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Preface
As a last project of my Bachelor of Science program I had to do a small research. My interests have
been with horticulture for my whole study period. When I got the opportunity to do my thesis within
the WUR greenhouse technology group my choice was made. It became even better when I heard that
my research was for the CROPS project. The CROPS project is an EU financed project in which the
task of WUR is to build a sweet pepper harvester. The goal of my research was to find the specific
reflection curves of the sweet pepper plant. However my knowledge about optical properties of plants
and how to measure these were very limited. Therefore I started my research with a good literature
research to raise my knowledge on these topics.
Afterwards I’m happy with my choice. The past two months have been very interesting. The
work on my own research was very challenging. But next to that it was if I was really part of the
CROPS project. I was invited to almost every meeting and I learned a lot about the aspects of such a
big project. Also the greenhouse technology group adopted me like I was one of them. These extra
meetings, which did not directly contribute to my project, were a nice experience. I had the chance to
see how real research projects are done and how a research group works.
Although it was sometimes hard to keep a good focus on my research, when you work for two
months on the same thing it is sometimes hard to keep a good motivation. After all I worked hard and
I’m glad with the work I achieved.
Another challenge for me was to write my thesis in English. I made the choice to write my
thesis in English myself. I had the possibility to write my thesis in Dutch – which is my native
language – but I wanted this as an extra learning goal. I thought I had enough experience with writing
in Dutch but had a lack of experience with writing in English.
I would like to thank my supervisor Wouter Bac for his help during this project and critical
view on my report and my English writing. Gerrit Polder for letting me use his hyper spectral set up
and the help with the measurements. Vida Mohammadkani for the help with the measurements with
the photo spectrometer. And the whole Crops team for giving me the opportunity to be part of this
project! I wish the CROPS team all the best because they need it to come to a successful sweet pepper
harvester.
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Summary
In this bachelor thesis the goal is to investigate the optical reflectance properties of the sweet pepper
plant. The aim is to find the specific reflection curves of different parts of the sweet pepper plant.
With the help of these reflection curves distinction have to be made between different parts of the
sweet pepper plant. Distinction has to be made between the leaf, fruit, stem and peduncle of the sweet
pepper plant. From literature it is known that there is a possibility that different parts of a plant could
have different reflectance curves. Reflectance is determined by different properties of plant cells.
Because of different properties of the plant parts differences in reflection are expected
There have been two earlier research projects on the optical properties of a sweet pepper
plant. They compare the reflectance of the leaves with the reflectance of the fruits. There
measurements were not very precise but never the less they have proven that there are differences in
reflectance between the fruit and the leaf of a sweet pepper plant.
The method of distinguishing based on differences in reflectance is widely used in
agricultural sciences. This method has been successfully applied on apples, citrus fruits, pickling
cucumbers. But the best example is the cucumber harvester which successfully distinguishes
cucumbers from leaves based on difference in optical reflectance.
The determination of reflection curves is performed on two different cultivars. HelsinkiRZ
and Stayer, both cultivars with yellow fruits in the maturity phase. This research is done on two
different cultivars to see if there are any differences among sweet pepper cultivars.
In this experiment two different methods to measure the reflectance are used. The first
method concerns a photo spectrometer which measures the spectral reflectance in the range of 3002500 nm, with a step size of 5 nm. Only one measurement is done with the photo spectrometer. This
measurement is done on cultivar HelsinkiRZ. The second method consists of a hyper spectral setup
which measures the spectral reflectance in the range of 425-1000 nm, with a step size of 3 nm. Two
cultivars are examined with the hyper spectral set up, cultivars HelsinkiRZ and Stayer.
The photo spectral experiments are performed with a Perkin Elmer Lambda 950 photo
spectrometer. The sample size was bound to the measurement port of this machine, it could not be
bigger or smaller. Especially the fact that it could not be smaller caused several problems. A stem and
a peduncle are for example very small. The photo spectrometer has a weak signal above 2200 nm so
the results above 2200 nm are not included. Between 850-900 nm the sensor gets saturated so also
these measurements are not part of the results. A glass plate was used to prevent dirt coming into the
machine, a drawback of this glass plate is that the UV part of the signal (250-400 nm) was absorbed.
Therefore our measurements with the photo spectrometer are in a range from 400-2200 nm with
exception of 850-900 nm.
The hyper spectral set-up consists of an IMspector V10, a CMOS camera, two fiber lights,
a stepper table and a desktop to run the software which controls the set up. The IMspector splits the
incoming signal over a waveband range from 425-1000 nm in steps of 3 nm. The CMOS camera
captures the signal from the IMspector. The software to control this whole process is called Isaac and
is written by dr.ing. G. Polder. A drawback of this set-up is that the results contained overexposure,
which could not be fixed by changing the adjustments of the set up. The gathered data is processed
with the image analysis program Halcon. The regions that showed overexposure were left out of the
results. Object geometry and difference in light intensity caused a high standard deviation in the
results. A normalization process was performed on the data to avoid the problem of the object
geometry and difference in light intensity. After normalization the standard deviation was reduced by
almost 50%.
The final results show a difference between the two measuring methods. But also the two
measurements with the hyper spectral set up are not consistent. Therefore the results are not
comparable. However the big line of the results is the same also the wavelengths were the biggest
differences occur are the same.
This research shows that there are possibilities to separate leaves, fruits, stems and peduncles
from each other based on differences in reflectance. Important wavelengths to make this separation
are 550, 760 and 970 nm. With the help of waveband filters it should be possible to distinguish all the
parts individually based on difference in reflectance.
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1 Introduction
This bachelor thesis is done as part of the EU crops project. One of the goals of this project is to
develop a sweet pepper harvesting robot. This harvester has to be able to detect and harvest the fruits
within a sweet pepper crop. To find the fruits, the harvester has to identify the different parts of the
plant. A way to find these different parts is to make use of the optical properties of a plant. Different
parts of a plant show different reflections in the light spectrum (Pilarski and Kocurek, 2005). By
measuring the different optical reflections we expect to distinguish the different parts of the sweet
pepper plant. This technique, of making use of the difference in reflectance, is also used for detecting
cucumbers in a cucumber crop (Van Henten et al., 2002). This technique is used because it is a lot
easier than detecting the different parts by making use of image processing algorithms. The different
parts that need to be recognized are the fruits, the leaves, the stems and the peduncle of the sweet
pepper plant.

1.1

Current situation

There have been two research projects on the optical properties of the sweet pepper plant. These
projects focus on the difference between the leaves and fruits. (Czarnowski and Cebula, 1998; Pilarski
and Kocurek, 2005). The optical properties of the stems and peduncles are unknown. Furthermore it is
also unknown if the optical properties differ between different sweet pepper cultivars.

1.2

Desired situation

The optical reflectance of different parts of a sweet pepper plant is well known. These different parts
are the fruits, leaves, stems and peduncles. The optical reflectance is measured at one growth stage.
Based on the resulting reflectance curves, useful wavelengths peaks, where plant parts reflect
differently, can be identified. As a result, a multispectral sensor would be able to distinguish all the
different parts of the sweet pepper plant.

1.3

Problem statement

Reflectance at different wavelengths of sweet pepper plant components (fruits, leaves, stems, and
peduncles) is hardly investigated. Also, reflectance differences between different cultivars are
unknown.

