment.

In the evolutionary modelling approach the decomposition and the selection of
appropriate processes are distinct steps. In the Drsimal approach the decom-
position of a gquality change phenomenon into processes and the selection of
the appropriate generic processes for the specific processes in the phenomenon
are treated as one step. Each process frame in the DesimMaL library represents
one physiclogical process or a well-defined aspect of a physiological process.
The behavicur of the process is represented by causal relations either in the
process frame itself, or in generic process frames of which the process frame is
a specializsation. A composite process is represented by a graph consisting of
interacting, process frames, and possibly decomposition frames. A decomposi-
tion frame represents that one aggregate gquantity is the composite of two or
more other quantities. The complex process influencing the aggregate quan-
tity is represented by the decomposition frame and the process frames for the
processes that affect the constituent quantities.

8.3.3 Iwasaki and Levy

Both the DrsiMalL method and the method of Iwasaki and Levy construct
models for simulation. The algorithm used by Iwasaki and Levy alternates be-
tween determining, relevant phenomena and selecting appropriate model frag-
ments. Firstly, the relevant processes are determined by backward chaining on
the causal influences on the guantities of interest. The same mechanism is ap-
plied in the Qualitative Process Analysis task of DesimaL. Secondly, for each
relevant process one appropriate model fragment is determined by reasoning
about the underlying modelling assumptions of the model fragments. Each
selected model fragment introduces new gquantities for which the influencing
processes have to be determined. Selecting an appropriate model fragment cor-
responds with selecting whether or not to include a decomposition frame in
Qualitative Process Analysis. Hence, Iwasaki and Levy always pursue one way
of modelling a process, whereas in Drsimal all ways of modelling a process are
pursued, resulting in multiple process structure graphs for the phenomenon
under study.
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Similar to the DrsiMaL method, the models constructed by Iwasald and Levy
consist of a collection of model frapments. At each state during a simulation,
from these model fragments a subset is selected that describes the behaviour
in that state, This set of model fragments is selected by evaluating conditions
of the model fragments, that specify when the process occurs, which objects
st exist, and the constraints the objects must satisfy. The selection rules
are implicitly coded in the model construction and simulation algorithm. The
simulation models constructed by the Desimal method have an explicit sim-
ulation control component to specify the active models for each simulation
state. This explicit simulation control component allows to specify a strat-
epy when more than one model applies to an active process. Examples of
such strategies are to apply the simplest model, or to apply the model with
the broadest operating range. The method of Iwasaki and Levy by default
activates the simplest applicable model fragment.

8.3.4 TRIIMEL

The TripkL systern [Rickel and Porter, 1994; Rickel, 1995] uses one compre-
hensive, detailed model of the plant physiclopy domain. The goal of the model
construction method is to select a part of this comprehensive model that is rel-
evant for answering a modelling question. The modeller can puide the model
construction by specifying quantities to be treated as ‘glass-box” guantities
or ‘black-box™ quantities. A ‘glass-box’ quantity has to be described in terms
of subguantities. A ‘black-box’ quantity has to be described as an aggrepate
gquantity, disregarding its subguantities. Apart from this it is not possible to
choose between different models for one process.

In contrast, the DrsimaL library contains models for generic processes that
are reused in models for specific phenomena. For one phenomenon a number
of process decompositions may be constructed, depending; on which decompo-
sition frames are included and depending on the AKD relations between the
knowledge graph frames. Hence, the DksimaL system configures a model by
identifying the relevant processes and selecting the appropriate maodels for
these processes.

In the TriPKL system the building blocks are single causal relations (called
influences} between domain quantities. Which influences on a guantity are
included in the model depends on the time-zscale that is selected by the TripkL
gystem. Only influences with a time-scale equal or smaller than the selected
time-scale are included. In Dksimal the building blocks are physiclogical
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processes. (ne process may contain a number of influences on one or more
gquantities. The boundaries of the processes are determined when developing
the DEsimaL library and cannot be changed during model construction. In
the TriPEL systemn the boundaries of the processes depend on the selected
time-scale.

