Application of thermal imaging for estimating current yield

in the apple orchard
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Anwendung der Thermalbildanalyse fiir die Bestimmung des momentanen
Ertrags in einer Apfelanlage wihrend der Vegetation

1. Introduction

Forecasting the number of fruits and size at harvesting re-
presents the basis for prediction of future yield, forming of
prices and planning storing capacities for apples (WINTER,
1986). On the basis of a long term orchard experiment at
the Bavendorf Research Station, Professor Winter intro-
duced the ‘Frupro’ Crop Forecast Model in practice
(WELTE, 1990). The model is based on the yield capacity of
the observed growing unit (tree, variety, rootstock, orchard
age and exposition, area), the fruit-set density of the grow-
ing unit in the given year and the average fruit mass at har-
vesting (WINTER, 1979). Nowadays, his improved method
known as ‘Prognosfruit model” has been used for estimating
yield in many European countries.

Currently, the Prognosfruit Forecast Model is the only

method for yield quantity and quality estimation accepted
by the European apple and pear producers. The method
successfully predicts future yield for large growing areas or
countries with similar environmental condition, while for
more variable conditions differences between the forecast
and harvested yield from -21,9 % to +14,1 % per hectare
has been reported (LAMBRECHTS, 2001).

However, the main disadvantage of the method charac-
terised are time-consuming measurements of required para-
meters, which are needed for determining the future yield.
Possible improvement in data measurements for such fore-
casting methods can be achieved by applying visual and
heat sensing techniques in collecting of samples.

The machine vision represents one of the image pro-
cessing tools that have been used for various agricultural
applications by providing information about plant size,

Zusammenfassung

Ziel der hier vorgestellten Arbeiten ist es, neue methodische Ansitze zu beschreiben, bei denen die thermalbildanaly-
tische Klassifikation von Apfelzahl, Apfeldurchmesser und Apfelertrag vollautomatisch unter Praxisbedingungen
bestimmt werden. Die Thermalkamera wurde am Rahmen des Traktors befestigt und mit einem PC verbunden. Im
Laufe der Vegetation von Juni bis September wurden die Bilder von zwanzig Apfelbdumen vier Mal aufgenommen.
Jedes Mal wurden zwei Serien von Bildern gemacht, d.h. eine Serie von der Sonnseite der Baumreihe und die andere
von der Schattseite. Der Bilddatentransfer erfolgte schon auf dem Traktor iiber eine digitale Framegrabberkarte. Alle
Bilder wurden dann (off-line) mittels unterschiedlicher Bildalgorithmen verarbeitet. Es konnte gezeigt werden, dass
mit diesem thermalbildlich gestiitzten Ansatz bei Apfelzihlungen eine gute Bezichung (R? von 0,76 bis 0,81) zwi-
schen manuellen Probenahmen und Thermalbildanalysen existierte. Fiir die Apfeldurchmesserbestimmung wurde
zwar ein geringfligig schlechtere Beziehung R? (von 0,56 bis 0,78) geschitzt, die aber mit der Farbe- und Durchmes-
serentwicklung offensichtlich stieg. Wenn man den momentanen Ertrag mittels der Thermalbilderalgorithmen beob-
achtet, besteht ebenfalls eine hohe Korrelation (RZ von 0,69 bis 0,79). Eine noch bessere Bezichung (R2 von 0,79 bis
0,89) wurde erreicht, wenn die Thermalbildanalyse mit dem gewogenen Ertrag verglichen wurde. Die Ergebnisse von
den Juni- und Juliprobenahmen scheinen aussichtsreich fiir die weitere Entwicklung und Einfiihrung der Thermal-
bildanalyse in die herkdmmlichen Ertragsprognosemethoden, um ein schnelleres und priziseres Datenprobenahme-
system zu erreichen.