1.4

Objective

To determine the best spectral wavelengths where different parts of the sweet pepper plant can be
distinguished.

1.5

Research questions

What are the optimal wavelengths to distinguish different parts of the sweet pepper plant?
Does optical reflectance differ among sweet pepper cultivars?
Is there a difference in reflection between the top and the bottom of a sweet pepper leaf?
Does a small period of drought cause differences in reflection on a leaf?
How consistent are optical reflection measurements?
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1.6

Demarcation

The optical properties of a sweet pepper plant are influenced by a lot of factors: the development stage
a fruit, leaf or stem is in, (Franz et al., 1991; Zhao et al., 2005) water content (Filella and Penuelas,
1994); (Daughtry and Biehl, 1985) and fertilization treatment (Goel et al., 2003; Xue and Yang,
2009).
Since all the samples are from the same plant we assume that the water content and fertilization
treatment is the same for all the parts. Therefore only the effect of development stage on reflectance is
considered in this research.
The research will be performed on cultivars that have yellow fruits in the maturity phase. Due to
availability of time only two commercially used cultivars will be examined.

1.7

Approach

The optical reflectance curves were found by doing different scans on different sweet pepper
cultivars. The first scan on a sweet pepper plant is a photo spectral scan. This scan was performed
with the Perkin Elmer lambda 950 photo spectrometer. This is a scan with a range of 250-2500 nm.
This scan was done on only one sweet pepper plant, cultivar HelsinkiRZ. This scan is done on only
one cultivar because we wanted a comparison for the hyper spectral scans and we wanted to see the
reflection curves above 1000 nm. The amount of samples was limited due to the availability of plant
material.
After the data from the photo spectral scans was analysed a more specific hyper spectral scan
was performed. This hyper spectral scan is done with an IMspector V10. The hyper spectral scans
were performed on two different sweet pepper plant, cultivar HelsinkiRZ and Stayer, both yellow in
the maturity phase. The hyper spectral scans have a range of 425-1000 nm. From both cultivars only
one plant was available so again the availability of samples was limited. With the data provided by the
hyper spectral scan a selection of suitable wavelengths to distinguish all the parts of the plant can be
made.
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2 Literature
2.1

Sweet pepper

The sweet pepper is also known as the bell pepper or capsicum. The sweet pepper belongs to the
Capsicum Annuum family. The sweet pepper is the non-spicy variant of the Capsicum Annuum
family. Different cultivars of the sweet pepper produce different fruit colours. The most common
colours are red, yellow, orange and green. The sweet pepper originates from South-America and was
brought to Europe in the 14th century.
Nowadays sweet pepper is cultivated all around the world. The worldwide production in 2007
of sweet and chile pepper is 26,056,900 tonnes on a total area of 1,703,486,000 hectares (United states
department of Agriculture. 2007). This worldwide production is mainly produced under unprotected
circumstances. Only a small part of the cultivation happens protected. Protected cultivation means that
the plants are grown in plastic tunnels or in glass houses. Protected cultivation is used when outside
climate conditions are not favourable for sweet pepper production. For example in the Netherlands,
where the outside temperature is too low.
Our region of interest is the Netherlands which has a total cultivated area of 1403 hectares
with a yearly production of 365000 tonnes sweet pepper (CBS, 2011). The region of interest is the
Netherlands because of its intensive horticulture. Initially the sweet pepper harvester would have high
investment costs. The Dutch growers are the first who would be able to afford to make such an
investment.

2.2

Spectral reflection

Sims and Gamon (2002) describes that light reflected directly from a leaf surface never enters the leaf
cells and therefore is not influenced by pigment and water content. However, the light that goes into
the leaf can also contribute to the total reflection of the leaf. The process in the leaf is complex and
unpredictable. The path of the light inside the leaf can be two to four times the thickness of the leaf
(Fukshansky et al., 1993). The process in a sweet pepper fruit is even harder. The pericarp of a fruit
consists of two layers, the exocarp and mesocarp. Cen and Lu (2009) describe how to measure the
optical properties of two-layer turbid.

2.3

Red edge

The red edge is a well-known definition in plant sciences. It describes the point of maximum slope in
plant reflectance curves. The name red edge refers to the place this edge occurs. The edge is most of
the time located between the red light and NIR around 680-750 nm. This edge occurs because plants
mainly absorb PAR and reflect NIR. The difference in reflection between PAR and NIR can be up to
50%. Plants reflect NIR to avoid overheating; NIR and IR are wavelengths that carry heat. The shape
of the red edge is mainly caused by chlorophyll content and water stress (Filella and Penuelas, 1994).

2.4

Effect of maturation

When a plant becomes older, the physical properties of a plant change. Old parts of a plant are most of
the time larger and woodier than young parts. Pilarski et al. (2008) describe the effect of aging on the
spectral properties of leaves, stems and fruits of trees. In this research there is a clear difference in
reflection between one year old stems and ten year old stems. The effect of age on reflection may also
apply on sweet pepper plants.
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2.5

Spectral reflectance sweet pepper plant

There have been two earlier research projects on the spectral properties of a sweet pepper plant.
The first study by Czarnowski and Cebula (1998) investigated fruits from three different cultivars.
This cultivars are Spartacus F1, red in maturity phase, Kerala F1, yellow in maturity phase, Mira, light
cream-coloured in maturity phase. From the cultivar Spartacus they measured the leaves, young fruits,
mature green fruits, green-red fruits and red fruits.
The second research by Pilarski and Kocurek (2005) defined the optical properties of leaves
and fruits from two different sweet pepper cultivars. This research was done with the cultivars
Cesario, red fruits in the maturity phase, and Kerala, yellow fruits in the maturity phase. It is not
stated what the age of the plants, leaves or fruits was. The plants were grown in plastic tunnels, which
may have effect on the optical properties. In their research also green fruits and leaves were measured,
but from which cultivar these green fruits and leaves are is unknown.
In the research from Czwarnowski and Cebula (1998) they present the reflectance from 400700 nm as one reflectance. Pilarski and Kocurek (2005) split the reflectance in steps of 100 nm. It is
not stated why they do this, maybe there measurement tools were limited in resolution. To make a
good comparison between the research from Pilarski (2005) and Czarnowski (1998) their results are
shown in table 1.
Table 1. Comparison of reflectance values between the research from Pilarski and Czarnowski, differences occur at
the reflectance of the yellow fruit.

Leaf
Green fruit
Yellow fruit
Red fruit

[%]
[%]
[%]
[%]

Pilarski
6.6
6.9
24.8
18.7

400-700 nm
Czarnowski
6
8
33
15

700-1100 nm
Pilarski
Czarnowski
54.9
52
28.9
33
33.5
52
39.8
37

The difference in reflectance between red fruits and the difference in reflectance between the green
fruits are small. These small differences can be explained by the standard deviation. The standard
deviation in the research from Pilarski (2005) is in the range 0.3-1.5 [%]. The standard deviation in
the research from Czarnowski (1998) is unknown. Another possible explanation is a deviation in the
measurement equipment.
There occur larger differences between the yellow fruits, especially in the NIR range. The
difference in the PAR range can be explained by maturation stage or a different colour of the fruit,
since the maturation stage and exact colour of the fruit is unknown. However the reflection in the NIR
range does not depend on colour. This result suggests there is a difference in reflection between
different cultivars with the same colour mature fruits. Or this difference can be subscribed to
measurement failure.

