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Abstract 

The application of digital image processing for grading of pot plants has 
been studied. Different techniques e.q. plant part identification based on 
knowledge based segmentation, have been developed to measure features of 
plants in different growth stage. Growth experiments were performed to 
identify grading features and to test whether it is possible to grade pot 
plants in homogeneous groups. Judgement experiments were performed to 
test whether it is possible to grade plants as good as man do. For the 
grading experiments decision models based on regression equations and 
neural networks have been developed. 



Stellingen 

1. Sorteren van potplanten in een vroeg ontwikkelingsstadium leidt tot een betere 
beheersing van de teelt. 
- Dit proefschrift 

2. De menselijke waardering van potplant kenmerken is verre van consistent: zij lijdt 
onder vervagend normbesef. 
- Dit proefschrift 

3. Door een sorteerder in een objectieve discussie de subjectieve kennis over 
kwaliteitsnormen te laten uitleggen, neemt het kwaliteitsbesef toe. 
- Dit proefschrift 

4. De computer overtreft de mens niet met betrekking tot de nauwkeurigheid bij het 
beoordelen van een individuele potplant; echter hij is wel consistenter. 
- Dit proefschrift 

Voor een meer reële uitbetaling aan de bietenteler kan het vaststellen van de 
hoeveelheid winbare suiker beter gedaan worden op basis van de gehele biet, dan op 
basis van een na-gekopte biet. 

De stelling van Hofstede dat "In the design of planning systems, the chances of 
producing a system that is valued by users are highest if the first step is the 
development of a user-system interface that is understood and accepted by the user" 
is nog volledig houdbaar. 
- G.J. Hofstede, Modesty in modelling, proefschrift Landbouwuniversiteit (1992). 

7. De kennis van de banen van kunstmestkorrels is nog onvoldoende om strooibeelden 
te berekenen. De variatie in grootte en vorm van de korrels maakt een sorteeractie 
om de uniformiteit te vergroten noodzakelijk. 



Bij het schrappen van het voorvoegsel Landbouw verliest de Landbouwuniversiteit de 
grond van haar bestaan. 

De consistentie waarmee een sorteerder potplanten beoordeelt is vergelijkbaar met de 
consistentie waarmee een begeleider een stuk tekst beoordeelt: een ruw concept kan 
vergeleken worden met een stek en een uitgewerkte tekst met een bloeiende plant. 

10. Voor serieus programmeerwerk is een programmeertaal als C onontbeerlijk. 
- Automatiserings Gids, 28 oktober 1994. 

11. In navolging van files op een zonnige zondag op de autosnelweg richting kust, 
ontstaan er op een regenachtige zondag files op de digitale snelweg richting 
amusements "programma's". 

Stellingen behorende bij het proefschrift van Jouke Dijkstra: 
Application of digital image processing for pot plant grading. 
Wageningen, 22 december 1994 
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1 Introduction 

'All animals are equal, but some are more equal than others'. But how about plants? 
Looking at a group of plants of the same species, an observer may say that they all are 
equal. Inspecting the plants more closely, differences between individual plants may be 
noticed. Is there any need to separate these plants from each other and is it possible to 
perform this separation without human interaction? 

Research at the Experimental Research Station for Flower Research at Aalsmeer, the 
Netherlands, showed that the harvesting of pot plants is inefficient and labour intensive 
(van der Schilden et al., 1990). Pot plant production is also affected by the inefficient use 
of greenhouses. By increasing uniformity in groups of plants, harvesting should be more 
efficient because these groups can be harvested at the same moment. This results in a 
more efficient use of greenhouse space. 

To create uniform groups, plants have to be graded. It has been shown that human 
graders have problems with grading consistently and continuously. Therefore other 
techniques should be developed. A potential solution to the problem of grading without 
human interaction is digital image processing (Meyer et al., 1985; Hines et al., 1987; 
Cardenas-Weber et al., 1988; Chen et al., 1991; Brons, 1992). 

In 1985, the Department of Agricultural Engineering and Physics at Wageningen 
Agricultural University (WAU) became involved in the application of digital image 
processing in grading processes. A research project on the application of digital image 
processing for grading tasks in horticulture was started in co-operation with the 
Experimental Research Station for Flower Research in 1988. The initial results of this 
project are presented in this thesis. 

1.1 Grading 

Processing of agricultural products is closely tied to grading operations. There are hardly 
any products on the market that have not undergone some sort of grading operation. 
Grading in this context includes all operations which segregate a material with a mixture 
of attributes, 'raw material', into distinctive groups or grades. The concentration of the 
material with particular attributes in these groups is much larger than in the raw material. 
Some common examples of grading operations involving agricultural products are 
cleaning and sizing seeds, separating grain from chaff, separating out clods and dirt, 
sizing and sorting fruit and vegetables, and sizing eggs by weight. (Peleg, 1981). 

Horticulture also involves considerable grading. In pot plant cultivation most grading 
is done manually. The quality and size of pot plants are defined by visually determined 
features. The human vision system in itself is superior to any other vision system 
however the opportunities for a human to classify using his vision system are limited. 
Man are good at comparing two objects but as soon as they have to classify individual 
objects without seeing other objects or a standard, their classification will vary over time 
because of changing subjective 'standards'. 

1 



In Figure 1.1, a classic example of human misinterpretation is translated to the pot plant 
situation. 

Grading is a tedious job and requires constant concentration. In addition to the 
problems associated with applying the correct standards, it is hard to find people who are 
able to perform the grading task satisfactorily. The main reasons for this are the relatively 
low wages paid and the uncomfortable work environment. Training people for the grading 
task can sometimes take six months and many graders quit after one or two years. 
Nevertheless, the market demands products of standardised and uniform quality which 
cannot by produced by humans so it should be searched for automated systems using 
objective 'standards'. 

Before discussing the need for automatic grading in pot plant cultivation and the 
concept of computer-camera systems, there is a brief description of horticulture in the 
Netherlands. This is followed by a discussion of the possibilities for introducing automatic 
grading systems into horticultural production given the present state of the art in 
greenhouse automation. 