8.3.5 Compositional modelling

The model fragments in the compositional modelling approach of [Falken-
hainer and Forbus, 1991] combine both quantitative and gualitative knowl-
edge about a domain concept. In the Dksimal library these two types of
knowledge are separated. The kmowledpe praph frames library represent only
gualitative knowledge, whereas the mathematical models only contain quan-
titative knowledge. The separation between processes and maodels enables the
construction of a conceptual model of the behaviour of a phenomenon under
study, separate from the construction of a mathematical model of the phe-
nomenon. In this way, the DesiMaL systern may point the modeller to gaps
in the model library. If for a different product the process has been modelled
mathematically, the DrsimaL system may propose to use that model

Falkenhainer and Forbus use three types of modelling assumptions. The first
type are ontological assumptions, that specify the ontology used to describe
the system or phenomenon. For each system, one ontology or a consistent set
of ontolopies has to be assumed. The second type are grain assumptions, that
gpecify which gquantities have to be modelled as single, agpregate quantities.
These quantities must not be decomposed into their constituent subguantities.
The grain assumptions define the level of detail that iz used to describe the
gystermn under study. The third type are approzimations and abatractions, that
gpecify the assumptions on which a model fragment iz based. Approximations
may correspond to ignoring an influence (e.g. ignoring the denaturation of an
enzyme}, or may represent an assumption about the structure of the environ-
ment (e.g. the substrate can be modelled as an infinite source). Abstractions
reduce the level of detail that is used to describe a guantity, e.g. by specifying
that a quantity has a discrete value instead of a continuous value.

In Desimal a modelling assuraption is expressed by an AkD relation, repre-
senting that a quantity is modelled as a specialisation of a more generic quan-
tity. This corresponds with the abovementioned second type of approximation.
The first type of approaximation, ignoring an influence, is not represented as
an underlying assumption of a model, but is part of the (refined} modelling
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gquestion. In our view an influence can only be ignored once all influences in
the phenomenon under study are known and understood. As a result, the
DegsimaL system first creates a comprehensive model of the phenomenon un-
der study. Subsequently, the modeller may decide which influences can be

safely ignored.



158 Chapter 8. Discussion



Bibliography

[Addanki ef al., 1991] S. Addanki, R. Cremonini, and J. §. Penberthy. Graphs
of Models. Artificial Intelligence, 51:145-177, 1991,

[Béckenhoff and Harmm, 1983] E. Bockenhoff and U. Hamm. Perspektiven
des Marktes fiir Alternativ erzeugte Nahrungsmittel. Herichtediber Land-
wirtechaft, 61:345-381, 1983.

[Chang, 1981] R. Chang. Physical Chemistry with Applications to Biological
Systems. Macilillan Pub. Co., New York, 1981.

[de Kleer and Brown, 1984] J. de Kleer and J.S. Brown. A qualitative physics
based on confluences. Artificial Intelligence, 24:7-83, 1984,

[Falkenhainer and Forbus, 1991] B. Falkenhainer and K.D. Forbus. Composi-
tional modeling: finding the right model for the job. Artfificial Intelligence,
51:05-143, 1091.

[Falkenhainer and Forbus, 1992] B. Falkenhainer and K.D. Forbus. Compos-
ing Task-Specific Models. In DSC-Vol. {1, Automated Modeling, ASME
1992, pages 1-9, 1092,

[Forbus, 1984] K. D. Forbus. Qualitative Process Theory. Artificial Intelli-
gence, 24:85-168, 1984.

[Forbus, 1990] K.D. Forbus. Qualitative Physics: Past, Present, and Future.
In D.S. Weld and J. de Kleer, editors, Readings in Qualitative Reasoning
about Physical Systems, pages 11-39. Morgan Kaufmann Publishers, inc.,
1990.

[Carvin, 1984] D. A. Garvin. What Does “Product Quality” Really Mean ?
Sloan Management Beview, pages 2543, Fall 1084,

159



160 Biblography

[Crierson and Kader, 1986] D. Grierson and A.A. Kader. Fruit ripening and
quality. In J.G. Atherton and J. Rudich, editors, The Tomato Crop, pages
241-275. Chapman and Hall, London, 1986.

[Cruber, 1993] T. R. Gruber. Model Formulation as a Problem-Solving Task:
Computer-Aszisted Engineering Modeling. International Journal of Intelli-
gent Systems, B(3):105-127,1993. Special volume on Knowledge acquisition
as modeling.

[[wasaki and Levy, 1994] Y. Iwasald and A. Y. Levy. Automated Model Se-
lection for Simulation. In Preeedinga of the Twelfth National Conference on
Artificial Intelligence, AAAL 34, Seattle, Washington, July 31 — August 4,
1904,

[James, 1991] P. James. Structuring Knowledge using Knowledge Craphs. In
FProceedings of the Gth European Knowledge Acquisition for Knowledge-based
Systems Workshop {Ekaw 91), Strathclyde University, Scotland, 1991,

[Juran ef al., 1974] J.M. Juran, F.M. Gryna, and R.S. Bingham, editors.
Guality Control Handbook. McGraw-Hill, New York, 1974.