2.6

Spectral properties other crops

Different research projects focussed on the spectral properties of all kinds of plants. A small selection
of these projects are cucumbers (Meuleman et al., 2000), pickling cucumbers (Ariana and Lu, 2010),
“jonagold” apples (Kleynen et al., 2003), green citrus fruits (Okamoto and Lee, 2009). These research
projects focussed on the optical properties of the fruits of the plants. They did not examine the optical
properties of other parts of the plants. The research by Tokarz and Pilarski (2005) also defined the
optical properties of leaves and stems of an apple tree. The methods used in these earlier research
projects can help us with our research.

__________________________________________________________________________________
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2.7

Cucumber harvester

Discrimination of different parts of a plant based on spectral differences has been successfully applied
in practice with the cucumber harvester (Van Henten et al., 2002). The reflectance curves of the fruit
and the leaf of the cucumber plant can be found in Figure 1. As you can see the fruit has a totally
different reflection in the NIR range than the leaf. Because of these differences they were able to
successfully distinguish a fruit from a leaf. Van Henten et al. (2010) used two wavelength bands were
the reflectance from the fruit showed a large deviation from the leaf, also the commercial availability
of waveband filters affected their choice.. At 850 nm the reflection from the fruit is almost 20%
higher than the leaf. At 970 nm the reflection from the fruit is almost 10 % lower than the leaf. With
the use of a waveband filter you can make images which only contain the reflection of as specific
wavelength. The technique they used is dividing the image from 850 nm by the image of 970 nm. The
reflection of the leaf is practically the same at 850 nm and 970 nm. The value for the leaves, when
you divide the two images, will be close to 1. Where the value for the fruits will be higher (high value
divided by a small value). Hopefully the same technique can be applied to separate the different parts
from the sweet pepper plant.

Figure 1. Reflection curves of a cucumber fruit (-----) and a cucumber leaf (- - - - -). The two vertical lines show the
waveband filters that are used. The difference in reflectance occur in the NIR range(Van Henten et al., 2002).

2.8

Electromagnetic spectrum

The electromagnetic spectrum, also known as the light spectrum, is much larger than the part the
human eye is sensitive to, see Figure 2. The human eye is only sensitive to a small part of the light
spectrum. What the human eye observes is the reflection of light from an object. This reflection is
what something gives its colour, when something is green this means that mostly the green light is
reflected. Within this small spectrum our eyes are very capable to detect for instance fruits. It is more
difficult to detect a fruit with a camera and recognition software. The advantage of using a camera is
that a camera can operate outside the visible spectrum. Logically reflection also takes place outside
the visible spectrum. So it is possible that there are differences between the parts of the sweet pepper
plant the human eye can’t see.

Figure 2.The light spectrum (Green, 2008).
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3 Photo spectrometer
The photo spectrometer determines the reflectance by sending a light pulse of a specific wavelength
on the object placed on the machine. The amount of light returning in the sensor of the photo
spectrometer gives the reflection. In our case we took measurements every 5 nm. The machine is
capable of a step size of 1 nm but the drawback is a very long measurement time. The sensor for
detecting the reflectance is inside a box coated with spectralon. The coating makes sure all the
reflected light from the sample will reach the sensor because the absorption of the coating is almost
equal to zero.
The machine is equipped with two different lamps to send out all the desired light pulses. One
lamp is capable of emitting light in the visible spectrum and near infrared (250-900 nm) and the other
is capable of (900-2500 nm). After switching the lamps the sensor, which measures the reflectance,
gets saturated. The lamp which is used for the PAR and NIR spectrum is too strong around 900 nm.
As a result, all measurements from 900 nm till 850 nm were useless. Therefore, it was decided to
remove these measurements from the data set.
The signal the sensor receives in the range from 2200-2500 nm is very weak the data was not
very accurate and was left out. Because glass absorbs most of the UV light the data in the range 250
nm till 400nm was useless. All graphs are thus in the range from 400 nm till 2200 nm.
The output from the photo spectrometer is just a plain excel file with the reflectance for each
measured step. In our case a step size of 5 nm. This reflectance values per wavelength are easily put
into a graph. To compare the different parts of the total plant the mean reflectance of all samples per
part is calculated.

3.1

Measuring with a photo spectrometer

This photo spectrometer has a port which should be totally covered by the sample so that you don’t
lose any of the emitted light. This port is a circle with a diameter of 50 mm. So our samples should
have at least a flat surface of 50x50 mm. To measure on a certain point of a sample the middle of the
port had to be determined. White marks were placed on both sides of the port, these marks can be seen
in Figure 3. With the help of these marks we could place our sample approximately on the middle.
After the sample was placed the exact location of the sample was measured, with a digital calliper, to
make sure the sample was exactly in the middle.

Figure 3. Placing the sample on the exact middle of the gate.
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Because organic material is used and this photo spectrometer is highly sensitive to dirt, the port had to
be covered with a glass plate. This glass plate also reflects and therefore it will disturb our
measurements. To compensate for this disturbance the reflectance and transmittance of the glass plate
was measured. There were two things that needed to be compensated. First of all every dataset
contained the reflectance of the glass, so the reflectance of the glass plate had to be subtracted. Second
because of the reflectance and absorbance of the glass plate there was a part of the emitted light by the
photo spectrometer that never reached our sample and the glass plate would also reflect and absorb a
part of the reflection of the sample. To make this easier understandable we showed this graphically in
Figure 4.

Where:

rin
τg
τs
rg
rs
rm
ag
as

[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]

Light emitted by photospectrometer
Transmittance glass
Transmittance sample
Reflection glass
Reflection sample
Reflection measured
Absorption glass
Absorption sample

Figure 4. Reflection, transmittance and absorbance of the glass plate and sample as occurs in the photo spectrometer.

Along with Figure 4 an equation is made which is applied on all the datasets. The reflection of the
sample is what has to be calculated (rs). The transmittance of the glass (τg) is measured separately
with the photo spectrometer. The reflection of the glass (rg) is also separately measured with the photo
spectrometer. The reflection measured (rm) is the measured reflection by the photo spectrometer for
every sample. The reflection measured consists of the reflection from the glass plate and the reflection
from the sample. The light that reflects from the sample has gone through the glass plate twice.
Transmittance is equal to one minus absorption minus reflection. Since the absorption cannot
be measured the transmittance is used. When using the transmittance in the calculations the effect of
absorption is automatically dealt with. The transmittance we measured is a percentage but we need it
as a fraction so we divide it by 100.
 