O o OoO°o° 
o o 
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Figure 1.1 Human misinterpretation in grading pot plants 



1.2 Pot plant cultivation in the Netherlands 

Many Dutch greenhouses are to be found in such horticultural areas as 'het Westland' and 
'de Kring' in Aalsmeer. In 1989 the Dutch greenhouse industry occupied about 9500 ha, 
10 percent of which was used for pot plant production. It is the fastest growing sector in 
the greenhouse industry. From 1970 to 1990, the annual growth rate was about 10 percent 
(Ploeger, 1992). Pot plants are cultivated in plastic or earthenware pots and are produced 
for ornamental use in offices and homes. The ornamental value of the pot plant is 
determined by its leaves, its flowers or both. Pot plant production is divided into two 
categories: flowering plants and green plants. Table 1.1 shows the area of greenhouse 
space occupied by each category from 1970-1991. Although there is a decrease in the 
number of nurseries, the area they cover is increasing. The number of large nurseries 
- more than 10.000 m2 - has grown very quickly in the last decade and this type of 
nursery is highly mechanised and automated. 

Table 1.1 Area of pot plants in greenhouses, divided in green and flowering plants 
(Ploeger, 1992). 

year 

1970 
1980 
1985 
1990 
1991 

flowering 
plants (ha) 

282 
301 
425 
447 

green plants 
(ha) 

272 
385 
559 
598 

total (ha) 

145 
554 
686 
983 
1045 

number of 
nurseries 

1832 
1680 
1765 

nurseries 
> 10.000 m2 

101 

311 

The Netherlands is one of the worlds leading pot plant producers. In 1992, production 
from the 1700 pot plant nurseries was valued at 1.5 x 10' NGL and a large proportion 
came from export (80 %). The nurseries themselves are very specialised. The mean 
number of different species at large nurseries (>5000 m2) is 3.0. Thirty-five percent of 
these nurseries grows one specie. A new type of nursery with division of labour, an 
extensive process automation, and up to fifty employees is becoming more prevalent. Size 
and profitability of pot plant nurseries are strongly correlated (Hofstede, 1992). 

There are over a thousand different registered products and almost all of these require 
a specialised production process. According to Bots (1991) the products differ in number 
of cultivation stages, density per stage, stage length, number and nature of manipulations, 
climate requirements, light-, water-, nutrition requirements, treatment against diseases, 
growth regulation, and the way they are reproduced. All these details make the products 
quite different from each other. New products are also being introduced frequently, so it 
is hard to get exact data on pot plant production, cultivation, and grading strategies. 



The main difference between pot plant production sector and other branches of the 
agricultural industry is its high rate of innovation and the independence of the individual 
pot plant grower as entrepreneur. The successful operation of a large pot plant nursery 
depends to a large extent on adapting innovations (Alleblas, 1987). Initiatives by pot plant 
growers include setting up nurseries in Brazil or Spain, planning labour peaks during 
school holidays, creating a brand name or a new product, setting up their own genetic 
research, as well as following Paris fashion magazines to determine what colours to 
cultivate. (Hofstede, 1992). 

Figure 1.2 gives an example of a nursery lay-out. Usually a nursery is not so 
straightforward as the figure and there may be greenhouses of different ages, size and 
technical cultivation systems. 

truck exit 

storage 

potting machine etc.' 

tables 

office 

heating and 

water system 

middle path 

tables 

Figure 1.2 An example of a nursery lay-out 



1.3 Automation in pot plant production 

Production systems for pot plants differ. They can be grown, for example on the ground, 
on concrete floors, on fixed tables that can be rolled aside, or tables that can be 
automatically transported ('containers'). Table 1.2 shows the percentage area devoted to 
these different production systems. Depending on the nature of the production system in 
use, the plants are transported to a central location for each manipulation. This occurs 
most frequently when internal transport is automated, e.g. by containers or conveyor 
belts. 

Table 1.2 The percentage of area of pot plants per production system in 1989 
(Ploeger, 1992). 

Production system 

Ground 
Fixed tables 
Concrete floors 
Movable tables 
Containers 
Tempex plates 
Others 

Percentage 

34% 
18% 
14% 
14% 
11% 
6% 
3% 

Climate control in most greenhouses is highly automated (opening and closing of 
windows, the regulation of the C02-level, light, temperature, and watering). 
Manipulations such as making cuttings, planting cuttings, grading plants, and preparing 
the final products for transportation have hardly been automated at all yet. The potting 
machine is the most common item of mechanisation in nurseries. Over 80 percent of the 
large nurseries (> 5.000 m2) use a potting machine. Most spacing is still done manually, 
even in the large nurseries (Table 1.3). This is because there is a lack of good automatic 
systems (Ploeger, 1992). 

The internal transport of pot plants in nurseries has become a lighter task because 
plastic pots are used instead of earthenware ones. However, without mechanisation it is a 
physically heavy task and little mechanisation has been introduced so far (Table 1.4). 



Table 1.3 The percentage nurseries in the Netherlands per size class using different 
methods for spacing in 1989 (Ploeger, 1992). 

area in m2 

< 1000 
1-2 000 
2-5 000 

5-10 000 
> 10 000 

average of all 
nurseries 

unknown 

10 % 
9 % 
1 % 

1 % 

3 % 

manual 

81 % 
83 % 
87 % 
79 % 
69 % 

80 % 

manual/ 
mechanical 

2 % 
1 % 
6 % 
5 % 

3 % 

mechanical 

1 % 
2 % 
6 % 
10 % 
22 % 

9 % 

no spacing 
applied 

8 % 
4 % 
5 % 
5 % 
3 % 

5 % 

Table 1.4 The percentage of nurseries in the Netherlands per size class using different 
methods for internal transport in 1989 (Ploeger, 1992). 

area in m2 

< 1 000 
1-2 000 
2-5 000 

5-10 000 
> 10 000 

average for all 
nurseries 

unknown 

10 % 
9 % 
1 % 

1 % 

3 % 

manual 

87 % 
89 % 
84 % 
68 % 
49 % 

77 % 

manual/ 
mechanical 

2 % 
4 % 

1 % 

mechanical 

3 % 
2 % 
15 % 
27 % 
40 % 

17 % 

automatic 

3 % 
6 % 

2 % 

From Table 1.4 it can be concluded that automatic transport is only implemented in 
nurseries larger than 5.000 m2. This can be explained by the high cost of implementation 
(Ploeger, 1992). 

