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Stellingen
1. Het beschouwen van de ondersteuning van de klimaatbesturing uit
het oogpunt van de tuinder is een paradigmaverandering in het huidige tuinbouwkundig onderzoek.
Deel 1, dit proefschrift

2. Het grote aantal parameters dat de tuinder bij de huidige generatie
kasklimaatcomputers kan instellen, is geen bevestiging voor het weinig geavanceerd zijn van het gebruikte besturingsalgoritme (Van
Henten 1994, stelling 6), maar een gevolg van de (gewenste) flexibiliteit van deze systemen.
Hoofdstuk 2, dit proefschrift
3.

De impliciete vooronderstelling (bijv. Martin Clouaire etah, 1993;
Seginer, 1993; Tap etal., 1996) dat een optimaliserend systeem betere setpoints of sturingen kan bepalen dan de tuinder met zijn huidige systeem weet te verzinnen, is vooralsnog niet aangetoond.
Hoofdstuk 4, dit proefschrift

4. Constraint reasoning is vooralsnog de enige techniek die voldoende
krachtig is om de kwalitatieve en kwantitatieve kennis uit het probleemdomein geintegreerd binnen een besturingsconcept voor de
kasklimaatbesturing toe te passen.
Deel 2, dit proefschrift

5. Technologische vernieuwing komt pas na overtuiging van de potentiele gebruikers; het is zodoende evenzeer een sociaal als een technisch proces.
6. De enige validatie van een besturingsconcept is de toepassing ervan
in de dagelijkse praktijk.
7. Voor een calculerende tuinder is energiebesparing geen issue.
8.

Statistieken van de financiering van wetenschappelijk onderzoek
veronachtzamen de aanzienlijke bijdrage van de sociale uitkeringsinstanties.

9. De kosten diegemaakt wordenvoor de ontwikkeling en het gebruik
van "gewasgroeimodellen" in het wetenschappelijk onderzoek staan
ingeenverhouding tot de kosten die gemaakt worden voor het toepassingsrijp makenvan deze modellenvoor de tuinbouwpraktijk.
10. Nuttige momentane 'klimaatbegrenzingen'bestaan niet.
11. Exante keuze voor een modelleerparadigma bemoeilijkt de kijk op
een probleem envormt een risicovoor een succesvolle aanpak ervan.
12. Alleen planningssystemen die toelaten dat de slimheidvan de menselijke planner nuttig kanworden toegepast, zijn werkelijk succesvol.
13. Far the better an approximate answer to the right question, which is
often vague, than an exact answer to the wrongquestion, which can
always be made precise.
JohnW.Tukey, 1962. Ann.Math. Stat.,vol.33,p.13.
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ABSTRACT
Schotman, P.J. Improving support for greenhouse climate management: an exploration of a knowledge-based system. Dissertation Wageningen University, Wageningen, The Netherlands. 248 pp. Including a Dutch summary.
This thesis discusses automated support for operational management of greenhouse
crops and proposes a knowledge-based system to support the grower in his operational management task.
Operational management is defined as the day-to-day decision making processes
which directly or indirectly lead to activities that influence the growth and development of the crop. To improve automated support for operational management,
the growers operational decision making has been analyzed in the light of theory
related to problem solving. The analysis of the task environment has resulted in a
model of the decision processes within operational crop production management.
This model has been based on the intelligence - design - choice cycle of Simon
(1997). During the design and choice phases of this model the grower has to convert his observations at the crop and environment level into actions that can be
implemented at the control level. Since this conversion is considered a complex and
knowledge intensive task, a knowledge-based system is proposed to support the
grower. The main idea behind the approach is to allow the grower to tell the system
what objectives it must pursue and have the system deduce the required device settings at the control level. As these objectives may be situated at the crop, environment and control level, both domain knowledge as well as a suitable inference
mechanism is required to realize such an approach.
Analysis of the knowledge in the domain of crop production shows that this knowledge is, or can be made available. Regarding the latter, the Blossom-end Rot example shows that knowledge can be made available in a suitable format.
With respect to the inference mechanism past approaches have been surveyed.
Based on the results of this survey, the characteristics of the inference problem, and
the attributes of the domain knowledge, it has been concluded that constraint reasoning fits the requirements best.
Simulation experiments with a prototype implementation show that the constraint
reasoning can indeed be used as inference mechanism, however it is argued that the
amount ofwork needed to realize and implementation in practice is formidable.
Keywords: climate control, tomato production, constraint satisfaction, interval constraint reasoning, operational management, Lycopersicon esculentumMill., horticulture, crop growth models, Blossom-end rot, BER.
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1. GENERAL INTRODUCTION
In this chapter the reader is introduced in the subject of this thesis, the objectives
and research questions are explained, and the content of the thesis is outlined.