Schlagworte: Thermalkamera, Bildanalysis, Apfel, Fruchtzahlen, Ertrag.
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Summary

The paper describes a thermal imaging based technique for estimating number, diameter and yield of apple fruits auto-

matically under natural condition in the orchard. A thermal camera was mounted on a tool-frame tractor equipped

with a PC for acquiring apple trees images four times during the vegetation period June-September 2002. Each time

twenty apple trees were recorded from both sides of the row. Video signals from the camera were digitised using frame

grabber and the images were processed off-line using several image processing algorithms. Correlation coefficients (R?
from 0,78 to 0,81) were established between manually measured fruit number and estimated number based on the
thermal imaging algorithm. For measuring the fruit’s diameter R? between 0,56 and 0,65 were established and were

slightly increasing according to the size development during the ripening. The R? for current yield per tree were esti-

mated from 0,69 to 0,79 when manual measurements were compared to thermal imaging.

Keywords: thermal camera, image analysis, apple fruits, number, yield.

population density, plant health or fruit detection (HEM-
MING and RATH, 2002). Nowadays, the efficient fruit detec-
tion algorithms processed automatically all kind of fruit's
characteristics in artificially lighted chambers. However, by
working in the outdoor condition researchers are constant-
ly developing new fruit recognition algorithms. By the
detection of ripen apple fruits, different accuracies between
48-70 % were reported in investigations from PARRISH and
GOKSEL (1977), GRAND D’ESNON et al. (1987), RABATEL
(1988) and Kassay (1992).

Contrary to the machine vision techniques, thermal cam-
eras sense an object’s own heat radiation and visualise it on
the video signal or on thermal images. The intensity of ther-
mal radiation is related to the temperature of the body with
the power of four and is directly proportional to the emis-
sivity of the sample. This allows evaluation of different char-
acteristics of observed objects as being the way by standard
visual cameras. The application of thermography for the
study of plants or plant materials was reported in the deter-
mination of physiological depression (INOUE, 1990), the
leaf transpiration rates (INOUE et al., 1990), differences in
the flag leaf temperatures of the cereals caused by diseases
(NILLSON, 1995; DALEY, 1995) as well as for the bruise
detection of apple fruits (BEVERLY et al., 1987, TOLLNER et
al., 1993; LINKE et al., 2000; JATUPHONG et al., 2001).

However, very few researches have been reported con-
cerning application of thermal imaging for determining
and counting fruits under the natural conditions. ZHANG et
al. (1997; 1998b) investigated the potential of the infrared
thermal image for distinguishing apples from trees in the
orchard. The obtained results confirmed that the thermal
difference between apples and leaves was over 1 °C, how-
ever the difference between apples and branches was very
slight when the weather was clear and calm. During the
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24 hours lasting observation it was proved that the remark-
able temperature difference between apples and leaves did
not exist from midnight to early morning.

By using the information on the thermal distribution dif-
ferences, in their further research ZHANG et al. (1998a)
developed the apple detection method based on pattern
recognition by the generic algorithm. Almost all apples
were reported to be successfully detected from the infrared
images regardless of the differences in the light intensities
and the temperature of the surroundings whether they were
captured during the night or day.

In our investigation the number of fruits was determined
also prior the harvesting, when colours of fruits did not dif-
fer substantially from colour of leaves. To overcome this
problem, a thermal imaging followed by image analysis
techniques was used instead of colour imaging.

The main object of this paper is to demonstrate and eval-
uate the applicability of the method for predicting the num-
ber and the diameter of the apple fruits, which is used for
calculating the current yield in the apple orchard. An algo-
rithm is presented able to threshold, countand report fruits’
morphological characteristics from thermal images being
recorded and digitised under natural condition in the
orchard.

In the following parts of the article some basic properties
of the experimental methods will be explained. Then the
performance of the method is estimated by comparing the
predicted and actual number of fruits and diameters.