∗  ∗ 




[%]

(1)

Where:

rs
rm
rg
τg

[%]
[%]
[%]
[%]

Real reflectance sample
Reflectance measured with the photo spectrometer
Reflectance from the glass
Transmittance glass

Equation 1 can be rewritten into equation 2 to get the reflectance of the sample

 

 








[%]

(2)
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The first problem was that a total flat surface was needed to get a good measurement. If the sample
does not have a flat surface there is a chance that the reflection will not go back into the port and is
than measured as not reflected. A flat surface for the leaves is easily created by putting another glass
plate on top of the sample. For the fruits it wasn’t that simple. A glass plate cannot be placed on a fruit
to make it flat. To minimize this problem the most flat plane of the fruit was used.
The next problem was the sizes of the samples. A sample with a flat surface of 50x50 mm
was required. This was no problem for a leaf or fruit, but for a stem or peduncle this was not possible.
The gate with a diameter of 50 mm was the smallest gate that came with the photo spectrometer. But,
however, a smaller gate with a diameter of 25 mm was available, that did not originally belong to this
photo spectrometer but it fitted on the machine. This smaller gate could only work when the emitted
light bundle was smaller than 25 mm. If this was not the case the smaller gate was useless because the
whole bundle had to hit the sample. The bundle diameter was not specified in the specifications of the
photo spectrometer. The bundle diameter was found by setting the machine to emit a fixed
wavelength and place a white paper and a glass plate on the machine. Now the bundle became visible
and a mark on the glass plate were this bundle was could be made. The bundle had a diameter of
approximately 15 mm.
The size of the bundle, 15 mm, allowed us to place a smaller gate onto the machine. All other
properties of this gate were equal to the bigger gate. With this smaller gate the problem wasn’t totally
fixed, even the thickest part of the stem didn’t have a flat surface of 25 mm. Two different approaches
were used to overcome this problem, one solution was to bind 2 stems together, the other solution was
to cut the stem in vertical direction and roll it out, the two options are shown in Figure 5.

Figure 5.A sample unrolled (left) and a sample tied together (right).

For the young stems tied together the total surface was still too small for the gate. But the surface was
bigger than the diameter of the bundle. The samples were placed exactly on the bundle to minimize
the loss in light passing the sample.

__________________________________________________________________________________
9

__________________________________________________________________________________

3.2

Sweet pepper plant

The plant (sowing date 17 September 2010) used in this experiment was a leftover from another
experiment. We assumed that this other experiment didn’t influence the growth or other properties of
the plant in comparison to a plant grown in a commercial greenhouse. The plant was a full grown
plant with a length of 198 cm, the plant can be seen in Figure 6. The total time span of this experiment
was two days. During these two days the plant was kept alive by giving enough water. We assumed
that taking the plant out of the greenhouse did not influence our results. To test if water content would
influence the results a measurement on a same was leaf was done after it was removed from the plant
for five hours. The plant survived well in our lab, even after the second day there were no hanging
leaves. The temperature in the lab was about 20 °C. This experiment was done on the 9th of May.

Figure 6. Sweet pepper plant used for the experiments, cultivar Helsinki RZ.

Samples are taken from different places in the plant. Leaves from the top and leaves from the lower
part of the plant. The same for the stems, stems from the top and stems from the lower part of the
plant. For this experiment there was only one sweet pepper (Capsicum Annuum L.) plant available,
cultivar Helsinki RZ – yellow in the maturity phase. Unfortunately this plant had only 2 fruits, with a
respectable size, on it. A disappointment was that both fruits were still green because no
measurements on yellow fruits could be performed.
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3.3

Leaves

To measure the reflectance of leaves four different leaves are used. Two leaves from the upper part of
the plant, further called young leaves and two leaves from the lower part of the plant, further called
old leaves. On all leaves two or three measurements are done, on different spots on the leaf.
When a leaf was taken from the plant it was scanned immediately. The scan of a leaf had to
be as realistic as possible. A young and an old leaf were kept to let it dry out. After five hours the
dried out leaves were scanned to see if the reflection had changed.
In Figure 7 you can see clearly the difference between the young and the old leaf. The old leaf
has a darker colour and has bigger veins. Also the wax that the plant naturally makes to protect its
leaves is more present on the older leaf, giving it a shiny look.

Figure 7. A young leaf (left) and an old leaf (right), clear difference in colour of the leaves.

After the measurements were done the reflection curves could be compared. First the difference in
reflectance between young and old leaves is examined.

Figure 8.Young leaves versus old leaves, almost no difference in reflection.

As can be observed from Figure 8 there is almost no difference in reflectance between young and old
leaves. The largest difference in reflectance can be found at 700 nm which is 2,5%. The standard
deviation ranges from 0.2-2.9 [%] for the young leaves and 0.1-4.1 [%] for the old leaves. Therefore
we decide to take the young and old leaves together as one reflection, see Figure 9.

Figure 9. Mean reflection of young and old leaf samples. The error bars show the standard deviation.
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The second important thing is the influence of water content on the reflection of the leaves. The
condition of the plant during the experiment could be different than the condition inside a greenhouse.
If the water content plays a role this could influence our results. Removal of the leaf could influence
the reflectance. When a leaf is removed from a plant the leaf will still evaporate. Because of this
evaporation the water content in the leaf will go down. The lowered water content may have an effect
on the reflectance. The leaves were limp after five hours.

Figure 10. Difference between leaves that dried for five hours and leaves that are directly measured.

The different lines in Figure 10 are hard to distinguish because there is only a small difference
between the normal leaves and the leaves that dried for five hours. The largest difference is about
8,9% reflectance at 1450 nm.
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3.4

Fruits

There were only 2 fruits with respectable size available. From Figure 11 can be seen that fruit 1
showed a little colouring while fruit2 was totally green. The size of fruit1 was 82x79 mm (lxw) and
fruit2 83x70mm (lxw).

Figure 11. Fruit 2 (left) and fruit 2 (right), fruit 1 starting to turn yellow

Only one sample, which was a little flat, is taken from fruit1. The total flat surface was however too
small to cover the port of the photo spectrometer. The most flat part was placed exactly in the middle
to minimize the light loss caused by scattering. Fruit 2 was less curved and two samples were taken
from it, the samples are named fruit 2.1 and fruit 2.2. All the samples can be seen in Figure 12

Figure 12. Sample fruit 1 (left) + fruit 2.1 (middle) + fruit 2.2 (right), sample 1 is clearly not very flat.

A total of 3 scans are performed on three different samples.

Figure 13. Reflection curves of the different fruit samples, differences occur at the peaks of the graphs.

Figure 13 shows that there are small differences in the reflection curves. As expected there are
differences between fruit 1 and fruit 2, fruit 1 was already starting to turn yellow. But there are also
differences in the two samples from fruit 2. These differences occur at 550 nm and 750-850 nm.
The differences in reflection between fruit 1 and fruit 2 may be caused by the difference in
development stage. Even the differences within fruit 2 could be explained by difference in
development stage because a fruit does not show an equal maturation.
__________________________________________________________________________________
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3.5

Stems

To measure the stem two different techniques are used. One technique was to roll out the outer skin of
the stem to create a surface big enough to measure (see Figure 14). Reflection does depend on the
thickness of the sample (Fraser et al., 2003; Kane and Lee, 2006), but hopefully the outer skin is thick
enough to simulate the real situation.

Figure 14. Outer skin of the stem, possible to roll it out and create a surface big enough to measure. Sample of a
young stem upside down on the glass plate to show that the area is big enough.

The other technique was to bind two stems together to get a surface big enough to measure. The
disadvantage of this technique is the ridge in the middle of the two stems. This ridge could possible
catch some light and show therefore less reflection.

Figure 15. Two young stems tied together, clear difference between the different sides of the stem and ridge in the
middle of the sample.