1.1Greenhouse crop production
The cultivation of horticultural crops in a protected environment like a greenhouse
is an important economic activity in the Netherlands. In 1992, approximately
13,000 horticultural firms produced a large variety of horticultural products on approximately 10,000 hectares. The value of the products produced by these firms
was approximately 7 billion Dutch guilders (Min. LNV, 1997).
The tomato has traditionally been among the largest horticultural crops. In 1992 it
covered approx. 1500 ha, although its area has decreased since then, it still is one of
the major Dutch crops. In this thesis, the tomato crop acts as the example crop to
refer to, not only because it was the largest crop when this research started, but also
it because its production characteristics and cultivation practices are in many aspects similar to other important vegetable crops (sweet pepper and cucumbers).

1.2 Improving operational crop production management and its support
Greenhouse crop production originated from more general forms of protected cultivation. The earliest forms of protected cultivation started well before the beginning
of the Christian era with the recognition that crops produced better when they
where sheltered from harsh external conditions. For instance, during the Roman era
cucumbers were grown in mobile baskets that could be brought into the sun and
withdrawn into transparent, mica shelters during wintry days (Stanghellini, 1987).
Today, like in the Roman days, modern greenhouse cultivation also requires taking
appropriate actions to profit most from the opportunities which the external - light
- conditions offer. Given the high production levels needed to cover the fixed and
variable costs, determining what actions to take is all the more crucial in contemporary tomato production.
The determination of appropriate actions can be seen as the core of operational
crop production management. Operational crop production management comprises
the day-to-day decision making activities of the grower, in which the actions that
result from the decisions taken by the grower, directly or indirectly influence crop
growth and development. The following areas are part of operational crop production management (section 2.2.4):
• management of the shoot environment of the crop (climate management),

• management of the root environment of the crop (irrigation and nutrition
management),
• management of pest and diseases, and
• management of manual operations (e.g. harvesting, leaf pruning)
Although it will be argued later that an integrated view of these management areas
is essential for proper computerized support, in this thesis focus will be placed on
climate management.
At modern horticultural firms the grower uses a climate control system to help him
carry out his climate management task. The principal task of this system is to
regulate the environment according to the instructions entered by the grower. Although these systems are continuously being improved, their fundamental underpinnings are more or less the same, and are based on approximately 25 year old
technology (Bontsema, 1995; Van Meurs, 1995). Their main characteristics can be
summarized as follows:
• The systems are general purpose control systems for the greenhouse environment and do not incorporate crop-specific knowledge or models.
• A typical climate control system, which uses a form of PID control, can still
be seen as an operator dealingwith control devices using heuristic-based control strategies.
• The number of variables the grower can set in his systems have steadily increased. At present there are well over a hundred of variables that could be
set per greenhouse compartment, owing to the interrelations between these
variables, managing them carefully is increasingly difficult.
Above characteristics are increasingly seen as weaknesses, and have, in conjunction
with the advances in control engineering, decision support and in fields related to
horticulture, encouraged many researchers to investigate possibilities for improvement (seee.g. Udink ten Cate etal.,1978 for an early study).
Apart from above system-related opportunity for improvement, there is also an operational one. This opportunity stems from the energy intensive nature of greenhouse crop production. It has been observed in practice that quite a number of
growers use control settings (like a fixed minimum pipe temperature), whose usefulness have been questioned, because the objectives that these settings serve are
not always clear, or even seem inappropriate at times (e.g. Bakker, 1991). Furthermore, it has been reported in professional literature that the relation between energy use and yield varies considerably among growers, i.e. some growers use much
less energy to produce the same amount of tomatoes per m2. These observations
suggest that climate management could be improved, possibly through better computerized support.
Finally, there is the strategic goal to save our (limited) energy resources through
better climate management, this goal motivated much research, especially in the
mid-eighties when energy prices were particularly high. At this moment, while energy prices are relatively low there is also an incentive from the society to develop

more sustainable production systems. The large contribution of the greenhouse industry in the Netherlands to the national energy consumption, against the background of international concern about the global warning, has forced Dutch growers to consider this problem and face their responsibility.

1.3 Thesis objective
From the above it may be concluded that there are ample reasons for improving
climate management. Investigating how climate management could be improved by
means of computerized support, is the subject of this thesis. This objective is developed in a bipartite manner.
First, the principles of climate management, and methods that can be used to improve climate management will be analyzed. This involves: i) investigating the task
environment in which improvements of climate management must be embedded, ii)
investigating the available knowledge that can be used to improve climate management, and, Hi)investigating methods and techniques that have been suggested in
the past for improving climate management.
Second, on the basis of this analysis, a concept for a knowledge-based computerized
support system will be proposed. Within this concept the opportunities and practicability of modern control engineering and decision support techniques should be
carefully balanced, that is, the application conditions of the chosen approach
should be realistic and reachable in the nearby future. These application conditions
refer both to the intrinsic demands of the chosen approach, as well as to the task
environment in which improvements of climate management must be embedded.
The main difference between this work and other works reported in literature(e.g.
Martin-Clouaire et al, 1993a,1993b; Van Henten, 1994; Van Straten and Challa,
1995; Seginer, 1996) is the focus on the analysis of the task environment and implications of the task environment on the structure and behavior of a new computerized support system, while other approaches focused more on techniques and did
not consider the task environment in its entirety.
Related to our focus on the task environment, climate management is approached
as an integral part of operational crop production management and the consequences of the interrelations between the management areas mentioned in the previous section are considered.