In chapter 2 it is discussed that for a successful implementation of an automatic 
grading system additional handlings should be avoided. This means that the internal 
transport has to be automated. Another important condition for the implementation of 
automatic grading is that large batches of plants are processed. This reduces the number 
of switchings in the system. Grading for example, has to ensure that groups of plants are 
large enough to fill a whole compartment. Large nurseries, with only a few different plant 
species, meet this condition. As mentioned before, the mean number of different species 
on large nurseries (>5000 m2) is 3.0. Given the increasing number of large nurseries 
(Table 1.1), it can be assumed that the possibilities for implementing automatic grading 
systems will increase in the coming years. Chapter 2 discusses the question of in which 
stages grading should take place in the production process and the conditions that have to 
be taken into consideration. 



The main research hypothesis in this study is: 

Grading of pot plants by means of digital image processing at (a) certain stage(s) 
of growth results in more homogeneous groups of plants. 

The following research questions have been identified: 
1. Why should plants be graded? Grading of plants should increase their value or may 

improve the efficiency of the production process. An analysis of the grading process 
is given. 

2. At which stage of growth should plants be graded? Although grading of plants can be 
applied at all stages of growth, grading at particular growth stages may be more 
efficient. An analysis of the potential grading points is given. 

3. Why should grading be done automatically? At the moment grading is mainly done by 
man based on a complex set of features. The problems concerning the human grader 
are discussed. 

4. Is it possible to measure features of plants using digital image processing? Digital 
image processing has already been in use for several years for medical and military 
purposes and has been implemented in the electronic and automobile industry, but is 
in development for the agriculture. Methods have to be developed to measure 
complex agricultural objects which have no predefined shape. 

5. Which features should be measured in order to grade plants into uniform groups? At 
the moment grading is done visually by man using subjective criteria. An analysis 
concerning the identification and testing of grading features is presented. 

6. What is the effect of grading plants at different stages of growth? Case studies using 
different plant species are performed to test the effect of grading at different stages of 
growth. 

7. Is it possible to grade plants using digital image processing qualitatively as good as 
when grading is done by human beings? Different decision systems are presented for 
performing the grading operation and these are compared to the results of human 
grading. 



1.4 Scope of the study 

Digital image processing has been chosen as the sensor technique for measuring plant 
features. This technique can be applied to measure features of all kind of plants. In this 
study, the focus is on pot plants. This decision is based on the following: 
1. The measurement of plant features in singularised plants is already complicated. The 

measurement of features in images with multiple overlapping plants would be even 
more complicated. It has been decided to use singularised plants to ensure that the 
project could be carried out. 

2. The system is fixed in one place because it is necessary to control the environment 
for the image acquisition. This means that the plants have to come to the system. 

3. To measure the effect of plant grading, plants should grow in a controllable 
environment which should remain the same throughout the experiment. This is 
possible in a greenhouse. 

4. In a later utilisation stage, the system is most profitable when used in the context of a 
year round cycle. 

5. In order to develop a grading system, it must be possible to compare the results 
collected to particular standards. 

Pot plant cultivation meets these criteria. They can be treated as individual units, can be 
transported, are grown in greenhouses, are produced the whole year round, and already 
many of the grading operations are done by human beings. 

1.5 Structure of the thesis 

In Chapter 2, the need for grading in pot plant cultivation and the stages in the growth 
cycle when grading should be carried out are discussed. In Chapter 3, the use of digital 
image processing in agriculture, especially in horticulture, is discussed, including the 
setting-up of a grading system. An important part of digital image processing is the 
identification of grading features. This is discussed in Chapter 4. The lack of knowledge 
about suitable grading features and decision rules makes it necessary to perform growth 
and judgement experiments. The experimental set-up and methods for these experiments 
are explained in chapter 4. In Chapter 5, 6, and 7 experiments using different species are 
discussed. In Chapter 8 the results of experiments with different species are used to draw 
general conclusions about using digital image processing as a grading tool. 



2 Grading in pot plant cultivation 

2.1 Introduction 

In Chapter 1, the possibilities for implementing automatic grading in the pot plant 
cultivation has been discussed. This chapter analyses the grading problem. It discusses the 
reasons for grading and the need for automatic grading, indicates when it should be done 
and how grading is carried out in the present production process. Basic requirements for 
an automatic grading system are formulated on the bases of these considerations. 

Plant grading in agriculture is already used for research purposes. Its objective is to 
test plants against predefined quality standards in order to assign individual plants to 
different groups. Uniform groups are created and poorly developed plants are removed in 
this way. Major applications are (Cardenas-Weber et al., 1988): 

selecting and measuring plants for a research experiment; 
determining which plants are ready for planting in a nursery; 
classifying plants for marketing purposes. 

The grading processes discussed in this thesis are performed on pot plants which are 
reproduced by cuttings or shoots, because this is the most common way of reproduction 
here. Other reproduction techniques, like tissue culture and seedlings, are beyond the 
scope of this study. 

2.2 Why grade in pot plant cultivation 

The general objective in pot plant cultivation is to produce full-grown plants of the 
desired quality as efficiently as possible. By grading the plants in different stages in the 
growth cycle, this objective can be achieved in a more efficient way. Grading at the 
beginning and during the growth cycle has major advantages: 

possibility of excluding bad plants at an early stage. If it is known which plants will 
not develop into marketable plants, they can be excluded and the amount of energy 
and space needed can be reduced. Since these plants need not to be removed during 
the growth cycle or at the harvest, labour is saved; 
reduction of plant interaction effects. If a small plant is placed between large plants, 
competition will affect its growth response. A more favourable situation is when the 
plant is placed in a group of plants of uniform size. After grading, small plants will 
get better opportunities to develop into marketable plants because they are not in 
competition with large ones. 
the right action can be taken at the right moment. For instance growth regulators can 
be used at the right stage of development. Besides, regulators can be used more 
efficiently which may cause a reduction in the total amount of regulators that need to 
be applied. 



if it is known which parameters determine the growth of the plant, measurements can 
be taken to produce the 'optimum plant'. This can result in different treatments for 
smaller and larger plants; 
reduction of labour during harvest. Manual picking of plants one by one from the 
greenhouse is labour intensive. Uniform growth groups enable a group of plants to be 
harvested at the same time. 
better possibilities for automation of the whole process. In automated systems where 
plants are harvested by pick and place robots, no additional grading and transportation 
is needed to sort out plants that are not yet ready for market; 
better space utilisation. If a group can be harvested at one time, no plants will be left 
in the compartment and the whole compartment can be filled with new plants; 
better possibilities for managing the production cycle. The number of plants as well 
as their development stage are known. 