The stem of a sweet pepper plant is not uniform, as you can see in Figure 15. The young stems have a
dark green and a somewhat less dark green side. This colour depends on the orientation in the crop.
Both sides are measured to see if there was a difference in reflection. The same sample could not be
used to measure both sides because the other side of both samples has a bigger ridge. Parts of the stem
that fit well together are selected to create a small as possible ridge.
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Since two different techniques are used to measure the reflectance these techniques have to be
compared. Because of the ridge in the tied stems there is a possibility that they show a lower
reflectance.

Figure 16. Unrolled stems, young and old stems show different reflection curves.

Figure 17. Tied stems, no clear difference between young and old stems.

The unrolled stems show a clear difference between the old and the young stems (see Figure 16). The
tied stems do not show difference between young and old (see Figure 17). When comparing the two
techniques it can’t be said which is the right or which is the wrong technique. Also no clear difference
can be made between the different sides of the young stem. For the results from our photo
spectrometer we took the mean reflectance of all measured parts, so unrolled, tied and the dark and
lighter side of the young stems. This results in a reflectance curve with a high deviation as shown in
Figure 18. The results from the hyper spectral set up will hopefully get things more clear.

Figure 18. Mean of young and old stems unrolled and tied together, with standard deviation.
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3.6

Peduncles

There were only two peduncles available since there were only two fruits. These peduncles were even
more curved and more non-flat than the stems and were somewhat smaller. So the peduncles were
even harder to bind together (see Figure 19). We didn’t try to unroll a peduncle because there were
only two peduncles and the success rate of unrolling stems was very low. The surface created by tying
the peduncles together was however too small to cover the total gate. The peduncles were placed
exactly on the middle of the port so hopefully a realistic measurement is performed. The two
peduncles tied together had a size of 13.6x15.4mm.

Figure 19. Respectively side 1 and side 2 of the peduncle sample, not a flat surface and a small sample.

Because there was only one sample of a peduncle, which was measured on both sides, the results are
not very reliable. Figure 20 shows the reflection curve of the peduncle.

Figure 20. Reflection curves peduncle, 1.1 refers to side 1 and 1.2 to side 2.
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3.7

Overall result photo spectrometer

To be able to compare the different parts of the plant the mean of the samples of every part is taken.

Figure 21. Mean reflectance curves of the different parts of a sweet pepper plant measured with a photo
spectrometer.

Figure 22. Mean reflectance curves of the different parts of a sweet pepper plant measured with a photo
spectrometer. The error bars show the standard deviation for each reflectance curve.

Figure 21 shows that the reflectance curves have different peaks. Figure 22 shows the reflectance
curve with standard deviation. Table 2 shows a summary with wavelengths where large differences
between plant components were observed. These wavelengths might be useful to distinguish the
different plant parts. Especially the reflectance curve of the fruit differs a lot from the other curves.
There are also differences within the reflection of the other parts but they are somewhat smaller.

Table 2. Reflection (%) and SD (%) of leaves, stems, fruits and peduncles, wavelengths were differences occur are
selected.

550 nm

800 nm

970 nm

1200 nm

1700 nm

Leaves

10.8±2.7

68.9±2.1

57.4±1.5

50.3±0.9

34.6±1.8

Stems

18.3±3.9

82.3±8.8

58.8±6.2

43.8±5.4

20.9±2.4

Fruits

19.8±2.5

63.2±2.9

22.4±2.9

10.5±1.8

4.4±0.4

Peduncle

27.2±2.2

78.4±1.9

52.9±1.2

38.6±0.7

19.0±0.2
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4 Hyper spectral imaging
4.1

Overview of the set up

For the second method to determine the reflectance a hyper spectral set up is used. This set up consists
of an IMspector V10, a CMOS camera, 2 fiber lights and a translation table with stepper motor. This
method is called hyper spectral because the spectral reflection is measured at every pixel (Ariana and
Lu, 2010). The scan that is made with the IMspector is a line scan. A software algorithm stacked the
lines, which resulted in an area scan with square pixels. The resolution of the CMOS camera was
1312x1032 pixels. Because hyper spectral scans acquire big datasets the pixels were binned by a
software algorithm. Pixel binning is the process were two neighbouring pixels are taken together as
one value. Instead of 1312 pixels the image had 656 pixels. Pixel binning is only applied on the
spatial axis not on the spectral axis.
The camera was 58cm above the translation table. The light source was 29 cm above the
translation table. The exposure time was 50 ms and the diaphragm was set to 4 (range 1.4-16). Figure
23 shows the total set up, in figure 24 a schematic view of the set up can be seen.

Figure 23. Set up hyper spectral line scanner, the upper light source is used.

Figure 24. Diagram hyper spectral set up, PGP = prism-grating-prism, BFL= back focal length (Polder and Van der
Heijden, 2001).
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4.2

Calibration of the set up

The distance in the y-direction was fixed with a total of 656 pixels. A scan in which the sample
wouldn’t be cropped is wanted. To make sure the resulting image wouldn’t be cropped also 656 pixels
in the x-direction are needed. The next step to make sure the image wouldn’t be cropped was to make
sure that the same length in the y-direction as in the x-direction was measured. The length in the xdirection was variable because of the stepper table. The length in the y-direction was fixed, this
depends on the height of the camera above the sample, because we didn’t want to change the set-up
we assumed this as fixed. To measure the length in the y-direction a scan of a ruler was made. The
scan from the ruler had a total length of 250. Thus a length of 250 mm was needed in the x-direction.
The length in the x-direction depends on the step size and the amount of pixels. Every step from the
stepper table corresponds to one line of pixels in the resulting scan. Because 656 pixels are wanted it
was easy to determine the step size of the stepper table, this is 250/656= 0.3811 mm per step. Since
the stepper motor was not that precise a step size of 0.3875 mm was taken.
The IMspector splits the signal over the wavelength range, this is the spectral axis in Figure
25. To make it easier to understand, every line scan has a size of 1x656 pixels. This line scan contains
the reflection, at every 3 nm, over the range 400-1000nm. The raw dataset can be seen as a 3d cube
with data, every 3nm you have a slice with the reflection of every pixel at a specific wavelength
The spectral calibration of a hyper spectral set up is very important. If the calibration is not
done correctly the obtained data is useless. Fortunately the set up was already calibrated for us, the
calibration report can be found in the appendix A.
The scans were performed in the range 291 – 1131 nm, but the CMOS chip was only sensitive
in a range of 425 nm till 1000 nm. A sample is taken every 2.73 nm, this is called the nominal spectral
resolution. In the output file, which contains the wavelengths, this value is however rounded off by
the software. This results in steps of 3 nm and sometimes a step of 2 nm, where factually all steps are
2.73 nm.
The white reference to calibrate the set up was done by putting a plain white envelope under
the sensor. The black reference was done by putting the anti-dust lens cap onto the lens.

Figure 25. Diagram of an IMspector (Filippo et al., 2009).