[Kader ef al, 1989] A. A. Kader, D. Zagory, and E. L. Kerbel. Modified atmo-
sphere packaging of fruits and vegetables. ('ritical Bewviews in Food Science
and Nutrition, 28(1):1-30, 1989.

[Kramer and Twigg, 1983] A. Kramer and B. A. Twigg. Quality contml in
the food industry. Avi, Westport, Jrd edition, 1983.

[Lancaster, 1971] K.J. Lancaster. Conrsumer demand: a new approach.
Columbia University Press, New York, 1971.

[Mili, 1995] F. Mili. User Qriented Library Documentation. In Proceedings
of first international workshop on Knowledge- Based systema for the (re }llse
of Program Libraries, KBUP’95, pages 11-20, Sophia-Antipolis, France,
November 23-24, 1995.

[Murray and Sheppard, 1988] K. Murray and S. Sheppard. Knowledge-based
simulation model specification. Simulation, 50(3):112-119, March 1988.

[Nayak, 1995] P. Pandurang Nayak. Aufomated Modeling of Physical Systems.
Lecture Notes in Computer Science, vol. 1003. Springer, 1995.



Bikliography 161

[Olson and Jacoby, 1972] J. C. Olson and J. Jacoby. Cue utilization of the
quality perception process. In M. Velatesan, editor, FProceedings of the
third Annual Conference of the Association for Consumer Research, pages
167-179, Towa City, 1972. Association for Consumer Research.

[Penix and Alexander, 1995] J. Penix and P. Alexander. Design Represen-
tation for Automating Software Component Reuse. In Proceedings of firat
international workshop on Knowledge-Based aystems for the (rejUse of Pro-
gram Libraries, KBUFP°95, pages 75-84, Sophia-Antipolis, France, Novemn-
ber 23-24, 1995,

[Rickel and Porter, 1994] J. Rickel and B. Porter. Automated Modeling for
Answering Prediction Questions: Selecting the Time Scale and System
Boundary. In Procesdings of the Twelfth National Conference on Artifi-
cial Intelligence (AAAL94), pages 11911198, Seattle, Washington, July 31
— Aupust 4, 1994,

[Rickel, 1995] J. Rickel. Automated Modeling of Comples Systems to Answer
FPrediction Questions. PhD thesis, University of Texas at Austin, 1995.

[Schoorl and Holt, 1985] D. Schoorl and J.E. Holt. A Methodology for the
Management of Guality in Horticultural Distribution. Agricwlfural Systema,
16:199-216, 1985.

[Schut and Bredeweg, 1996] C. Schut and B. Bredeweg. An overview of ap-
proaches to gualitative model construction. The Knowledge Engineering
Review, 11(1):1-25, 1996.

[Shewfelt ef al., 1988] R.L. Shewfelt, C.N. Thai, and J.W. Davis. Prediction
of changes in colour of tomatoes during ripening, at constant temperatures.
Journal of Food Science, 53:1433-1437, 1988.

[Sloof and Simons, 1993] M. Sloof and A.E. Simons. Knowledge based con-
struction of models to predict cut flower quality. In A. Pave, editor, Maod-
elling and Simulation, Proceedings of the Furapean Simulation Multiconfer-
ence, ESM’93, pages 13-17, Lyon, France, June 7-9, 1993. The Society for
Computer Simulation. ISBN 1-56555-056-0.

[Sloof and Simons, 1994] M. Sloof and A.E. Simons. Towards a Task Model
for the Design of Simmlation Models. In A. Guasch and R.M. Huber, ed-
itors, Proceedings of the Modelling and Simuwlation Conference, ESM’94,
pages 721-T25, Barcelona, Spain, June 1-3, 1994. The Society for Computer
Simulation. ISBN 1-56555-028-5.



162 Biblography

[Sloof and Tijskens, 1995] M. Sloof and L.M.M. Tijskens. Problem decompo-
sition: Application in experimental research, statistical analys=iz and mod-
elling. In Advarces in Intelligent Data Analysis volume 1, Proceedings of the
IDA-95 symposium, pages 186-100, Baden-Baden, Germany, August 17-19,
1995.