2. Materials and Methods

During the vegetation period June-September 2002, twen-
ty apple trees (Malus domestica Borkh.) were examined in
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the Faculty’s four year-old apple orchard (lat. 46°32" N,
long. 15°33’5 E). Apple trees were planted at a spacing 3,5
x 0,7 m with the variety ‘Gala’ grafted on the M9 rootstock.
The row was orientated from East-North to West-South.
Four crucial developing stages of apple fruits were selected
for recording trees during the fruit’s growth and ripening:

1. stage — after June fruit drop ~ June 16% 2002

2. stage — three weeks later July 7 2002
3. stage — beginning of ripening  August 8t 2002
4. stage — harvesting September 274 2002

Experiments were performed five times on each stage; at
9.00, 12.00, 15.00 and 18.00 to investigate temperature
gradient needed for distinguishing fruits from leaves and
the background. Two series of video signals were recorded
without any additional heating. The first signal included
the southern side of trees and the second one the northern
side of trees, both from the distance of 3,0 m at the angle of
90° degrees to the planting row. Concurrently, on each
recorded tree a round sticker was put for calculating
pixel/mm ratio. All fruits were manually counted on each
tree and the diameters of ten randomly sampled fruits per
tree were measured by applying the sliding calliper.
Thermal camera AGEMA 570 was used for recording
images. Emissivity of the object was set to 0,98, relative
humidity varied from 70 % to 95 %. Resolution of the cam-
era was 320 x 240 pixels and the temperature resolution was

better than 0,5 °C. On each image approximately 1270 mm
by 1020 mm of the tree area were captured. Video signals
from the camera were recorded on VHS-C video tape. All
images were digitised (off-line) using a National Instru-

Figure 1:

ments® IMAQ PCI —1408 image acquisition board with a
frame grabber at a 320 x 240 resolution in a 8-bit mono-
chrome format. The digitisation and analysis of the images
were carried out with a personal computer (PC) with
350 MHz processor and 256 MB random access memory
(RAM). The analogue signal from thermal camera as well
the grey image after digitisation is clearly seen in Figure 1.

2.1 Fruit detection algorithm

Since the digitised images were already in a grey level for-
mat, in the first step of algorithm a global threshold was
used for determining between background (soil, grass, sky)
and parts of plant (leaves, fruits, branches). Sometimes
leaves and fruits were separated from the background
together as one object, so in the following steps the fruit
separation from leaves is shown. Namely, the low tempera-
ture gradient between fruits and leaves growing inside the
crown reflected in insufficient illumination gradient.
Therefore, the image was grown through a morphological
processing operator erosion which reduced the brightness
of pixels that were surrounded by neighbours with a lower
intensity, so most of the misidentified pixels not connected
to the fruit pixels would not appear in the final image. This
operation was repeated until the segmentation between
leaves and fruits was achieved but the original shape had to
remain unchanged.

In the second step the image was filtered using a specified
size of kernel 3 x 3 pixels and the connectivity-8 function to
remove the remaining noise. Using specified filtering, it was

A sample of thermal image before (left) and after digitisation (right)

Abbildung 1: Muster eines Thermalbildes vor (links) und nach der Digitalisierung (rechts)

Die Bodenkultur

173

54 (3) 2003



D. Stajnko, M. Lakota, M. Hoéevar and Z. Cmelik

determined whether an adjacent pixel belongs to the same
or to a different object.

For each single object obtained after the segmentation,
the differentiation between leaves and fruits was proceeded
according to the empirical preliminary investigations of
geometrical features. The process included feature extrac-
tion, particle selection and classifier evaluation. Feature
extraction adjusted horizontal and vertical resolution, while
classifier evaluation calculated different shape features as:
major axis, length, width, longest segment, contour length
and compactness, and compared them with stored para-
meters. For all segmented objects in the image the mem-
bership of the class of fruit or leaf was calculated. At the end
only objects fitted to the sample with the confidence of
90 % or more were classified as fruits. Sample results of
detecting process and labelled fruits are shown in Figure 2.

As the whole apple fruit is rarely detected on images
because it is somehow covered with other fruits as well with
leaves and branches, the longest segment was considered to
be the same as the fruit’s true diameter.