Plants are also graded at the full-grown stage before being sold. Here the price of a group 
of plants is determined by the quality of the individual plant and the uniformity of the 
total group. Therefore, consistent grading is important in the full-grown stage to create 
groups of a constant quality. 

Grading also has disadvantages. It is labour intensive and it slows down the speed of the 
operation, e.g. during the separation of shoots or re-spacing of half-grown plants. 
Decisions concerning plant size take time. Grading also involves a redistribution of plants 
over groups, and so additional operations are needed to separate the groups of plants. The 
operation in the greenhouse becomes more complicated when there are more groups of 
plants needing different treatment. 

Theoretically, grading at the young stage should be sufficient to create uniform quality 
groups at the full-grown stage. However, in practice there are many external factors 
which influence plant growth. It can be stated that, in order to optimise the growth 
process, grading should be carried out several times during the growth cycle. From an 
economic and logistic point of view, the number of operations should be minimised and, 
therefore, the best points in the growth cycle to perform grading are those which can be 
combined with other physical operations. A physical operation means that a plant is 
moved and so redistribution over different groups can be accomplished easily. Section 2.3 
describes such physical operations. Research related to the most optimal grading points 
with respect to the profit and cost of the grading operation is beyond the scope of this 
study. 
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2.3 Where to grade in pot plant cultivation 

Processing in a greenhouse was studied in order to determine the physical operations 
involved in pot plant cultivation. To find points for the integration of grading within the 
total production process, three categories have been defined. These are mainly based on 
the different growth stages: 
1. operations carried out at the young stage: operations at the beginning of the growth 

cycle, e.g. planting of cuttings or shoots; 
2. operations during the growth cycle: operations during plant growth, e.g. transplanting 

and re-spacing; 
3. operations at the full-grown stage: operations at the end of the growth period, e.g. 

collecting the plants from the greenhouse and preparing them for the auction. 

In Figure 2.1 the operations at the different growth stages, including grading points, are 
shown. Grading points are identified by a physical operation during which the plants are 
singularised. The grading points which are discussed are potential ones. 

grading point 

grading point 

grading point 

grading point 

Figure 2.1 Operations at the different growth stages. 
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1. Physical operations and grading at the young stage. 
To supply the growers with new plants for production, so-called mother plants are 
grown. Depending on species, plants are either multiplied by cuttings or shoots. 
The first potential grading point is the moment when cuttings are taken from the 
mother plant or when shoots are separated from a cluster of plants. When grading is 
done at this stage, it is performed manually. The need for grading in this stage 
depends on the nature of the plant material. 

Shoots are graded more often than cuttings, due to the origin of the plant material. 
At a certain moment a cluster of shoots, consisting of plants of different sizes, is 
separated. This implies that the variation in the group of young plants is reasonably 
large. Cuttings are removed from the mother plants. The workers can decide which 
cuttings they remove and which ones will remain on the mother plant for another 
growth period. As a result, the group of young plants has a reasonable uniformity. 

The next potential grading point is the planting of the cuttings or shoots in the 
growth medium. Grading at this point is done by removing 'exceptional' plants. 
Grading between picking and planting, a transition stage, is difficult. The shoots and 
cuttings are packed together in containers immediately after picking or separation. 
Then they are transported to the planting location or temporary storage. The 
production of cuttings and shoots is not necessarily performed by the same firm as the 
production of full-grown plants. During this stage the cuttings and shoots are not 
singularised. To avoid additional manual operations, they should be separated 
automatically. The mechanical separation of cuttings or shoots has not yet been 
successful. 

2. Physical operations and grading during the growth cycle. 
At the start of the growth cycle, small plants are put in a pot or other medium. This 
medium will not necessarily be the same for the whole growth cycle. During the 
growth cycle different physical operations are performed like transplanting and re-
spacing. At these points grading can be carried out to create uniform growth groups 
or to exclude bad plants. For example during re-spacing, a group of plants is 
regraded into two groups based on features such as leaf area, number of leaves, 
length of internodes, branch points, development of certain parts, colour, number of 
flowers, development of flowers, and height. At the moment, the grading operation is 
performed manually even in locations where the internal transport of plants is highly 
automated and pick and place robots and transportable tables are used. 

The entire growth cycle does not necessarily takes place in the same greenhouse or 
at the same firm since some growers specialise in part of the growth cycle. This 
involves additional physical operations combined with grading to move the plants 
from one location to another. 
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3. Physical operations and grading in the full-grown stage. 
At the end of the growth cycle, plants are removed from the greenhouse. When the 
plants are removed from the greenhouse with the help of automation, e.g. on 
containers and by pick and place robots and conveyor belts, workers take the 
marketable plants from the conveyor belt. Plants which are not ready for market, go 
back to the greenhouse for another period. After picking, plants are modified 
manually and spoiled leaves and flowers are removed. During the modification 
process the plant's grade is determined. 

The present state of the art shows that most grading is done manually, since there are no 
automatic systems available. At the young stage hardly any grading is done at all. From 
interviews with growers it appeared that there is not much objective knowledge available 
about the grading of cuttings and shoots. In the half-grown stage some grading is done 
but also not much objective knowledge is available about the criteria to be used. In the 
full-grown stage there is more information available on grading because of the standards, 
e.g. set by the auction. 

2.4 Why grade automatically 

Quality grading in pot plant cultivation is difficult to describe in terms of objective and 
subjective criteria. Objective quality is the quality standard based on objective 
specifications and measurements, e.q. height and diameter. Subjective quality is quality 
conform its usefulness, e.q. ornamental value. Suitability for use depends on the 
subjective judgement of the consumer (Steenkamp et al., 1986). The producers' approach 
to quality is more objective than that of individual consumers (Oprel, 1989). 