4.3

Isaac

The software used is written by dr.ing. G Polder and is called Isaac. This software processes the data
from the camera and is able to control the stepper table. The output from the program is a tiff stack.
This tiff stack contains a picture with the reflection at a given wavelength. This reflection is given in
grey values, where black has the value zero and white has the value65536. The zero corresponds to
0% reflection and 65536 corresponds to 100% reflection. When the reflection becomes higher than
100% the software gives it automatically the grey value of 0% reflection.
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4.4

Halcon

Since the output generated by Isaac was just a plain tiff stack an image analysis program was needed
to process this data. We decided to use Halcon, an image analysis program, because we had
experience with this software. A script to evaluate the tiff stack was written in Halcon. The script was
able to segment an area in the picture, with a threshold on a specific wavelength. With this
segmentation the sample is selected from the background. Examples of this segmentation are
visualized in Figure 26, 27 and 28.
The script calculates the mean grey value from this selected area. The script does this
automatically for all pictures of one scan, so the output is a grey value and its corresponding
wavelength. As described above the grey values corresponds to a certain reflection. To calculate the
reflection from the grey value, the grey value was divided by 65536 and multiplied with 100 to get the
reflection as a percentage. 65536 corresponds to the highest grey value (white), 0 to the lowest grey
value (black). With this mean area calculation also the standard deviation between the pixels is
calculated. An example of a Halcon script can be found in appendix B.

Figure 26. Segmentation of a leaf in Halcon. An original picture from the hyper spectral scan (left). Selected area in
Halcon (right).

Figure 27. Segmentation of a peduncle in Halcon. An original picture from the hyper spectral scan (left). Selected
area in Halcon (right).

Figure 28. Segmentation of a stem in Halcon. An original picture from the hyper spectral scan (left). Selected area in
Halcon (right). Only parts of the stem are selected no nodes are selected.
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4.5

Overexposure

Some samples show overexposure at certain spots. There are two reasons for this overexposure. First
the wax layer on the fruit which causes a high reflection, higher than the white reference. This
phenomena is also called specular patches(Polder et al., 2002). The second reason is the heigth of the
sample, the white reference is a flat surface while the samples have different heights. So some parts of
the sample are closer to the light source than the white reference. The overexposure could not be fixed
by chosing a smaller exposure time because the rest of the image would become too dark. The areas
that show overexposure – black areas in Figure 29 – are useless for our measurements. Therefore the
Halcon script was adopted in such a way that this areas are not part of the results (see Figure 30). First
the wavelength with the highest overexposure was selected, this was at 785 nm. Next step was to
threshold the areas that were overexposed and remove them from the already selected area. For
example for the fruits the whole fruit is selected except the parts that show overexposure.

Figure 29. Original picture from hyper spectral scan (left) and sweet pepper selection without overexposure in
Halcon (right).

Figure 30. Segmentation of the peduncle (left), original picture from hyper spectral scan with overexposure at 785 nm
(middle), selection of the peduncle without overexposure in Halcon (right).
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4.6

Normalisation

When the results from our hyper spectral set up are evaluated it is found that the standard deviation
went up to 20 per cent for some samples. From literature it is known that a high standard deviation
could be caused by the geometry of the fruits (Qin and Lu, 2008). Geometry of a fruit causes that the
light that falls on the edges of the fruit is not reflected into the camera but scattered away. This effect
is better explained by the physics law: angle of incidence is angle of reflection. Also the light intensity
decreases when an object is further away from the light source and thus effects the reflection.
To verify that the high standard deviation was caused by object geometry and light intensity a
small change was made to our halcon script. The script now evaluates five points instead of a selected
area. The points are divided from the edge to the middle. This test is performed on two different fruits
on two different parts of each fruit.
1
2
3
4
5

Figure 31. Point measurement1, The point on the edge of the fruit, point 1, shows a lower reflection.
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Figure 32. Point measurement2, point 1 is located on the edge of the fruit, point 5 is located on a place which has
some overexposure.
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Figure 33. Point measurement 3, point 1 is located on the edge of the fruit, point 4 is located on a place which has
some specular patches.
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Figure 34. Point measurement 4, point 1 is located on the edge of the fruit and even point 2 shows a lower reflection.
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The geometry of the fruit certainly has influence on our results as can be observed in Figure 31 till 34.
The shape of the reflection curves is the same, only the intensity of the reflection differs. To overcome
this geometry and lighting problem normalization is used.
Normalization is a technique which makes the data independent of light intensity and object
geometry (Polder et al., 2000). The normalization technique used is described in equation 3. With this
equation every pixel at a given wavelength is divided the sum of grey values from that same pixel at
all wavelengths.
λ
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λ
λ
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Relative reflectance per wavelength
Grey value per wavelength

To test if the deviation becomes smaller and the reflection is still the same the normalized data is
compared with the non-normalized data. As you can see in Figure 35 and 36 the reflection curve has
still the same shape but the standard deviation becomes a lot smaller. The coefficient of variation is
also calculated and is shown in Figure 37. The coefficient of variation is a dimensionless number
which gives a good impression of the variation in data independent of the mean of the data.

Figure 35. Reflection curve of a yellow fruit from NON-normalized data, large standard deviation.

Figure 36. Reflection curve of a yellow fruit from normalized data, smaller standard deviation.

Figure 37. Coefficient of variation of normalized and non-normalized data, normalized has a lower coefficient of
variation which means a smaller relative deviation.
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After normalization, the relative reflectance was obtained. The relative reflectance is not a percentage
anymore, it is dimensionless. And the relative reflectance is just a value which does not say anything
about the reflectance. Only the comparison of the different shapes of the curves tells something. But
we wanted to compare our data with the data from the photo spectrometer. A method to come from
the relative reflectance to a reflectance that was related to the normal reflection had to be figured out.
We figured out that if the relative reflectance is multiplied by 185, the number of measured
wavebands, and multiplied by the mean reflection from the non-normalized data a dataset which was
not relative anymore was created.
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∗λ
∑λ λ
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!"

[%]
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Where:

λ
[%]
old [%]

Reflectance per wavelength
Non-normalized mean reflection

Multiplying with the non-normalized mean reflection seems odd at first instance. However the
process of normalizing should not change the mean reflection from an object.
After normalization the same point measurement on two fruits was performed to check if the
normalization was successful. The deviation between the lines has disappeared so the normalization
was a success (see Figure 38 till 41). The points on the fruit are not exactly on the same spot because
the points are placed by clicking on the fruit not with a repetitive script. Because the points are not
exactly on the same place it was not possible to calculate the reflection, so this curves are relative
reflectance curves. For the validation of the normalization technique, it was neglected.
1
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Figure 38. Point measurement1 after normalization, no large differences between the points.
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Figure 39. Point measurement2 after normalization, no large differences between the points.
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Figure 40. Point measurement3 after normalization, no large differences between the points.
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Figure 41. Point measurement4 after normalization, no large differences between the points.

4.7 Standard Deviation
The samples used in this experiment are most of the time scanned more than once. Or a
reflectance curve consists of measurements on different samples. Every scan has its own
standard deviation. Standard deviations cannot be averaged like mean values can be
averaged. Therefore a statistics equation (equation 5) is used to calculate the standard
deviation for each mean reflection curve. First the variation is calculated from the standard
deviation. Than the variation is multiplied by the number of pixels, this is done for every scan
that is part of this set and all these values are summed. The sum of variations is divided by
the total number of pixels of all areas. As a last step the square root is taken to get the
standard deviation again. So a large sample will contribute more to the standard deviation
than a small sample, the same holds for the mean reflection.
&'  (
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Where:

SD
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pi

[%]
[%]
[-]

Total Standard Deviation
Standard Deviation of a scan
Number of pixels from a scan
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4.8

Results HelsinkiRZ

In contrast to the photo spectrometer, the hyper spectral scans were not fixed to a small sample size.
The samples could be up to 25x25cm. Therefore whole parts of plant could be placed under the
scanner.