The number of fruits on each image and the average
longest segment of detected fruits per image were the basis
for estimating the current yield. A file with recorded fruit
characteristics as well the yield per image was stored for cal-
culating a statistical analysis. For calculating current yield
on the image the following equation was applied:

_ N-0,459 D502
10°

where Y, represents yield per tree, IV the number of fruits
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Figure 2:

Our estimation based on a transformation function
derived by WELTE (1990), which allows a direct calculation
of the weight from the fruit’s diameter. He showed that dur-
ing the fruit growing the relative increase in the diameter
was proportional to the relative fruit weight increase.

For the first three samplings the average fruit yield per tree
was estimated on the basis of the average fruit’s diameter mea-
sured manually by the sliding calliper and compared to the
estimated yield based on thermographically detected diame-

24 ]| the yield was harvested

ter. Contrary, on September
and weighted as well as estimated by thermal imaging. Addi-
tionally, the correlation coefficient between estimated (cur-
rent) yield and harvested yield was calculated for all stages.
For performing the above described image analysis algo-

rithms the IMAQ Vision 5.0 and the Labview 6.i from the

®

National Instruments® were used in our research.

2.2 Statistical analysis

The each stage’s data of termographically analysed and
manually measured parameters were the basis for creating
linear regression models. The Pearson correlation coeffi-
cient was used to estimate the regression line and select the
most favourable image series for predicting the current
yield. Additionally, by analysing the slope and the offset of
the regression line the linear regression equation was esti-
mated for every stage separately. Only independent vari-
ables at the 5 % level were found to be significant.

The SPSS 10.0 Package Program was used for all statisti-
cal calculations.

<

b

Binary image obtained from the Figure 1 before filtering (left) and labelled fruits after processing (right)

Abbildung 2: Aus Abb. 1 ermitteltes Binirbild vor der Filterung (links) und identifizierte Friichte nach der Verarbeitung (rechts)
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3. Results and Discussion
3.1 The fruit temperature development during the day

As seen from Figure 3, showing the temperature development
on the same tree during July 7t 2002, the sunlightinfluenced
the fruit, leave and branch temperature, so it varied between
24 and 40 °C throughout the entire crown. On thermal
images captured from the southern as well as from the north-
ern side of the tree row the constant increase in the tempera-
ture could be detected between 9.00 and 15.00. However, as
earlier reported by ZHANG et al. (1997) the very small tem-
perature gradient was detected between fruits and leaves on
the northern side of the tree row due to the reflective heating,

9.00

12.00

which contrary to the direct sunlight could not affect the
higher temperature difference.

3.2 The number of fruits per tree

Because of the variation in the fruit temperature through-
out the tree (Figure 4), the thermal camera had to be set
onto the average spot temperature before the signal was sent
to the grabber. Once all series of images were captured,
additionally, a global threshold was trained with one or two
images from each image data set before the fruit detection
algorithm was processed. Figure 5 shows results of image
processing on the captured thermal image.

15.00 18.00

Figure 3:

Thermal images captured from opposite sides of the tree at different time during July 7% 2002

Abbildung 3: Von nérdlicher und siidlicher Seite aufgenommene Thermalbilder des Baumes am 7. Juli 2002

'{f - "j’

R
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Original (left) and adjusted thermal
image (right) showing the different
temperature across the tree

Ein originales (links) sowie verarbeite-
tes Thermalbild (rechts) zeigen deut-
. lich die Temperaturdifferenz iiber den
2 ganzen Baum
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The closer correlation coefficients were estimated on the The estimated correlation coefficient varied between 0,78
‘southern’ 12.00 image series, therefore only results of these  and 0,81. A close correlation between detected and manu-
series will be discussed in the following sessions. ally counted number of fruits at the harvesting were report-

The number of apple fruits per tree detected by the image  ed also from KONDO et al. (1998) by strawberry harvester
analysis as well as manually counted fruits is presented in  and KATAOKA et al. (1999) by apple harvesting. However,
Table 1. As seen, the fruit detection algorithm was tested on  in their cases, at the beginning of ripening a weaker accura-
differently abounded trees with 21 to 63 fruits. cy was caused by lack of fruit colour difference between