[Sloof and Willerns, 1995] M. Sloof and M. Willems. Automated Modelling
Support: Identifying Relevant Aspects of a Problem. In Froceedings of
first international workshop on Knowledge-Based systems for the (re}lise
of Program Libraries, KBUP’95, pages 21-29, Sophia-Antipolis, France,
November 23-24, 1995.

[Sloof et al., 1996] M. Sloof, L.M.M. Tijskens, and E.C. Wilkinson. Concepts
for Modelling Quality of Perishable Products. Trerds in Food Science and
Technology, T:165-171, May 1996.

[Sloof, 1998] M. Sloof. Automated Modelling of Physiological Processes Dur-
ing Postharvest Distribution of Agricultural Products. Artificial Intelligence
Rewview, Special volume on Artificial Intelligence for Biology and Agriculture,
12(1-3):39-70, 1998.

[Sowa, 1984] J.F. Sowa. Conceptual Structures: Information Processing in
Mind and Machine. Addison-Wesley, Reading, MA, 1984,

[Steenkarnp, 1987] J-B. E. M. Steenkamp. Conjoint Measurement in Ham
Quality Evaluation. Journal of Agricultural Economica, 38:473-480, 1987.

[Steenkamp, 1989] J-B. E. M. Steenkamp. Product quality: an investigation
into the concept and how it is perceived by consumers. PhD thesis, Apricul-
tural University Wageningen, The Netherlands, 1989.

[Tijskens and Evelo, 1994] L.M.M. Tijskens and R.G. Evelo. Modelling colour
of tomatoes during, post-harvest storage. Fostharvest Biology and Technol
ogy, 4:85-08, 1004,

[Tijskens and Polderdijk, 1996] L. M. M. Tijskens and J. J. Polderdijk. A
generic model on keeping quality of vegetable produce during storage and
distribution. Agricultural Systema, 51(4):431-452, 1996.

[Tijskens and Sloof, 1996] L.M.M. Tijskens and M. Sloof. How tobuild models
in plant physiology: problem decomposition, fundamental processes and
quality attributes. Technical Report 474, ATQ-DLO, P.O. box 17, 6700 AA
Wapgeningen, The Netherlands, April - May 1996.



Bikliography 163

[Tijskens ef al., 1994] L.M.M. Tijskens, E.C. Otma, and Q. van Kooten. Pho-
tosystem IT guantum yield as a measure of radical scavengers in chilling

injury in cucumber fruits and bell peppers: A static, dynamic and statisti-
cal model. Planta, 194:478-486, 1994.

[Tijskens ef al., 1996] L.M.M. Tijskens, M. Sloof, E.C. Wilkinson, and W.G.
van Doorn. A model of the effects of temperature and time on the ac-
ceptability of potted plants stored in darkmess. Postharveat Biology and
Technology, 8:293-305, 1996.

[Tijskens, 1995] L. M. M. Tijskens. A Generic Model on Keeping Quality of
Horticultural Products, including Influences of Temperature, Initial {ual-
ity and Qmality Acceptance Limits. In Proceedings of the 13th Interna-
tional Congress of Refrigeration volume 2, pages 361-368, The Hague, The
Netherlands, Aupust 20-25, 1995. International Institute of Refrigeration
(IIR/IF}), Paris, France.

[Top et al, 1995a] J.L. Top, A.P.]. Breunese, J.F. Broenink, and J.M. Akker-

mans. Structure and use of a library for physical systems models. In Pro-

ceedings ICBGM 95, pages 97-102, Las Vegas, 1995,

[Top et al, 1995b] J.L. Top, M. Sloof, and J.M. Akkermans. Reusability of
Physiologic Simulation Models. In A.J. Udink ten Cate, R. Martin-Clouaire,
A A Dijkhuizen, and . Lokhorst, editors, Proceedings of the 2nd IFAC
Workshop on Al in Agriculture, pages 347-351, Wageningen, The Nether-
lands, May 29-31, 1995.

[Top, 1993] J.1. Top. Concepiual modelling of physical systems. PhD disser-
tation, University of Twente, Enschede, September 1993.

[van der Sman ef al., 1996] R.G. M. van der Sman, R. G. Evelo, E. C. Wilkin-
son, and W. G. van Doorn. Quality Loss in Packed Rose Flowers due to

Botrytis cinerea as Related to Temperature Regimes and Paclkage Design.
Postharvest Biology and Technology, T(4):341-350, 1996.