1.4Research questions
The objective explained in the previous section has resulted in the following research questions:
1. What isthe managerialcontext inwhich computerizedsupportmustbe embedded?
Computerized support is a means, not a goal in itself, thus whenever computerized support is suggested, a clear notion of the tasks to be supported,

must be available. Without sufficient insight in the objectives and working
methods of the grower, a suitable support tool is difficult -if not impossible
- to construct. Therefore, in chapter two, the tasks of the grower within operational crop production management are analyzed from a 'support' perspective, that is, how they may be supported effectively.
2. What kindofknowledge isavailablefor knowledge-basedcomputerized support?
Knowledge about greenhouse crop production (and more specifically tomato production) is diverse in nature. Moreover, because crops are not
man-made, we have only limited insight in the processes that take place in
the crop. Since, various types of computerized support require its embedded knowledge to conform to specific requirements, a clear insight into
the attributes of the knowledge available in the domain of greenhouse crop
production is necessary. Such insight facilitates the choice of an appropriate computerized support approach.
3. What shoulda supportsystemlook likeand howshouldit behave in order to offer
valuableknowledge-basedcomputerized support?
Research is not an isolated activity, therefore, before embarking on a new
scientific journey one should have a clear notion of the ideas that have
been proposed and pursued in the past. A review of the applicable literature shows that our field of study has been particularly active in the recent
past. Insight in past approaches allows one to learn from them and prevents one from pursuing potentially interesting but less fruitful ones.
4. What is therelevance ofnewmodelling and problem solving techniquesfor computerizedsupportin themanagement task, and how cantheybeembedded in an overall
system design?
The investigations of the first three research questions form the proper
foundation for this final question. Here a concept of a computerized support system will be proposed that is in agreement with above findings.

1.5 Research strategy
1.5.1 Themanagerialcontext intowhich computerized
supportmustbe embedded
To determine the application context in which a next generation support system
must work, the objectives and operational tasks of the grower must be precisely
known. To acquire insight into the objectives and working practices of the grower,
interviews and discussions with growers, consultants of extension service agencies
and other specialists in the field of tomato production must be carried out. Afterwards the analyzed results are checked by experts in the field and placed alongside
the few other sources that have investigated the working practices of the grower.
Furthermore, the objectives and tasks of the grower are placed in the context of
literature on decision support. This activity results in a model that depicts the ac-

tivities of the grower within operational crop production management. Finally, this
model is used to identify the tasks of the grower for which additional computerized
support could be beneficial.

1.5.2 Domainknowledge ingreenhousecropproduction
For knowledge-based computerized support one needs knowledge that conforms to
the specific demands of the inference technique(s) chosen.
Knowledge is remarkably diverse, it ranges from informal and qualitative procedural
statements to numerical equations that specify cause and effect relations. To have a
clear notion of what kind of knowledge is available, or can -without too much effort - be acquired, a literature survey is carried out. This survey aims at acquiring
detailed insight in the structural and relational properties of the body of knowledge
available in domains related to greenhouse crop production.

1.5.3 Previous system proposals
To be able to take a step forward it is essential to acquire sufficient insight in the
strong and weak elements in earlier attempts in this field. To acquire this insight, a
literature survey is carried out on this subject aswell.

1.5.4 Synthesis,formulating aconceptforcomputerized
support
Formulating a concept for a new software system requires synthesizing from the
insights obtained during the analysis phase. These insights are usually formulated
as requirements which the new system should satisfy. Once the requirements are
clear, a global functional design can be proposed. In this design the tasks of the system are logically grouped and divided over functional modules.
As so often in research related to software engineering, designing and prototyping a
computerized support system involves a mixture of a few scientifically innovative
and many practical considerations. Given the nature of this work, our main attention is concentrated on the scientifically most interesting issues in the development
of a system concept. These issues are: i) the choice of an appropriate inference
technique; ii) the description of the chosen technique in the light of its application
conditions (i.e. modelling the problem of climate management in the 'language' of
the technique at hand), and, Hi)the analysis of the behavior of the chosen technique^) in the light of the requirements. Investigation of the behavior of the inference technique(s) is carried out by means of simulation.

1.6 Reading suggestions
This thesis contains two main parts: an analysis part and a design part. Each part is
concluded with an epilogue that compiles its main results. The overall structure of
this thesis follows the order in which the research strategy has been stated. The thesis ends with a general discussion in which the research objective will be reviewed
and future research directions will be discussed.
Although the thesis iswritten to be read from cover to cover, various 'short cuts' are
possible. Three of them are discussed here. First, the reader who is mainly interested in grower-oriented issues and the practical context of future computerized
support in greenhouse crop production should focus on chapters two, five and six.
Second, the reader who is more interested in an application of constraint reasoning
(as a specific form of optimization) may read chapter six to acquire sufficient insight in the context in which constraint reasoning is applied, continue in chapter
seven for a detailed description of the technique and the implementation of the
prototype, and proceed with chapter eight to see its behavior. Third, the reader who
is mainly interested in the state of affairs regarding the available domain knowledge
for computerized support should focus on chapter three and appendix one.