Table 1:  Number of apple fruits per tree measured by thermal imaging and manual measurement at the different observing terms
Tabelle 1: Geschitzte Apfelanzahl pro Baum bestimmt mit Thermalbildverarbeitung sowie manueller Probenahme zu verschiedenen Terminen

Number of apple fruits per tree
Tree number June 16t 2002 July 7t 2002 August 8 2002 September 27 2002
Thermography| Manually | Thermography| Manually | Thermography | Manually | Thermography| Manually
1 28 36 34 34 31 34 34 28
2 55 65 62 63 55 53 52 55
3 27 23 27 23 22 23 23 23
4 48 60 56 57 46 48 36 48
5 53 50 49 49 48 48 45 48
6 35 38 38 38 30 34 32 32
7 48 60 42 60 50 55 60 48
8 27 27 29 24 29 24 23 22
9 36 36 44 34 29 34 34 32
10 31 38 33 37 24 36 37 31
11 37 57 48 48 43 48 42 42
12 19 21 28 20 33 20 20 19
13 29 35 39 33 35 33 33 29
14 29 27 31 25 15 23 25 23
15 66 66 36 52 44 44 52 44
16 29 31 32 30 35 30 30 29
17 9 23 22 21 17 17 12 17
18 35 31 35 31 37 31 31 30
19 55 62 60 61 53 52 71 52
20 42 52 49 50 42 42 50 42
Average 37 41 39 39 36 36 37 34
R? 0,81 0,78 0,79 0,81
Equation Y =4,65+1,00X Y =-4,91+1,12X Y =4,12+0,90X Y =7,84+0,72X

Figure 5: Thermal image after threshol-
ding (left) and fruit detection
(right)

Abbildung 5: Ein Thermalbild nach der Seg-
mentierung (links) und Apfel-
identifikation (rechts)
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leaves and fruits. In our research a closer correlation for
smaller and less coloured fruits was estimated, while oppo-
site to the cited authors using visual light, fruits can accu-
mulate more heat than leaves, so they can be better detect-
ed by thermal imaging.

3.3 The apple fruit’s diameter per tree

The average estimated fruit’s diameter per tree at different
developing stages of apple fruits are shown in the Table 2.
As seen, the average estimated diameter per tree was equal
to the manual measurements at all developing stages during
the vegetation, however the correlation coefficient R2 var-
ied from 0,56 to 0,65.

The reason for lower correlation coefficients lies in a lev-
elling diameter among all sampled trees, so even the small
deviation in the diameter affected the great fall of the cor-
relation. Such conditions were caused by chemical fruit
thinning, which was applied in the orchard at the end of
May to reduce the over abundance. However, as seen from
the results, on some trees the estimated diameter was under-
estimated anyway. The reason lies in the fruit detection

algorithm, which based on the longest segment measure-
ment. Namely, this procedure is accurate if a whole apple
fruit is detected or a part of it is clearly seen, otherwise a
weaker correlation coefficient is calculated.

On the other hand, when comparing the development of
fruit diameter through the entire sampling period, the high
accuracy of the obtained results can be found. As seen from
Figure 6, actually the same curve was obtained (R2=0,90)
by manual measurements as well as by thermal imaging.
The estimated development of the fruit diameter was very
similar to researches reported by WELTE (1990). Thus, our
research shows the significant possibility of thermal imag-
ing for predicting the fruit’s diameter growing.