4.8.1

Leaves

For measurement on the leaves four different samples are used. These samples were taken from
different places in the plant. One of them is shown in Figure 42. The top and the bottom of all these
leaves are measured. In this experiment we also decided to measure the bottom of the leaves. We
wanted to know if there were any differences in reflection between the top and the bottom of the
leaves.
Again the reflectance curves from young and old leaves are compared. The same holds in this
experiment. There is no difference in reflection between the young and the old leaves so they are
taken together as total reflection of leaves (not shown).

Figure 42. Top of a leaf (left), bottom of a leaf (right). The bottom of the leaf has lighter colour than the top.

Figure 43. Reflectance curves of the mean reflection from the top of the leaves and the bottom of the leaves.

Figure 43 shows the difference between the top and the bottom of a leaf. The largest difference occurs
at 550 nm which is 7.3%. This difference can be explained by the fact that the top of the leaf most
likely has more photosynthetic pigments which absorb PAR light (see Figure 44). In the NIR region
the difference in reflection is at most 2%.

Figure 44. Leaf section, top of the leaf is top of the picture, clearly more photosynthetic pigments in the top of the leaf
((FTExploring, 2011)
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The effect of dehydration of the leaves is also validated with our hyper spectral scans. The
results are displayed in Figure 45. The leaf that had been removed for five hours shows a different
reflection in the NIR range, the biggest difference can be found at 880 nm and is 8.8%. Opposite to
the results from the photo spectrometer the dehydration has effect on the reflection for this
measurement.

Figure 45. Reflectance curves of leaf 2. First measurement directly after removal from the plant and second
measurement five hours after removal of the plant. Differences occur after 750 nm.

4.8.2

Fruits

Three different fruits are measured in this experiment, two yellow fruits and one green fruit. The
yellow fruits were completely yellow and the green fruit was totally green (see Figure 46).

Figure 46. Fruit 1 (left), Fruit 2 (middle), Fruit 3 (right).

Figure 47. Reflectance curves of yellow and green fruits. Big differences in the PAR range, small differences in the
NIR range.

From Figure 47 can be seen that there are big differences in reflection in the PAR range between the
yellow and the green fruit. This is as expected because of the colour difference. The differences in the
NIR range are small. An interesting peak lays at 970 nm, one of the water absorption bands (Hollis,
2003)
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4.8.3

Stems

Three different stems are measured, each at a different development stage. In total eight scans are
performed on these stems. The reflectance curves from the young, middle and old stem are compared.
Since the differences were not that big we decided to take the reflection from the different stems as
one reflection (see Figure 48 and 49).

Figure 48. Three samples of stems (left) and the corresponding reflectance curves (right).

Figure 49. Mean reflectance curve stems with standard deviation.

4.8.4

Peduncle

For measuring the peduncles the scans from the fruits are used. In all the fruit scans the peduncles are
also scanned. The Halcon script was adapted to segment the peduncles instead of the fruits. Due to the
shape of some of the peduncles it was sometimes hard to measure the whole peduncle.

Figure 50. Mean reflection curve peduncles with standard deviation.

The peduncles show a peak similar to the stems, at 550 nm (see Figure 50).
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4.8.5

Overall result Helsinki RZ

When all the reflection curves from all the different parts are put into one graph, the differences in
reflectance can be seen, Figure 51. Especially the yellow fruit is easy to separate from the other parts.
At 680 nm the difference in reflection between the yellow fruit and the other parts is almost 30%. In
the NIR range the yellow fruit has a similar reflection as the green fruit, but the difference with the
other parts is at least 10%.
The green fruit can be best separated from the stem, leaf and peduncle at 970 nm. 970 nm is
one of the water absorption bands (Hollis, 2003). Because a fruit probably has a higher water content
than the other parts of the plant the reflectance is reasonably lower. The green fruit is easily separated
from the yellow fruit at 680 nm.
The stem, the leaves and the peduncle are harder to separate. There occur some differences at
550 nm and at 760 nm.

Figure 51. Graph with reflectance curves of all parts of the sweet pepper plant cultivar HelsinkiRZ.
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4.9

Results Stayer

The hyper spectral scans on the cultivar Stayer did not differ in method from the scans on HelsinkiRZ.
Therefore we decided not to show all samples and individual graphs. The images of the samples and
the individual graphs with standard deviation can be found in appendix C.

Figure 52. Graph with reflectance curves of all parts of the sweet pepper plant cultivar Stayer.

Figure 52 shows the reflection curves of cultivar Stayer. The shape of the curves is in line with the
results from HelsinkiRZ. The fruits classified as yellow were not completely yellow. Also the green
fruit showed a little yellow spot. The dip in the curve at 680 nm of the yellow fruit is probably caused
by the fact that the fruits were not completely yellow. When the results from Stayer are compared
with the results from HelsinkiRZ, were the fruits were completely yellow, we can conclude that 680
nm may be a good waveband for ripeness detection. The reflectance in the NIR range is completely
the same for the yellow and the green fruit. Furthermore wavelengths where interesting differences
occur are 550nm, 760nm and 970 nm.
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4.10 Stayer versus HelsinkiRZ
When comparing the reflectance curves from HelsinkiRZ en Stayer there are some remarkable things
(see Figure 53). The reflectance from the Helsinki parts is consistently lower than the Stayer parts.
Such a big difference cannot be explained by differences between cultivars. One possible explanation
is a measurement error, probably caused by the white reference.

Figure 53. Difference in reflectance for the leaf between Stayer en HelsinkiRZ (left). Difference in reflectance for the
fruits between Stayer and HelsinkiRZ (right).

4.11 Hyper spectral versus photo spectral
In this part the results from the photo spectrometer will be compared with the results from the hyper
spectral set up. Only the results from the cultivar HelsinkiRZ will be compared since that is the only
cultivar we did both experiments on. We compared the results in the range 425-1000 nm.

Figure 54. Difference in reflectance for the leaf between hyper spectral and photo spectral measurements (left).
Difference in reflectance for the green fruit between hyper spectral and photo spectral measurements (right).

From Figure 54 can be concluded that there is a big difference between the results from the two
measurement methods. The differences are very similar to the differences that occurred between the
two measurements from the hyper spectral scans.

4.12 Stayer hyper spectral versus HelsinkiRZ photo spectral
Since there are big differences between the measurements with the photo spectrometer and the hyper
spectral set up. It was decided to compare the results from the hyper spectral Stayer with the photo
spectral HelsinkiRZ (see Figure 55). The differences between those two measurements are a lot
smaller than the differences we have seen earlier. This suggests that the measurement error is made in
the measurements with HelsinkiRZ with the hyper spectral set up.