PART I
PROBLEMANALYSIS

2. GREENHOUSE CROP PRODUCTION INA
MANAGEMENT CONTEXT
2.1 Introduction
In this chapter crop production will be defined and analyzed in a management context. Above all managing crop production implies managing the processes that take
place in the crop by creating proper environmental conditions and carrying out crop
handling activities such that these processes proceed in a desired direction.
Managing the crop's shoot environment is considered the most important and most
difficult aspect of operational crop production management. In later chapters, this
part of the grower's management task will therefore be emphasized upon. Managing the crop's shoot environment cannot be seen separately from other means to
influence crop production. Consequently, in this chapter, all activities influencing
crop production and their interactions will be taken into account. The analysis will
be oriented toward the question of how a grower's operational management task can
best be supported.
Managing the crop's root and shoot environment has been supported by control
systems since the early seventies. These systems offer the grower significant advantages over manual operation because:;') they save time, the grower can implement a
control strategy (a combination of setpoints for the various variables over time) and
have the control system execute it autonomously; ii) complex - multivariate strategies, providing a fast response to changes in the outside conditions, can be
exploited; Hi) control actions can be applied more efficiently in terms of energy expenditure (Van Mansom and Rieswijk, 1995).
The principal idea behind our work is that the present-day support in operational
crop production management can be extended. However, before deciding about
how computerized support for greenhouse growers may be organized, a detailed
understanding of the decision making activities at a horticultural firm is considered
necessary. This is in close agreement with the ideas of Keen and Scott Morton
(1978) who state that to be able to improve a decision process, one must first define and analyze it. The objective in this chapter is therefore to develop a descriptive framework of the grower's management problem. In later chapters, this framework will be used to develop a design for a computerized support system.
A support system designed for individual growers on different horticultural firms
must be flexible enough to allow for the multiple management styles that have been
observed in practice (Spaan and Van der Ploeg, 1992). Furthermore, the design
should be general enough to be applicable in other (vegetable) crops, since implementing such a system and putting it to practice will not be commercially viable
when its applicability isvery limited.

The objective of this chapter will be worked out in the following way: first, an overview of tomato production will be given. Second, the boundaries of the management problem that plays a central role in this thesis will be stated. Third, important
characteristics of operational crop production management will be discussed,
among others: i) the way growers observe their crop; ii) the growers operational objectives; and Hi)the growers problem solving and decision making behavior, will be
analyzed. Finally, based on literature regarding problem solving, a model of operational crop production management will be proposed. This model will be used as a
reference in the subsequent chapters.

2.2 Tomato production
In order to familiarize the reader with tomato production an outline of operational
crop production management will be presented. In subsequent sections, the decision making processes of the grower will be described in detail.

2.2.1 The cropcompared toa man-made production facility
Taking a functional point of view, greenhouse crop production can be compared
with production processes that take place in fully man-made production facilities.
Some parts of crop production resemble a job-shop production facility, where sequences of activities can be observed, in which each activity has its own theoretical
maximum production rate. Between these activities there are stocks of intermediary
products, that potentially allow each individual activity to continue smoothly, that
is, an activity should not have to wait on its predecessor because its inputs are
readily available. In this analogy the activities resemble the processes taking place
in a plant, while intermediary stocks can be compared to the buffers between processes. For instance, the uptake and transport of nutrients can be seen in this way.
Some parts of crop production better resemble an assembly line production facility.
Here activities are carried out on a product that has been placed on a conveyor belt.
The quality of the final product depends upon the quality of the individual activities along the assembly line; the overall performance with respect to quantity depends upon the speed of the conveyor belt. The growth of individual fruits could be
viewed in this way. In this analogy, it is the developmental rate of the fruits that
could be compared to the velocity of the assembly line, while their size and quality
are determined by processes that take place during the course of development.
Another resemblance between crop production and production in fully man-made
production facilities is the presence of feedback mechanisms. Like in factories, crops
adjust their process rates in a feedback-like manner, for instance, in case of tomato
or cucumber production, flower and fruit abortion seems to be directly related to
the (inadequate) supply of assimilates (De Koning, 1994; Marcelis, 1994).
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Differences between crop production and production processes in fully man-made
production facilities can also be observed. For instance:
• since crops are not man-made we know much less about the individual processes as compared to the individual activities in a factory,
• as opposed to the activities in a factory, the processes in a crop cannot usually be controlled separately and some cannot be controlled at all (e.g.crop
aging), and
• the uncertainty and significance of external disturbances (weather) in crop
production is large. The influence of these external factors (and their associated uncertainty) is generally much larger than the influence of external factors in man-made production facilities.

2.2.2 Characteristics ofgreenhouseproduction
Early in history man discovered the benefits of protecting crops from unfavorable
outdoor conditions. One of the first examples of man-made protection in commercial production were (brick) walls, to protect crops against the influence of wind.
Much later, Dutch Lights (or flat glass) were invented, which were improved and
gradually developed to contemporary Venlo-type glasshouses. Today, we see a large
variety of more or less sophisticated greenhouses in which all kinds of horticultural
crops are grown. In the Netherlands, as opposed to warmer regions, glass is the
primary greenhouse cover. Although one may easily think that all glasshouses are
more or less equal, one should realize that for management and control practices no
greenhouse is alike.
With respect to their influence on management and control practices, important
differences between the production conditions in greenhouses are caused by:
i) (geographical) location; ii) orientation of the greenhouse; Hi) the air exchange and
light-transmission characteristics of the greenhouse; iv) the height of the greenhouse; v) production or growing system; and vi) the available control equipment 1 .
Small differences in these characteristics may influence growers' practices significantly.