The problem is that the human judgement is based on subjective criteria, while 
optimal grading operations require objective and constant judgement. The grader has to 
inspect and grade several hundred individual plants per hour. He visually determines the 
size of the plant, the number of flowers and its colour. It is a repetitive and very tedious 
job which requires constant concentration and effort. The main problem is to get people 
who are able to grade plants according to uniform and objective standards. In pot plant 
cultivation human grading has the following disadvantages: 
1. the accuracy of the grading operation depends on the experience of the worker, his 

physical and mental condition, his work rate and his motivation. Therefore, the 
quality of grading will vary from day to day and even within a day itself; 

2. the human grader divides plants into different groups. If the mean size of the plants 
(the reference) differs during the day the grading result will also be affected; 

3. the human grader can only grade into a limited number of groups. Too many groups 
will affect grading capacity and quality negatively; 

4. grading criteria are based on specific and personal experience which is difficult to 
transfer to other people. Due to the lack of objective criteria, each grader tends to use 
his own criteria. 
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In large commercial greenhouses grading operations are performed by more than one 
grader. Combining the same quality groups of different graders will decrease the 
uniformity of the resulting quality group because of the different grading criteria of 
individual workers. Experiments with human graders are described in Section 2.5. 

Today's greenhouse entrepreneurs are confronted by the following: 
1. the uniformity of plants in the greenhouse during the growth cycle becomes more 

important for economic reasons and for increasing of automation; 
2. the standardisation of quality in the full-grown stage is very important for marketing 

reasons; 
3. labour costs in the Netherlands are very high; 
4. it is difficult to get qualified people for the grading operation. 
Given these facts, the automation of grading operations becomes highly desirable. 

As already mentioned, no automatic grading systems are available yet. Therefore such 
systems have to be developed right from the start. The system requirements are as 
follows: 
1. the grading results should be at least as good as the results produced by human 

graders; 
2. for logistic and economic reasons the grading operation should not cause additional 

operations in the production process carried out in the greenhouse; 
3. the system should be able to operate without human supervision. 

2.5 The consistency of the human grader 

2.5.1 Introduction 

In Section 2.4 problems related to the human grader have been mentioned. Consistency 
tests with unrooted cuttings and half-grown Begonia and Dieffenbachia plants were 
carried out in order to obtain more information about the consistency of the grading 
operation. The objective of this experiment was to test the reproducibility of the human 
grader with unrooted cuttings and half-grown plants. Reproducibility means that the plant 
is graded into the same group each time the plant is judged. 

2.5.2 The experimental set-up 

One hundred randomly selected plants were used for the unrooted cuttings. More cuttings 
would result in too much dehydration during the grading experiment because of exposure 
to air. The cuttings were presented to the human grader in a computer-determined random 
order in one line. The grader was asked to grade the cuttings into the following classes: 
small, medium, or large. The plants were not grouped when judging was being carried 
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out. In normal processing, the grader also sees a limited number of plants at the same 
time. In this way the grader was not able to compare the current plant with reference 
plants in a group. To avoid the effect that the grader would define the plants in such a 
way that each group would contain almost the same amount of plants, the actual number 
of plants in each group was not disclosed. Each cutting was labelled but the label could 
not be seen by the grader. After grading, the cuttings were shuffled so the way the 
cuttings were ranked was changed. Labelling ensured that the score given to each plant 
during the different runs could be registered without the grader being informed. Grading 
had to be carried out five times per experiment. 
The same procedure has also to been applied for the half-grown plants. The number of 
plants was increased because the effects of dehydration is less here. Due to the limited 
amount of time for a single experiment (one day) the maximum number of plants that 
could be used was 150 plants. 

Two experts were consulted, one for Begonia and one for Dieffenbachia plants. These 
experts have a long term experience in grading plants and are responsible for the quality 
of the plants at that particular location. Judgements were made under normal light 
conditions and this was constant throughout the series of judgements involved in each 
experiment. Since the number of plants was rather small, it is assumed that the 
experiments were not affected by the expert becoming tired or loosing concentration. 

2.5.3 Experimental results 

In Table 2.1 the scores of the grading experiments for both the unrooted and the half-
grown plants are presented. The score is based on the percentage of plants classified into 
the same group during the judgements. 

It is possible that the grader remembers the classification made in the previous 
judgement (learning effect). The learning effect is tested by comparing the scores of the 
pairs of judgements (e.g. comparing the score of the 1st and 2nd judgement with the 
score of the 2nd and 3th judgement). If the score of the pairs is almost the same, it is 
defined that no learning effect is present. The expert classifies a same amount of plants in 
another group during the next judgement. 

Another test for the learning effect is by comparing the scores after three, four and 
five judgements. It is defined that a learning effect is present when the score after three 
judgements is almost the same as after five judgements. The expert recognises the plants 
and during the last judgements he knows how he graded the plants during the previous 
judgements. In some cases it was noticed that the grader recognised plants with an 
unusual shape. 
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Table 2.1 Percentage of plants classified into the same group during the judgements. 

1st and 2nd judgement 
2nd and 3th judgement 
3th and 4th judgement 

first three judgements 
first four judgements 
all five judgements 

number of plants 

Begonia 
unrooted 
cutting 

66 
73 
84 

54 
50 
48 

100 

Dieffen-
bachia 
unrooted 

76 
80 
56 

63 
38 
29 

100 

Begonia 
half-grown 

87 
85 
87 

79 
73 
68 

150 

Dieffen-
bachia 
half-grown 

66 
69 
77 

55 
50 
47 

150 

When the pairs of judgements are considered, it can be seen that for unrooted Begonia 
cuttings the agreement between two judgements increases during the experiment (66%, 
73%, 84%). An explanation for this is that despite the cuttings being randomised after 
each judgement, the expert was able to recognise the cuttings from a previous judgement. 
Each unrooted cutting has its own particular shape and the grader is able to learn these 
shapes. After three judgements, most cuttings are recognised and the percentage 
misclassification does not change very much (after three judgements 54 % and after five 
judgements 48 %). To exclude the learning effect, the first, second and third judgement 
can be taken into consideration. Sixty-six percent of the cuttings will be classified in the 
same way during the first and second judgement. In the second and third judgement, 73 
percent of the cuttings are classified in the same way. This second group of 73 percent is 
not the same group as in the first judgement pair because when these three judgements are 
compared, only about 54 percent of the cuttings get the same classification. The grader 
has problems with grading 46 percent of the cuttings consistently into the same group. 
This does not mean that the grader is not able to grade. The main reason for 
misclassification is the changing standards which are used by the expert during each 
judgement run. This is compensated by the learning effect. 