3.4 Estimation of fruit yield

The current yield per tree was estimated by applying equa-
tion 1. The number of fruits and the average fruit diameter
from each developing stage were used for estimating yield,
when the thermal imaging procedure was applied. For esti-
mating the yield manually, measurements were used only
for the first three stages, while for the last measurement all

Table 2:  Average diameter of apple fruits per tree in mm measured by thermal imaging and manual measurement at the different observing terms
Tabelle 2: Geschitzte Mittelapfeldiameter pro Baum bestimmt mit Thermalbildverarbeitung sowie manueller Probenahme an verschiedenen Terminen

Average diameter of apple fruits per tree
Tree number June 16t 2002 July 7% 2002 August 8 2002 September 24 2002
Thermography| Manually Thermography| Manually | Thermography Manually | Thermography| Manually

1 52 51 65 63 74 75 81 79

2 57 57 60 62 72 73 80 81

3 57 54 61 60 72 72 76 77

4 53 53 62 62 72 71 78 79

5 51 55 59 61 74 74 78 79

6 52 54 63 63 74 74 78 78

7 58 58 61 61 72 72 77 76

8 57 58 65 64 76 74 76 76

9 55 54 63 61 74 74 81 79

10 52 51 65 65 75 75 81 81

11 57 55 65 64 76 75 78 79

12 50 51 67 68 74 74 77 76

13 57 57 54 61 73 73 79 78

14 58 58 66 66 77 77 77 76

15 54 54 63 63 71 71 80 81

16 57 54 63 62 77 75 78 77

17 52 53 60 59 75 75 77 77

18 52 51 63 63 70 70 77 77

19 54 54 59 61 72 73 78 79

20 52 55 63 64 68 73 78 78
Average 54 54 63 63 73 73 78 78

R2 0,56 0,55 0,64 0,65
Equation Y =7,27+0,86X Y = 29,24+0,54X Y =30,65+0,58X Y =18,39+0,77X
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fruits were harvested and weighted. As seen from Table 3,

9 - . .

. the average estimated yield per tree detected by thermal

g 80| imaging increased from June to September.

E 7 Nevertheless, the yield per tree was slightly underesti-

g = mated, as was the number of fruits on which the equation

H ®| . .

a & 60 based. The correlation coefficient between manual mea-

| e . . . . .

g ., . surements and thermal imaging estimation varied from

5 0,69 in July to 0,79 in September. Contrary, the correla-
40 : : : : ‘ tion coefficient between thermal imaging analysis and the

8.6 28.6 18.7 7.8 27.8. 16.9.

DATE

¢ THERMAL IMAGING

W MANUAL MEASUREMENTS

—@— AVERAGE DIAMETER PER DATE (mm) 5 AVERAGE DIAMETER PER DATE (mm)

harvested yield remained stable round 0,79. However, as
seen from Figure 7, almost identical growth curve for the
development of the average yield per tree was estimated (R?

Figure 6: Growth curve for the development of the average diame- = 0,90) when Compariﬂg thermal imaging analYSiS with
ter estimated by thermal imaging and manual measure-  manual measurement. Once again thermal imaging shows
ments - . .
, , . a good possibility for early yield development and estima-
Abbildung 6: Vergleich der Wachstumskurven der mittleren Apfel-

durchmesser bestimmt mit Thermalbildverarbeitung so-
wie manueller Probenahme zu verschiedenen Terminen

tion as was earlier described by the fruits diameter fore-
casting.

Table 3:  Estimated yield per tree measured by thermal imaging and manual measurements at different developing stages and in correlation to har-
vesting weight
Tabelle 3: Geschitzter Baumertrag bestimmt mit Thermalbildverarbeitung sowie manueller Probenahme zu verschiedenen Terminen

Yield per tree (kg)
Tree number June 16t 2002 July 7t 2002 August 8 2002 September 27 2002
Thermography| Manually | Thermography| Manually | Thermography | Manually | Thermography| Weighted