2.2.2.1 Theshootenvironment
The shoot environment is the above ground (growing medium) environment that
can be characterized by its ability to vary relatively rapidly. With respect to the
crop's shoot environment, growers can control the four major2 climate variables:
The control equipment is defined asthe set of available control devices or actuators.
The control system is the (computerised) interface between the grower and his control equipment.
NOx-concentration, CO-concentration could be considered minor climatevariables.
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light intensity (I0in W-m'2), temperature (T in degrees C), humidity (Xhin kgm"3)
and the C0 2 -concentration (C„in ppm) 3 .
The grower usually has the following devices available: a heating system, a
C0 2 -supply unit and a ventilation system. Optionally, growers may have: i) screens
(e.g.Bakker and Van Holstein, 1995), that can either be used for energy conservation and/or shading (the latter are rarely used in tomato production); ii) roof sprinklers (e.g. Breuer and Knies, 1995) that are used for cooling and in) supplementary
lighting (e.g. Huijs, 1995) which is not used in tomato production. During extreme
situations in the summer the grower may also manually spray white wash on the
glass cover for shading.
The actual configuration of the control devices (and the related measuring equipment) varies between growers. With respect to C 0 2 input, growers typically use the
C 0 2 produced by their boilers (i.e.only when their boilers operate on natural gas).
Alternatively, some growers use pure C0 2 . Growers who use the C 0 2 produced by
their boilers may also have a heat storage tank, allowing them to put C 0 2 into the
greenhouse while storing the hot water and use it during the night. Without heat
storage capability or use of pure C0 2 , temperature constraints will restrict C 0 2 enrichment during the summer (e.g. Nederhoff, 1995).
With respect to heating some growers can use vertically mobile "growth pipes"
while others have to rely solely on the ordinary tube-rail system (e.g. Van der Braak,
1995). Mobile growth pipes allow for local heating, for instance, near the tomatoes
to stimulate ripening, or in the top of the greenhouse to stimulate growth or to
compensate for night-time emittance. The ventilation system typically consists of
ventilation windows on both sides of the ridge, the ratio ventilation window surface
to greenhouse area varies for Venlo-type glasshouses between 0.10 and 0.23
(Waaijenberg, 1995).
The configurations of the heating system, the ventilation system together with the
thermal screens and the roof sprinklers, given the fixed greenhouse characteristics,
determine the spatial temperature and humidity distribution characteristics (both
vertically and horizontally).
In the greenhouse one may distinguish between a global and a local climate4. The
global climate is only measured coarsely3, therefore, given the spatial distribution,
the measured value will have some uncertainty in it. The local climate is defined as
the climate directly around the individual plants 6 . It is not measured. The local cliOther units also exist, for instance: light intensity in |xmol-m'2-s'' PAR, relative humidity in %or kPa, and the C02-concentration in Pa.
Alsocalled: macro resp.micro climate.
Mainly because the measuring equipment is expensive. The grower typicallly has
only one or two sets of measuring devices per compartment.
E.g.humidity near the stomata. Leaf and fruit temperature are also considered part
of the local climate.
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mate differs from the global climate due to limited air movement in the greenhouse
and differences between the heat capacity of crop and that of the greenhouse air.As
a result, the difference between what the crop perceives and what is being measured, may be significant.
It can be concluded that, owing to differences in greenhouse location and construction and differences in control devices and position of the measuring equipment,
the same measurements for the set of climate variables at growersA and B do not
necessarily represent the same micro climate at growers A and B. Differences in
micro climate result in differences in crop response. Consequently, even with identical objectives, the operational management activities of a growerA and a grower B
should be different.

2.2.2.2 Therootenvironment
Nowadays, tomatoes are commonly grown in artificial media like rockwool slabs.
Rockwool has good physical properties for plant growth (e.g.it is inert and has a
good air-content to water-content ratio). Growers who grow their crop in rockwool
slabs usually have a higher production compared to growers who produce in natural
soil7 in part because they have fewer problems with (persistent) soil-born diseases.
Artificial media allow for a more precise and responsive control, however, the limited amount of water in the root environment bears an additional risk in case of
malfunction.
Some growers have a root heating system, since such a system is normally not used
in tomato production we will not consider it further.
The irrigation system consists of a water source8 (usually a large basin or a well),
storage tanks for nutrient solutions in concentrated form and a mixing unit. Nutrition and irrigation control involves: i) the concentration of the macro, micro and
spore elements in the base nutrient solution9; ii) the electro-conductivity or salt
content (EC in mS) and acidity (pH) of the nutrient solution10; Hi)the timing, fre7

Of course, growers producing on artificial media will also have higher production
costs compared to their colleagues producing in the ground. Spaan and Van der
Ploeg (1992) present an interesting discussion about the choice between producing
in artificial media versus producing in natural soil.
The initial water quality of the water source (especially the sodium chloride content) is an important factor in the grower's control practices. Water with a relatively high sodium chloride content can cause salt build up in the rockwool slabs,
periodically the grower will try to lower the sodium chloride content of the rockwool slabs through rinsing.