The shape of unrooted Dieffenbachia cuttings is much more uniform than that of the 
Begonia cuttings and therefore more difficult to remember. The score for the pair of first 
and second judgement is better than in the case of unrooted Begonia cuttings (76% to 
66%), but the number of cuttings which are classified in the same way during all 
judgements decreases continuously during the runs. Only 29 percent of the cuttings were 
classified in the same way after five judgements. The expert obviously changed the 
boundaries of the group because of an absence of a predefined standard. In the case of 
unrooted Dieffenbachia cuttings no learning effect could be noticed. The 80 percent 
classified in the same way between the second and third judgement is an outlier in this 
case. 
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The differences between the smallest and largest cutting are greater for unrooted 
Dieffenbachia cuttings than for unrooted Begonia cuttings. The number of cuttings about 
which the expert doubts is smaller because the distance between the class boundaries is 
larger. Therefore the number of cuttings close to the class boundary is smaller. This 
results in a higher score for the first pair of judgements for the Dieffenbachia cuttings 
than for the unrooted Begonia cuttings for which the number of cuttings close to the class 
boundary is larger. 

For the half-grown Begonia plants, the number of plants assigned to the same group 
between two judgements is more constant. Between 85 and 87 percent of the plants are 
assigned to the same group during a subsequent judgement. After three judgements, the 
overall score is 79 percent, and after five judgements 68 percent. Again the number 
decreases due to changes in class boundaries and the absence of absolute quality 
standards. The effect of the expert recognizing the plants is less because the score is still 
decreasing after three judgements. 

For the half-grown Dieffenbachia plants, the grader is less consistent than for half-
grown Begonia plants because the grading standards for half-grown Dieffenbachia plants 
are less explicit. The score after five judgements (47%) is much lower when compared 
with the half-grown Begonia plants after five judgements (68%). When the score after 
three, four and five judgements (55%, 50%, and 47% respectively) is considered, some 
learning effect can be identified. For half-grown Begonia plants, the development of 
certain parts of the plant is judged. For half-grown Dieffenbachia plants the compactness 
and the size of the plant are important. These features are less well defined. It does not 
mean that the grader is not able to grade plants, but he needs better standards if he has to 
grade in a constant way, especially for the half-grown Dieffenbachia plants. 

From the results reported in Table 2.1 it can be concluded that human judgement is 
not constant and consequent. 

2.6 How to grade pot plants 

What represents quality in horticultural plants, can be interpreted in different ways: plants 
which are larger or heavier, have a better flower or leaf colour, a better tenability, etc. 
Due to these differences in interpretation, establishing quality is difficult while at the 
same time, the number of different interpretations continues to increase. The common 
objective in all interpretations is to establish better definitions of quality (Oprel et al., 
1985). 

At the Experimental Station for Flower Research at Aalsmeer, the Netherlands, 
research was carried out to the identification of subjective and objective quality criteria 
for pot plants (Benninga et al., 1991; Oprel et al., 1985; Vogelezang et al., 1988; 
Westerhof, 1987). Growers and consumers were asked to give scores (between 0 and 10) 
for 12 features (see Table 2.2) and for overall quality. Plant features such as height and 
diameter were also measured. Analyses, using multiple regression techniques, were 
carried out with the overall impression of the plant as a dependent variable and the 
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measured features as independent variables. The mean score of the total impression per 
plant and the mean score of the individual features per plant were also determined. The 
analyses showed that human judgement is not consistent (Vogelezang et al., 1988). 
This Station has carried out research on the identification of objective quality criteria for 
Begonia, Dieffenbachia, Saintpaulia and Ficus: 

Table 2.2 Features of Begonia plants which were used by the Experimental Station 
for Flower Research to identify quality criteria. 

- height - colour of leaves 
- area of plant - colour of flowers 
- ratio between height and area of plant - roundness 
- volume of leaves - distribution of flowers 
- volume of flowers - maturity 
- number of shoots - total impression 

It appeared to be difficult to judge the colour of the flowers and leaves. Analyses of 
objective measurements combined with a panel judgement showed that less tall plants 
were the most appreciated; 30 cm seems to be the optimum height. This height is the 
same as the height of the sticks in the pot. Furthermore, a larger smallest diameter in 
top-view (see Figure 2.2), more shoots with flowers and a smaller ratio between largest 
and smallest diameter in top-view (more round) are also better appreciated. 

From a second experiment it appeared that the number of open flowers, the number 
of shoots, a smaller largest diameter of the top half of the plant in side-view, and a larger 
smallest diameter of the bottom half of the plant in side-view were better appreciated. A 
possible explanation for the difference between the two judgements is the difference in the 
time of the year (Vogelezang et al., 1988). 

upper diameter largest diameter 
r in top view 

under diameter 

Figure 2.2 Feature of a Begonia plant (Vogelezang et al., 1988). 
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A correlation analysis was carried out to define relations between the overall judgement 
and the features (see Table 2.3). Following Pearson correlation coefficients (r) between 
the overall judgement and some features were found: maturity 0.98, distribution of 
flowers 0.97, number of flowers 0.90, and ratio between length of flower stem and length 
of leaf stem 0.98. Besides, there seemed to be a general tendency towards a better 
appreciation of compact plants (Oprel et al., 1985). 

Table 2.3 Features of Saintpaulia plants which were used by the Experimental Station 
for Flower Research to identify quality criteria. 

- volume of the leaves - distribution of flowers 
- volume of the flowers - colour of flowers 
- length of the flower stem - colour of leaves 
- length of the leaf stem - maturity 
- ratio between flower stem - overall judgement 

length and leaf stem length 

In the full-grown stage of the Dieffenbachia the length (height) of the plant is considered 
as a quality feature together with the shape in top-view (the more round the better), as 
well as the shape in side-view. The shape in side view is highly determined by the 
number of shoots, three or more shoots is best (Oprel, 1986). 