[van Doorn and Tijskens, 1991] W. G. van Doorn and L. M. M. Tijskens.
FLORES: A Model on the Keeping Quality of Cut Flowers. Agricultural
Systemas, 35:111-127, 1991,

[van Doorn, 1993] W. G. van Doorn. Vascwlar occlusion in stems of cut rose

Jowers. PhD thesis, Agricultural University, Wageningen, 1993.



164 Biblography

[van Langevelde et @l., 1992] I.A. van Langevelde, A.W. Philipsen, and
J.Treur.  Formal Specification of Compositional Architectures. In
B.Neumann, editor, Proceedings of the Tenth Furopean Conference on Ar-
tificial Intelligence, pages 272-276. Wiley & Sons, 1992.

[Vogels and Janssens, 1993] J.W.P.M. Vogels and M.F. M. Janssens. Develop-
ment of a Decision Support System for Distribution of Mixed Loads. In
J. de Baerdemaeker, B. McKenna, M. Janssens, A. Thompson, F. Artés
Calero, E. Hohn, and 7. Somogyi, editors, COS5T94, Post-Harvest Treat-
ment of Fruit and Vegetables. Proceedings of the workshop on Systemas and
Operations for Post-Harvest (Juality, Leuven, Belpium, September 14-15
1993.

[Weld and de Kleer, 1990] D. S. Weld and J. de Kleer, editors. Readings in
Qualitative Beasoning about Physical Systems. Morgan Kaufmann Publish-
ers, inc., 1990.

[Willinson and Polderdijk, 1995] E.C. Willdnson and J.J. Polderdijk. Q-Bulb:
a Model for the Prediction of Tulip Quality. Techniral report, AT Q-TLQ,
P.O. Box 17, 6700 AA Wageningen, The Netherlands, January 1995. (in
Dutch).

[Wilkinson and Polderdijk, 1996] E.C. Wilkinson and J.J. Polderdijk. Mod-
elling Quality Perception in the Distribution Chain; a Case Study. In J.H.
Trienekens and P.J.P.Zuurbier, editors, Proceedings of the Second Inter-
national Conference on Chain Management in Agri- and Food Busineas,

Wageningen, The Netherlands, May 1996.

[Willerns, 1993] M. Willems. Chemisiry of Language: a graph-theoretic study
of linguistic semantics. PhD dissertation, University of Twente, Enschede,
January 1993.

[Xia and Smith, 1996] S. Xia and N. Smith. Automated modelling: a discus-
sion and review. The Knowledge Engineering Review, 11(2):137-160, 1996.



Samenvatting

Fysiologie van modelleren van kwaliteitsverloop
Geautomatiseerd modelleren van kwaliteitsverloop van
agrarische produkien

Distributieketens worden zodanig, opgesteld dat de pedistribueerde produkten
na de produktie zo snel mogelijk bij de consument afpeleverd kunnen worden.
Bij de distributie van agrarische produkten speelt de dootlooptijd een nop
grotere rol. Qmdat agrarische produkten ook na de oogst levende produkten
blijven, zal het produkt tussen het moment van oopgst en de consumptie ver-
anderen. In het algemeen leidt deze verandering tot een slechter uiterlijk van
het produkt en daarmee een slechtere kwaliteit. Fen belangrijke taak in de
distributie van agrarische produkten is deze achternitgang in kwaliteit zo veel
mogelijk te beperken. Dit gebeurt door de doorlooptijd in de distributieketen
zo kort mopelijk te houden en door de ompgevingscondities voor de verhandelde
produkten te optimaliseren met betrekking tot kwaliteit.

Als hulpmiddel bij de optimalisatie van de omgevingscondities worden
kwaliteitsverloopmodellen (KVM) gebruikt. Een KVM is simulatiemodel
waarmee de relatie tussen de ompgevingscondities en kwaliteitsverloop van een
agrarisch produkt bestudeerd kan worden. Totnutoe kostte het opstellen van
een kwaliteitsverloopmodel veel tijd en had een kwaliteitsverloopmodel slechts
een beperkte toepasbaarheid. Het doel van het onderzoek was een methode te
ontwikkelen die de constructie van kwaliteitsverloopmodellen vereenvoudigt.