9

The grower makes concentrated nutrient solutions in two (to prevent precipitation)
storage tanks. After creating the concentrated solution the proportions of the individual elements are fixed. They can only be supplied to the plants in a more or less
diluted form (respectively lower or higher electro-conductivity).
The grower has an "acid-tank" to reduce the pH of the nutrient solution.
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quency and duration of the trickle-turns (given the fixed capacity of the drips); iv)
the amount of oversupply. The latter three are controlled through the irrigation and
nutrition control system. Currently, the grower cannot measure (nor control) the
individual elements in the nutrient solution on-line. Typically, once a week the EC
and pH of the nutrient solution in the rockwool slabs is measured. Every other
week these samples are also chemically analyzed to determine the exact nutrient
content.
The control devices for climate and nutrient and irrigation control may be controlled from one console.

2.2.2.3 Difficulties regardingcontrollability and uncertainty
Although greenhouse production has many advantages, with respect to controlling
the crop environment, compared to agricultural production in the open air, the controllability of the environment is by no means complete.
The inability to realize the grower's settings is due to (extreme) outside conditions
and the specific properties of greenhouse production. These properties are:
• the large, frequent and rapid variations in light intensity during the day (in
relation to the response characteristics of the control equipment),
• the non-specificity of the ventilation and heating system with respect to individual climate variables (e.g. air exchange11), and
• the close physical relationships between radiation and temperature, and between temperature and humidity in the greenhouse.
These properties complicate the greenhouse climate control problem significantly
(e.g. Bot, 1983; Bontsema, 1995).
With respect to uncertainty, the most apparent type of uncertainty (others are discussed later) that significantly influences the way crop production can be controlled, is our limited ability to predict the weather. Depending on the stability of
worldwide current patterns, our weather can only be predicted more or less accurately 1 to 5 days in advance. Predictions of the most important variable (i.e. light
intensity) are usually stated qualitatively and their realization will vary significantly
from place to place.
The importance of various weather characteristics (i.e.temperature, light intensity,
humidity and wind speed) for operational management varies during the growing
season because of: i)varying possibilities for control and compensation of undesired

Although modern greenhouses have limited leakage, the air exchange rate of a
closed greenhouse varies between 0.1 and 2 times per hour (Heijnen et al. 1982)
depending on the windspeed. The air exchange rate is important with reference to
humidity control, especially during the first three months of the year.
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states, ii) variations in the sensitivity of the crop12 for changes in the climate variable values.

2.2.3 Theproduction time-line
Figure 2-1 shows the characteristic activities and events during the annual tomato
production cycle. To a large extent the activities and events constitute the grower's
tactical plan. The timing of these milestones is an indication of a more or less standard situation; their actual timing will of course vary from grower to grower.
First, a plantbreeder sows the cultivars selected by the grower. During the first
weeks the plantbreeder is responsible for proper development of the young plants.
After planting the young plants at his nursery, the grower stimulates generative
growth (i.e. truss initiation and truss development) until the third truss blooms.
Following this period of generative growth stimulation, normal operational management practices commence and continue until the end of the season.
Harvesting
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Figure2-1 Activities and eventsalongtheproductiontime-line.

Once or twice during the production season the grower keeps an extra side shoot13.
This extra stem increases the number of fruits as well as the leaf area per square
meter and it allows the grower to profit from the increasing light levels during
spring and summer.
The greenhouse tomato is usually grown in an indeterminate way. That is, after an
initial startup period, the crop keeps producing tomatoes until it is removed from
12

E.g. a period of relatively low light levels in the winter has more impact on the
growers operational management practices than proportionally the same light reduction in the summer.

13

Typically, one side shoot per four plants (normally, side shoots are removed).
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the greenhouse. Approximately eight weeks before removal of the crop, the grower
removes the plant head, thereby stopping truss initiation.

2.2.4 Managementandoperations
Important facets in horticultural management are the grower's objectives and his
activities to realize his objectives.
At the operational level, the growers' objectives are related to the following seven
aspects: amount and quality of the product, timing of production, maintaining production potential, reduction of costs and production risks, and compliance to socioeconomic constraints 14 (Van Straten and Challa, 1995). The way the grower operationalizes these rather broad aspects will be discussed in section 2.4.3.
The activities in a horticultural firm can be split up into two classes, the first class
consists of activities that influence the crop or its environment directly. The second
class are those activities that do notinfluence the crop or its environment (e.g. postharvest activities like grading and packaging, or transport to market). In this thesis
only the first class of activities will be considered. It is recognized that for the
grower the other activities are also of importance (e.g. Ziggers, 1993; Leutscher,
1995).
The actions that influence the crop can be categorized into: i) actions that influence
the root environment: activities with respect to irrigation and nutrition; ii) actions
that influence shoot environment: activities with respect to changes in the greenhouse climate; Hi) actions that manipulate the crop state directly: manual operations like fruit picking, leaf pruning, etc.; iv) actions to repress pests and diseases,
e.g. application of fungicides or dispersal of natural enemies.
These four ways to influence the crop or its environment have generally been investigated in isolation, that is, as being separate decision making subject-matters (e.g.
Fynn et al, 1989; Martin-Clouaire et al, 1993a; Van der Maas, 1991), however,
interviews with growers and extension specialists show that growers tend to look at
the crop and its environment in an integrated manner. Growers do not see these
classes of the activities as four distinct decision problems, but consider them as a
whole. From a decision making point of view, the crop and its environment must
therefore be considered in its entirety.