The Ficus is graded into length groups in the full-grown stage (Benninga et al., 
1991). In Table 2.4 features which influence the quality are noted. 

Table 2.4 Objective features of the Ficus which influence the quality for a particular 
length group (Benninga et al., 1991). 

'- area of the plant per cm length 
ratio between half of the length of the plant and the number of shoots in the plant's 
lower half 
ratio between total length and total number of shoots 
ratio between total length and leaf area 
width of the plant 
roundness of the plant 

It can be concluded that the features for plant grading are based on human visual 
perception. As already has been mentioned the human grader has problems when he has 
to grade objects based on visual perception. His classification will vary in time and is 
blurred by external influences. To ensure that the grading is done in a constant way, a 
system which is based on objective criteria is needed. Digital image processing (DIP) 
seems to be an interesting alternative for the human eye-brain combination. It allows non
destructive measurement with hardly any effect on plant growth. 

To implement an automatic grading system in pot plant production, grading 
operations need to be studied in more detail. It is important to know which features and 
which quality standards are used and how decisions are taken. 
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2.7 Automatic grading system for pot plants based on DIP 

DIP requires a computer-camera system which is able to measure plant features. DIP has 
already been used to measure plants for the development of growth models. In situ leaf 
area, stem diameter and internode length were measured in this way (Meyer et al., 1985). 
The area of the individual leaves measured with DIP showed a strong relation to the area 
measured by a more traditional electronic-optical method (coefficient of correlation 
r=0.99). Meyer et al. (1989) estimated the wet and dry plant weight using DIP. They 
found a coefficient of correlation (r) of 0.98 between the leaf area measured with DIP and 
the wet weight, and a coefficient of correlation of 0.95 between the leaf area measured 
with DIP and the dry weight. 

In the U.S.A. much research has been done on grading tree seedlings. Rigney and 
Kranzler (1988) used DIP for grading pine tree seedlings. Projected root area, stem 
diameter and shoot height were used to distinguish between seedlings that could be 
automatically accepted or rejected. Misclassification ran at about 5.7 percent. Suh and 
Miles (1988) measured tree seedlings in a similar way. The correlation coefficient (r) 
between the DIP measurement of the shoot height and the manually measurement of the 
height was 0.99. The correlation coefficient between the DIP measurement of the stem 
diameter and manually measurement of the stem diameter was 0.98. The projected area of 
roots measured by DIP was compared to measured root volumes. A correlation coefficient 
of 0.80 was found. The projected area of the whole seedling was highly correlated to 
weight (r=0.95). 

Grading of cuttings by means of DIP has been described by Cardenas-Weber et al. 
(1988). Bare-root strawberry plants were graded upon the number of their roots and root 
length. Good plants should have at least 10 roots of 76 mm or longer. Eighty-three 
percent of the plants were graded correctly. This was a higher score than the human 
grader could achieve. Simonton et al. (1990) described a system for measuring the plant 
features of Geranium cuttings by identifying the branching stem structure, including main 
stem and petioles. The results of the measurements were used to grade the cuttings and to 
guide a robot system for trimming and planting. 

Hines et al. (1986, 1987) investigated the feasibility of DIP in grading container-
grown ornamental plants. The features for grading were shape, size, foliage density and 
colour. Bennedsen et al. (1991) used DIP based on colour images for the inspection of 
pot plants. Cyclamen plants were measured by taking a top- and side-view image. 
Parameters like area of flowers, area of leaves, centre of gravity for flowers and leaves 
and the circumscribed rectangles of the flowers and leaves were used. 
Most applications of automatic grading which have been reported use vision as a sensor. 
In all these publications no figures are given about the effect on grading using the features 
mentioned. 
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Research at the Dutch Inspection Department for Ornamental Plants showed the effect of 
grading on weight. It is assumed that the assimilation capacity of young plants is related 
to the weight of the cutting (Greef, 1989; Westerhof, 1987). It should be mentioned that 
weight is only one grading feature. Features like leaf area and length of the stem cannot 
be determined from weight. The weight of the plant is also affected by dehydration and 
contamination by soil and roots. DIP is able to recognise features like stem length, 
number of leaves, and leaf area. In Chapter 3 the possibilities of DIP are discussed more 
in detail. 

A strong feature of a DIP system will be its objectivity. The system is able to 
measure the size of a plant in an absolute value. For a human being it is hard to give an 
absolute number to an object without having a standard to compare with. 

2.8 Conclusions and discussion 

Grading during and at the end of the growth cycle has many advantages. However 
grading also introduces additional operations. From an economical and logistical point of 
view, the number of operations should be minimised. Therefore the best points to grade 
are those where physical operations are already carried out on the pot plants. In the 
growth cycle many different physical operations are performed so grading can be applied 
at many different points. 
Up to now grading in pot plant cultivation has been mainly done manually. In the full-
grown stage most plants are graded in conformity with the quality standards set by e.g. 
the auctions. At the beginning and during the growth cycle, grading is not done on any 
considerable scale because a lack of information about grading standards. In these stages, 
more knowledge is needed about grading features which determine the growth potential 
and (shape) development of the plants. 

Grading is a labour intensive operation which requires constant concentration. In 
addition, the human grader has problems with consistency. Grading experiments with 
unrooted Begonia cuttings showed that 66 percent will get the same classification when 
the same group is graded for the second time. The half-grown Begonia plants showed 
better results: 87 percent were classified in the same class after a second grading. 
Nowadays pot plant cultivation demands more uniformity during the growth cycle in 
order to be able to profit from automation and commercially there is a greater demand for 
more uniform and standardised products. The labour costs in the Netherlands are high and 
it is difficult to get qualified people for grading operation. Therefore, automation of 
grading is desirable. 

Considering the way the grading operation is being carried out at the moment, one 
can state that digital image processing (DIP) is a valuable technique for the development 
of a grading system. The grading operation is based on a complex set of features which 
are mainly visually determined. Literature shows that DIP is used to measure and grade 
plants. It can be concluded, therefore, that automatic grading using DIP is a possible 
solution. 
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Two different sensor systems can be considered to provide features for a decision system 
for classifying plants: a computer-camera system or a weighing system. In Table 2.2 the 
advantages and disadvantages of the systems based on the system requirements are shown. 