De ontwikkeling en de bruikbaarheid van een KVM werd sterk beperkt door-
dat een KVM een rechtstreekse koppeling trachtte te beschrijven tussen de
ompgevingscondities en de kwaliteit van het produkt. In dit proefschrift iz een
conceptueel model ontwikkeld voor kwaliteit van agrarische produkten. In
dit model wordt benadrukt dat de kwaliteit van een produkt een becordeling
is van de (fysiologische) toestand van het produkt ten opzichte van door de
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consument gehanteerde kwaliteitseisen. Of een produkt daadwerkelijk gekocht
wordt hangt naast de toegekende kwaliteit mede af van marktfactoren, zoals
de beschikbaarheid en lwaliteit van andere produlkten, het uiterlijk van de
verpakking en de service in de winkel.

Voor de evaluatie van de distributieketen voor een produkt kunnen de markt-
fartoren buiten beschouwing pelaten worden, zodat alleen de reactie van het
produkt op de omgevingscondities en de toekenning van kwaliteit aan het
produkt van belang zijn. Fen kwaliteitsverloopmodel bestaat dan ook uit
drie deelmodellen: het eerste deelmodel beschrijft het verloop van de ompe-
vingscondities, het tweede deelmodel beschrijft het verloop in de tijd van eigen-
schappen van het produkt in relatie tot deze ompevingscondities en wordt dy-
namisch produkt model penocemd, en het derde deelmaodel vertaalt de waarden
van deze produkteigenschappen in een maat voor de kwaliteit.

In dit proefschrift is een intelligente modellleermethode ontwikkeld voor geau-
tomatiseerde constructie van dyanmsiche produkt modellen. Het uitgangspunt
van de methode is dat het complexe gedrag van de produkteigenschappen het
pevole is van onderlinge interacties tussen primitieve fysiologische processen.
Teder fysiclogisch proces in het produkt wordt beinvloed door ompevingscon-
dities en door andere fysiologische processen.

De constructie van een dynamisch produkt model is oppedeeld in twee aparte
modelleertaken.

s Decompositic van het produkigedrag in primitieve processen. In de eerste
modelleertaak worden technieken voor kwalitatief redeneren toegepast
om het produktgedrag te beschrijven als het gevolg van interacties tussen
een aantal primitieve fysiologische processen. IDde bouwstenen in deze
modelleertaak zijn kennisgrafen die elk een proces of een decompositie
van een produkteigenschap representeren.

e (onatructie van een kwantitaticf simulatiemodel. De tweede modelleer-
taak stelt een model op voor simulatie van het produktgedrag dat bestaat
uit kwantitatieve modellen voor de processen waarin het produktgedrag
is oppedeeld. De bouwstenen in de tweede modelleertaak zijn applica-
tion frames die de kwalitatieve processen koppelen aan de kwantitatieve
modellen.

De hoofdstukken 2 en 3 handelen over kwaliteit van agrarische produkten.
Hoofdstuk 2 bespreekt literatuur waarin het beprip lkwaliteit vanuit verschil-
lende invalshoeken pedefinieerd wordt. Hoofdstuk 3 presenteert het con-
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ceptuele model voor kwaliteit van agrarische produkten. Het belangrijkste
kenmerk van dit conceptuele model iz het onderscheid tussen kwaliteit van
één produkt zoals toepekend door een consument, en de accepteerbaarheid
van een produkt waarin behalve de toegekende kwaliteit ook marktfactoren
meegewogen worden.

De hoofdstukken 4 tot en met 7 handelen over geautomatiseerde construc-
tie van simulatiemodellen voor kwaliteitsverloop van agrarische produkten.
Hoofdstuk 4 bespreekt literatuur over automatische model constructie en over
ondersteuning, van het modelleerproces, en presenteert de globale structuur
van de modelleermethode. Hoofdstuk 5 bespreekt de eerste modelleertaak in
de voorgestelde methode, waarin het produktgedrag opgedeeld wordt in een
aantal primitieve fysiologische processen. Hoofdstuk 6 bespreekt de tweede
modelleertaak, waarin een kwantitatief simulatiemodel opgesteld wordt uit-
gaande van de pevonden proces decompositie en gebruik makend van een col-
lectie kwantitatieve modellen voor de afzonderlijke fysiclogische processen.
Hoofdstuk 7 bespreekt de Dusimal modellearompgeving, en illustreert de mod-
elleermethode aan de hand van een aantal nitgewerkte voorbeelden.

In hoofdstuk 8 wordt de modelleermethode vergeleken met andere methoden
woor automatische model constructie en voor ondersteuning van het modelleer-
proces.