Regulations with respect to: use of pesticides/fungicides, labor hours of personnel,
discharge of oversupply of irrigation water, etc..
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Figure2-2 The relationshipbetweenactivities within operationalmanagement (left) and key problemclasses (right) in tomato production.

Figure 2-2 shows crop production from a phenomenological point of view; it indicates the activities and events that easily surface when looking at tomato production. The left-hand side shows the activities of the grower. The right-hand side
shows the problem classes into which problems that occur on a tomato crop can be
classified. Since quality and volume of production can be influenced substantially
by problems, a grower's operational objectives are in a large part oriented towards
preventing these problems. The intermediate states and processes15 can hardly be
observed in practice; we know about how activities and problems are inter-related
through decades of experience and research.
The arrows between activities and problem classes indicate the most prominent
interrelations between them. The grower's climate control activities are considered
to be especially important because they play a prominent role in the possible emergence of problems in any of the problem classes. However, not all relations are

The intermediate states and processes boxes indicate that plant/crop states which
represent a problem are not influenced directly by activities of the grower or other
crop states but through a series of processes that occur inside the plant/crop. The
numbers 1to 4 indicate that these sets of intermediate states and processes are different.
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drawn, for instance, irrigation practices may influence the incidence of fungal diseases.
Figure 2-2 also shows that the occurrence of a problem in one class may cause
problems in other classes, and that solutions for one problem may induce problems
in other classes16. Since the grower is aware of the many interrelations he will approach crop production management in an integrated manner. Also, given a problem-related objective there may be several possible actions to influence the state of
the crop in the desired direction. An experienced grower will have such a multifaceted viewpoint on his operational crop production management task.
The grower influences growth and development of his crop through: i) removing
plant parts, ii) influencing the crop's root and shoot environment, and Hi) influencing pest and disease populations. Thereby he uses the possibilities of his greenhouse, its control devices (as mentioned in section 2.2.1) and other (e.g. pest management) equipment.
The following activities can be distinguished:
1. Activities influencing the crop's shoot environment: climate control.
In currently available climate control systems, the grower typically enters
trajectories of actuator- or device-related setpoints (e.g. heating and ventilation temperature setpoint), state-dependent compensators (e.g. lightdependent increment of the ventilation temperature setpoint) and fixed
device-related threshold values (e.g. minimum ventilation window aperture). Normally, only temperature, humidity and C0 2 -concentration are
being controlled. One should realize that the grower does not enter "state
variable" setpoints for the three controllable climate variables but a rather
complex mix of settings that result in a certain greenhouse climate.
2. Activities influencing the crop's root environment: nutrition and irrigation
control.
The grower enters setpoints for EC, pH in his control system. The timing,
frequency and duration of the trickle-turns can be entered as setpoints or
can be controlled based on measurements 17 or a combination of both.
3. Activities to manipulate pests and diseases directly.
Pest and disease control involves the application of chemical pesticides and
fungicides; it is also concerned with biological control. Nowadays more and
more insect species and even some fungi can be controlled using their natu-
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Application of chemical means to treat pests or diseases is well known for causing
growth retardation. Also, pruning (because of the wounds) promotes the incidence
of fungal diseaseswhen carried out under unfavorable environmental conditions.
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The grower either controls irrigation on the basis of radiation or oversupply measurements. Level tanks (Dutch: niveaubakken) measure the amount of oversupply
and water uptake of three or four sample plants.

ral enemies (predators, bacteria or viruses). Natural enemies are normally
dispersed manually and, when appropriate, locally near a hot spot. Chemical means (and bacteria or virus suspensions) are usually applied by spraying or fogging. Some systemic pesticides are applied through the irrigation
system.
4. Manual operations.
Manual operations are the activities: harvesting, truss-pruning, fruit thinning, branch-pruning, leaf-pruning and lowering the crop in case of a highwire growing system (applies primarily to tomato). These activities are
normally carried out in a blueprint like manner, the latter five are usually
carried out once a week. Fruits are picked usually two or three times a
week. Attending to the bumblebee population 18 is also considered within
this class.
This section outlined tomato production, here, the grower's activities and the key
problem classes have been discerned. To analyze the grower's management and
problem solving activities further, some elaboration on management and problem
solving literature is needed. First, some management and problem solving frameworks will be discussed (section 2.3). Then this theory will be applied to the
grower's practices (section 2.4) and, finally, a model of the grower's problem solving
behavior will be deduced (section 2.5).