Table 2.2 Comparison of different grading systems leads to following conclusions: 

Operate autonomously 

Objects presented non-singularised 

Consistent grading result 

Grading on complex set of features 

Human 

yes 

no 

yes 

Mechanical 

Weighing 

yes 

no 

yes 

no 

DIP 

yes 

no 

yes 

yes 

The most important advantage of mechanical grading over human grading is its 
consistency of the grading results. The most important advantage of DIP over weighing is 
its capability to measure a complex set of features of the plant. Therefore in this research 
the ability of DIP for consistent grading based on a set of complex features is 
investigated. The only problem with DIP is how the objects are presented to the grading 
system. This has to be solved in the processing of the plants. 
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3 Digital image processing in the agricultural 
environment 

3.1 Introduction 

In the previous chapter it was concluded that digital image processing (DIP) is a suitable 
technique for the measurement of plant features on which a grading system can be based. 
This chapter discusses the application of DIP in an agricultural environment especially in 
pot plant grading. 

DIP, also called computer vision, studies the underlying principles of human visual 
perception and attempts to provide a computer-camera system with the visual capabilities 
(Varghese et al., 1991). DIP was introduced for image interpretation for military 
purposes, for image reconstruction and image interpretation in medical research, and in 
the automobile and electronics industry for process automation and quality control. It has 
just started to develop in the agricultural environment (Gagliardi et al., 1985). The 
applications of DIP in agriculture can be subdivided into three categories (Kranzler, 
1985); Image interpretation (e.g. remote sensing), Robotics vision (e.g. for apple and 
citrus picking), and Inspection (grading of apples). The grading of pot plants is a typical 
inspection application. 

3.2 Digital image processing applied in a grading application in agriculture 

Industrial DIP inspection applications have potential use in the grading of agricultural 
objects. However they cannot simply be applied to the agricultural environment because 
of such problems as the biological variability of objects and the difficulty in interpretation 
of unstructured environments. A number of difficulties in agricultural applications have to 
be considered (Gagliardi et al., 1985). 
1. Difference between applications. Each grading line has its own specific 

characteristics, so each application needs to be adapted for a particular use. This 
makes it difficult for the system supplier to develop off-the-shelf applications. 

2. Lack of objective inspection standards. Many manual on-line inspection stations rely 
on subjective inspection criteria. This makes it difficult to implement objective 
criteria in an automatic inspection application. 

3. Unique inspection parameters. The features for grading agricultural objects demands 
vision systems that are not compatible with many commercial DIP products. 

These differences make it necessary to develop a grading application for pot plants from 
the very beginning. Basic techniques developed for industrial applications can be applied. 
However, for most steps in the development of an application, modifications are 
necessary in order to make them suitable for agricultural applications. The configuration 
of a DIP system as it is commonly used in agriculture nowadays is presented 
(see Figure 3.1). 

23 



Figure 3.1 Example of a DIP system configuration in agriculture. 

The following sub-systems can be distinguished in a DIP application (Figure 3.1). 
1. Object and background. 
2. Lighting system including lenses, diffusers and other tools to manipulate light. 
3. Recording device like a CCD (Coupled Charge Device) camera. 
4. Digitiser and frame store. 
5. Computer including tools to speed up the image processing. 
6. Output devices such as: 

a - terminal to communicate with user and system; 
b - image display for representation of the image to the outside world; 
c - printer for a hard copy of the results; 
d - disc to store programs, data, and images. 

In order to discuss grading system development, it is divided into sub-systems. For a pot 
plant grading system a conversion is needed from the plant to a classification. In this 
conversion several sub-systems are identified. They are based on specific processes and 
problems. 

1. 

2. 

Scene processing. 
Scene processing, also called image construction, deals with the process of image 
building, before the image is captured. It concerns plant position, background, the 
lighting system, and the camera position. 
Image processing. 
Image processing deals with images from just after recording to feature extraction. It 
concerns the recording of the image, separation of the plant from the background in 
the image (segmentation), and the preparation of the image for measuring features. 
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Feature extraction. 
Feature extraction deals with the extraction of features from processed images. It 
results in a list of features measured in the plant image. In some applications the 
division between image processing and feature extraction is hard to define because 
there is an interaction between both sub-systems. 
Feature processing. 
Feature processing deals with the decision structure which assigns a classification to a 
plant based on the features provided by the feature extraction. 

3.3 Scene processing 

3.3.1 Introduction 

Objects in the agricultural environment are less easy to describe than objects in the 
industrial situation. The colour and shape of each object may vary. Therefore it is 
important that the objects are clearly visible in the scene. For instance, the presentation of 
a plant in its environment can be very different if it has an irregular shape. Poor lighting 
conditions or a background which is very similar to the plant make image segmentation 
much more complicated and time consuming than when a plant is presented with a 
sharply contrasting background. It is not possible to reconstruct the plant on the basis of a 
standard plant. Some properties of the plant can be enhanced by using special lighting 
systems. Therefore it is important to know about the spectral properties of the plant. 

Information that is lost during the recording of an image cannot be reconstructed 
afterwards. The quality of the image is also important for the speed of the grading system 
(Paulsen et al., 1986). In order to obtain a fast grading system, the amount of image 
enhancement has to be minimised. 

3.3.2 The scene set-up 

Object, background, camera position, and lighting system together are defined as the 
scene. The following limitations have to be taken into consideration. 
1. Number of objects in the scene. 

A single object in the image makes the segmentation between object and background 
easier than when more objects are present. Therefore the plants in a grading system 
have to be presented one by one to avoid time consuming object separation routines. 

2. Controllability of the background. 
Controllability of the background is determined by the opportunities to manipulate the 
background. The presentation of tree seedlings as light objects on a black conveyor 
belt using front lighting is an example (Rigney and Kranzler, 1988). To improve the 
quality of the segmentation, it is preferable to present dark objects on light 
backgrounds for a high contrast and visa versa. A uniform lighting system can also 
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