1 1,36 1,66 3,21 2,93 4,47 4,90 6,15 5,42

2 3,52 4,16 4,62 5,17 7,32 7,06 9,08 10,12

3 1,73 1,25 2,11 1,71 2,81 2,94 3,45 3,54

4 2,48 3,10 4,60 4,68 5,64 5,89 5,83 8,70

5 2,44 2,88 3,47 3,83 6,65 6,65 7,29 8,80

6 1,71 2,07 3,27 3,27 4,15 4,71 5,18 6,63

7 3,23 4,04 3,29 4,69 6,39 7,03 9,35 8,50

8 1,73 1,82 2,74 2,16 4,02 3,32 3,45 4,27

9 2,07 1,96 3,79 2,66 4,02 4,71 6,15 6,46

10 1,51 1,75 3,11 3,49 3,46 5,19 6,70 6,44

11 2,37 3,28 4,53 4,33 6,20 6,92 6,80 8,00

12 0,83 0,97 2,89 2,16 4,57 2,77 3,12 3,88

13 1,86 2,24 2,13 2,58 4,66 4,39 5,55 5,70

14 1,95 1,82 3,06 2,47 2,34 3,59 3,90 3,53

15 3,60 3,11 3,10 4,47 5,39 5,39 9,08 8,39

16 1,86 1,69 2,75 2,46 5,05 4,33 4,86 6,10

17 0,44 1,19 1,64 1,49 2,45 2,45 1,87 3,28

18 1,71 1,43 3,01 2,67 4,35 3,64 4,83 6,29

19 3,00 3,38 4,25 4,77 7,06 6,92 11,50 9,54

20 2,05 2,99 4,21 4,51 5,60 5,59 8,10 8,66
Average 2,07 2,34 3,29 3,33 4,83 4,92 6,11 6,61

R? (T/M) 0,78 0,69 0,75 0,79
R? (T/W) 0,79 0,89 0,81 0,79

T — Thermography, M — Manual, W — Weighted yield

R? (T/M) ... correlation between thermographically estimated yield and manually measured yield on each stage
R? (T/M) ... correlation between thermographically estimated yield on each stage and harvested yield
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AVERAGE YIELD PER
TREE (kg)
[=))

DATE

¢ THERMAL IMAGING
—A—AVERAGE YIELD PER DATE (kg)

B  MANUAL MEASUREMENTS
—>¢— AVERAGE YIELD PER DATE (kg)

Growth curve for development of the average yield per
tree estimated by thermal imaging and manual measure-
ments

Abbildung 7: Vergleich der Wachstumskurven des mittleren Baumer-
trages bestimmt mit Thermalbildverarbeitung sowie
manueller Probenahme zu verschiedenen Terminen

Figure 7:

4. Conclusion

A new approach for counting apple fruits on trees and esti-
mating the diameter and the current yield under orchard
conditions was researched in our investigation. Video sig-
nals from a thermal camera were digitised using a frame
grabber and off-line measurements were conducted by
applying thermal imaging, image analysis and processing.
Among image processing algorithms, thresholding, filter-
ing and longest segment algorithm were implemented.

Estimated number of fruits, average diameter as well the
estimated yield per tree, were compared to manual mea-
surements. A close correlation (R? from 0,78 to 0,81)
between manually counted number of fruits per tree and
estimated number of fruits was determined. Therefore, the
fruit detection algorithm is capable of a very good estima-
tion of number of fruits, which was also shown by estimat-
ing the growth curve of apple fruits which actually followed
manually measured data (R? = 0,90). A correlation coeffi-
cient R? from 0,56 to 0,65 was determined between man-
ually measured and estimated fruit’s diameters. Numerous
apples growing inside the crown shadowed by neighbour-
ing leaves affected relatively lower correlation coefficients,
which primary reduced the accuracy of the longest segment
algorithm.

For estimating average yield per tree, very close correla-
tion coefficients (R? from 0,69 to 0,79) were calculated.
Since the development of the fruit yield also showed a very
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close correlation (R% = 0,90), it reflected again the accuracy
of algorithm for counting fruits number and measuring
diameter.

Future work should be focused on improving the algo-
rithm, so it is able to detect also partially hidden spherical
objects by obtaining a set of pixels belonging to the bound-
aries of apples. The second goal is going to be the syn-
chronisation between the data flow and the fruit detection
procedure for processing measurements in real-time. All
improvements could provide the implementation of our
algorithm into advanced methods for predicting future
yield, which are nowadays used in the practice, but are time-
consuming and sample a relatively small part of the apple
orchard.
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