2.3 Management and problem solving theory
2.3.1 Management theory
Management is usually considered as a cyclic process with three basic functions:
planning, implementation and control (e.g. Boehlje and Eidman, 1984). The planning function contains the decision making activities that lead to the construction
of an acceptable decision, plan or strategy. The implementation function transforms a decision, plan or strategy into executable actions. Finally, the control function consists in monitoring and evaluating and revising the implementation of a
decision, plan or strategy.
Furthermore, management may be considered in relation to its planning horizon as,
for instance, depicted in Davis and Olson (1985). They discriminate between strategic, tactical and operational management19. Strategic management is concerned
with decisions that have their impact over a number of years, e.g. investments, the
location and size of the nursery, etc.. Tactical management in greenhouse crop pro18

Bumblebees promote proper flower pollination.

19

The terms operational crop production management and operational management
willbeused interchangeably.
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duction is concerned with decisions that have their impact -depending on the crop
- during one or a small number of growing seasons, e.g. choice of cultivar, planting
date, etc.. Operational crop production management concerns the day-to-day decision making processes of the grower on his nursery.
Finally, management may be considered from the grower's perspective. Spaan and
Van der Ploeg (1992) use the concept of management style. The grower's management style indicates his perspective on how his greenhouse as a production facility
of horticultural products can best be organized and further developed. The concept
of management style has been introduced to recognize differences among individual
growers. These differences influence practices within every management function at
the strategic, tactical and operational level. Spaan and Van der Ploeg (1992) conclude that there is no single best way to manage a horticultural firm because each
management style has its merits and drawbacks and cannot be considered seperately from the grower concerned.

2.3.2 Problem solvinganddecision making
Whenever decision support for a particular problem in a given organizational context is considered, it is essential to have an understanding of the problem solving
process (Keen and Scott Morton, 1978). This statement may sound obvious, unfortunately it is not. Keen and Scott Morton (1978) conclude that in the study of
management there seems to be lack of interest in, and ignorance of the way decisions are taken. They present a diagnostic approach to the study of decision making. The diagnostic approach requires decision support system (DSS) designers to
analyze, first of all, what is happening and observe rather than presume a priori
that they understand how decisions should be made.
Nowadays, information systems textbooks emphasize user-cooperation during software construction, which may indicate a change20 in perception. However, "application conditions blindness" remains a danger that every method advocate should
keep in mind. Simon (1977) already noticed that operations research enthusiasts
easily forget the application conditions of their methods and elegantly solve a reduced problem that bears little resemblance with the original problem, thus making
their solutions inapplicable. Without marginalizing the importance and benefits of
normative approaches in, for instance, sensitivity studies (e.g. Leutscher, 1995), in
our study a descriptive approach is considered more appropriate. Within a descriptive approach decisions are examined in terms of their process and structure. The
grower's problem solving behavior will be analyzed accordingly and prescriptive or

20
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In the agricultural field we notice the positive appreciation received by the management styles studies of Van der Ploeg and co-workers have received and which
mayindicate a similar change.

normative statements regarding the decision making process of the grower will be
postponed until chapter five21.
Decision making may be analyzed according to the following viewpoints:
1. The activities of the problem owner during the decision making process.
2. The amount of structure of the problem.
3. The beliefs of certain schools of thought regarding decision making.

2.3.2.1 Activities during thedecision makingprocess
The intelligence - design - choice (and review) model of Simon (1977) is probably
the most referred model for describing decision making processes. The activities
carried out within each of these phases are themselves decision making processes,
therefore, the process as awhole is complex.
The intelligence phase is a continuous or intermittent scanning of the environment
in search for problems or opportunities. This phase results in dissatisfaction with
the current state or identification of potential rewards from a new state. During the
design phase of Simon's model, the problem owner, i.e. the grower, invents, develops and analyzes possible courses of actions. In this phase the grower has to reformulate the problem, thereby focusing on controllable elements in order to be able
to tackle the problem. The final choice phase of Simon's model is the selection of
the best alternative generated during the design phase, using whatever choice criteria the grower thinks are appropriate.

2.3.2.2 Theamountofstructureofthe managementproblem
Simon (1977) distinguished between programmed and non-programmed decision
making processes22. He states that decisions are programmed when they are repetitive and routine and when a clear procedure has been worked out to handle them.
Programmed decisions can potentially be carried out by computer programs. Decisions are non-programmed when there is no apparent explicit procedure to handle
the problem. Non-programmed tasks need the judgment of a decision maker and
cannot be programmed because the underlying "deep structure", that is, the combination of objectives, trade-offs, relevant information and methodology of analysis
cannot be resolved, for instance, owing to its complex or unknown nature and
structure (Keen and Scott Morton, 1978).

A decision support system, amongst others, implies a choice concerning how problem solvingcould be performed in a better way.
Simon (1965, in Keen and Scott Morton, 1978) predicts that by 1975 most management tasks will be programmed. This has clearly not occurred and suggests that
judgement remains essential in many decision making processes.
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