Figure 55. Differences in reflection curves of the leaves between hyper spectral measurements on Stayer and photo
spectral measurements on HelsinkiRZ (left). Differences in reflection curves of the green fruits, between hyper
spectral measurements on Stayer and photo spectral measurements (right).
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5 Discussion
The results from our hyper spectral set up are not consistent. The results from the cultivar Stayer
differ up to 20% when compared with the results from HelsinkiRZ. This difference cannot be
explained by the difference between cultivars. This observation is supported by our photo spectral
measurements. The results from the photo spectrometer also show different reflection curves if
compared with the measurements on HelsinkiRZ done with the hyper spectral set up. If we on the
other hand compare the results from cultivar Stayer measured with the hyper spectral set up with the
results from HelsinkiRZ measured the photo spectrometer the differences are a lot smaller. This
suggests that something went wrong with the measurement on HelsinkiRZ with the hyper spectral set
up.
The reliability of the results from the photo spectrometer can be questioned. The small size of
the samples could have caused errors in the results. Also the small number of samples does not
contribute to reliability of the data.
The results from the hyper spectral scans on the cultivar HelsinkiRZ show dissimilarities from
the other measurements. The reason for this deviation is probably a measurement error, which is
maybe caused by the white reference that was used. Therefore the comparison of the reflection curves
between different cultivars cannot be made. The hyper spectral results from HelsinkiRZ are not totally
worthless. The measurement error that is in the data is the same for all datasets. So for comparison
with the different parts it still can be used. For comparison with other data it is useless.
To compare our results with the previous research projects on spectral properties of the sweet
pepper plant we had to take the mean reflection over a range because our measurements had a smaller
step size. This comparison shows that our results are in line with previous researches, see table 3.
Only the results from the green fruit show a difference of more than 10 % in the range 700-1100 nm.
One of the reasons could be that we don’t have data for the photo spectrometer in the range 850-900
nm. There are no results included for the hyper spectral measurements in the range 700-1100 nm
because the measurements were performed till 1000 nm.
Table 3. Comparison between reflection values found in literature and our results. *The results shown in the table for
the hyper spectral scan are in the range 425-700nm instead of 400-700nm.

Leaf
Green fruit
Yellow fruit
Red fruit

Pilarski
6.6
6.9
24.8
18.7

400-700 nm
Photo
spectral
Czarnowski Helsinki
6
6.6
8
9.8
33
15
-

700-1100 nm
Hyper
spectral
Stayer*
7.2
6.2
20.1
-

Pilarski
54.9
28.9
33.5
39.8

Czarnowski
52
33
52
37

Photo
spectral
Helsinki
58.0
44.4
-

These differences in reflectance between different cultivars can be caused by several reasons:
differences between cultivars, differences in measurement methods or the difference in growing
condition. Or it could be a combination of all these factors. The differences found in literature and the
differences in our own results show that it is hard to measure the right reflectance of the sweet pepper
plant.
In this research we made the assumption that we only want to measure full grown fruits. The
small fruits that were on the plant were not analysed. It would have been better if the immature fruits
were analysed. When an immature fruit has a different reflectance curve than a mature fruit it is
important to know. There is raw data available with scans of immature fruits, but due time limitations
these are not analysed.
The effect of water content in the leaves is not identified. The results from the photo
spectrometer show no difference between a leaf that is directly measured after removal from the plant
or a leaf that is measured five hours after removal from the plant. The results from the hyper spectral
scans show a contradiction because they show differences.
__________________________________________________________________________________
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The measurement on the effect of age on the optical properties has the same problem as the
measurement on the effect of water content. The results from the different methods are not consistent
so we can’t say anything about it.
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6 Conclusion
Separation of different parts of the sweet pepper plant based on difference in reflection is
possible. Especially the fruits are well distinguishable from the other parts. For the other parts, stem,
leaf and peduncle, there are differences in reflectance but they are smaller than the difference the
reflection curves of the fruits show. The wavelengths 550 nm, 760 nm and 970 nm offer opportunities
to distinguish the different parts of the sweet pepper plant.
From our results it is impossible to answer the question if reflection differs between cultivars.
In our research there occur differences in reflectance but they are probably caused by measurement
errors. From the reflectance curves found in other papers the suggestion is made that there are
differences. But due to differences in measurement methods and the limited amount of data available
no conclusions can be drawn.
There is a difference in the reflection between the top and the bottom of a sweet pepper leaf.
Especially in the PAR range differences occur. The largest difference in reflection occurs at 550 nm
and can be up to 7.3%. This difference in reflection between the top and the bottom is caused by the
internal structure of a leaf.
The results from the photo spectrometer show that there are no differences in reflection
between a leaf that has dried for five hours and one that has not. The results from the hyper spectral
set up show that there are differences in reflection between a leaf that has dried for five hours and one
that has not. These differences in reflection occur in the NIR range from 750 till 1000 nm. Therefore
we can conclude that a period of drought of five hours does not influence the reflection in het PAR
range. The effects of drought on the NIR range are contradictory and therefore no conclusions can be
drawn.
Reflection measurements are inconsistent. Reflection depends on a lot of factors and is easily
influenced. Even the smallest difference in light intensity will cause differences in reflection. There
occur large differences in reflection values in the available literature and in our own measurements.
Therefore the system that is mounted on a sweet pepper harvester should have a consistent view.
Good calibration is of great importance.
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7 Recommendation
This research is considered as a first exploring step in the world of reflectance of the sweet pepper
plant. The first steps have been made to figure out the typical reflectance curves. Further research is
needed to retrieve more data in a broader range. Measurements have to be done on cultivars with red
fruits in the maturity phase to retrieve the typical reflectance curves for red sweet peppers.
In this research measurements are done on two different cultivars, with both a limited number
of samples. We would recommend to use a larger number of samples to be able to do statistical
analysis on the data. Also to answer the question if there are differences between cultivars, research
on different cultivars will be needed.
The data acquired by the different measurement methods is only compared in graphs. There
are other more specific discrimination methods to find optimal discriminating wavelengths. Our
knowledge but especially time was limited so we couldn’t apply a discrimination analysis.
The difference in reflection in a range of 300-2300 nm is explored with the photo
spectrometer. With the hyper spectral set up scanned the range of 425-1000 nm. For now the scanned
range of the hyper spectral was broad enough. The sensitivity of the commonly used CCD cameras
goes up to 1000 nm. However the results from the photo spectrometer show promising differences
above 1000 nm. So the possibilities of waveband filtering, with other cameras, above 1000 nm have to
be explored.
Measurements on the effect of water and dehydration of the leaves are performed on only
three samples. To be able to say more about the effects of dehydration more measurements and
measurements over a longer time span have to be done. The same holds for the effect of aging on
reflection curves of parts of the sweet pepper plant.
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C
Leaves

Figure 56. Leaf 1 top and Leaf 2 bottom (left), leaf 3 (right)

Figure 57. Reflectance curves top and bottom leaf. The differences between the top and the bottom of the leaf is

Fruits

Figure 58. Fruit 1 (left), Fruit 2 (left middle), Fruit 3 (right middle), Fruit 4 (right)

Figure 59. Reflectance curves yellow and green fruit. Big difference in the PAR range no difference in the NIR range
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Stems

Figure 60. Three stems with different age. The older the stem the bigger. (left). Reflectance curves of young, middle
and old stems (right).

Figure 61. Reflectance curve of the mean of all stem samples – cultivar Stayer.

Peduncle

Figure 62. Reflectance curve of the peduncle – cultivar Stayer. At 750 nm suddenly the standard deviation increases.
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