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Abstract . A remotely-piloted Gas Xcell mini-helicopter with GPS, wireless Ethernet, and a machine 
vision system was flown over orange trees to take overhead images.  The individual tree images 
were processed to estimate the number of orange pixels in the images.  The fruit yield of individual 
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trees at harvest a month later had an r-squared value of 0.373 with the number of orange pixels on 
the irrigated tree images.  While it was demonstrated that a remotely-piloted mini-helicopter could be 
used to acquire useful overhead images of citrus trees, substantial further research is needed to 
improve the accuracy of estimates of individual tree yields or health. 

 

Keywords.  Citrus, spatial variability, precision agriculture, yield mapping, helicopter, machine vision, 
images, remotely-piloted, orange fruit 



 

2 

Introduction 
Within the USA, Florida is the dominant state for citrus production, producing over two-thirds of 
the USA’s tonnage, even in the hurricane-damaged 2004-2005 crop year.   The citrus crops of 
most importance to Florida are oranges and grapefruit, with tangerines and other citrus being of 
less importance.   

With contemporary globalization, citrus production and marketing is highly internationalized, 
especially frozen juice concentrates.   So there is great competition between various countries.  
Tables 1 and 2 show the five most important countries for production of oranges and grapefruit 
in two crop years.  Production can vary significantly from year-to-year due to weather, especially 
due to hurricanes.   Note the dominance of Brazil in oranges and the rise of China in both crops. 

 

Country 2000-2001 Crop Year 2004-2005 Crop Year 

Brazil 14,729 16,606 

USA 11,139 8,293 

China 2,635 4,200 

Mexico 3,885 4,120 

Spain 2,688 2,700 

Other Countries 9,512 9,515 

World Total 44,588 45,434 

Table 1:  Production of Oranges (1000’s metric tons) (based on NASS, 2006) 

 

Country 2000-2001 Crop Year 2004-2005 Crop Year 

China 0 1,724 

USA 2,233 914 

Mexico 320 310 

South Africa 288 270 

Israel 286 247 

Other Countries 680* 330 

World Total 3,807 3,795 

*Cuba produced a very significant 310 (1000 metric tons) in 2000-2001 

Table 2:  Production of Grapefruit (1000’s metric tons) (based on NASS, 2006) 

The costs of labor, land, and environmental compliance are generally less in most of these 
countries than in the USA.   Labor is the largest cost for citrus production in the USA, even 
though many workers, especially harvesters, are migrants.  In order for producers from the USA 
to be competitive, they must have advantages in productivity, efficiency, or quality to counteract 
the higher costs. 
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This need for productivity, efficiency, and quality translates into a need for better management.   
One management advantage that USA producers can use to remain competitive is to utilize 
advanced technologies.   Precision agriculture is one such set of technologies which can be 
used to improve profitability and sustainability.  Precision agriculture technologies were 
researched and applied later to citrus than some other crops, but there has been successful 
precision agriculture research, such as Schueller, et al., (1999), Whitney, et al., (1999), and 
Cugati, et al. (2006).  There has been some commercial adoption (Sevier and Lee, 2005). 

Yield maps have been a very important part of precision agriculture for over twenty years 
(Schueller and Bae, 1987).   They allow management to make appropriate decisions to 
maximize crop value (production quantity and quality) while minimizing costs and environmental 
impacts (Schueller, 1992).  However, citrus yield maps, like most yield maps, can currently only 
be generated after the fruit is harvested because the production data is obtained during the 
harvesting process.  It would be advantageous if the yield map was available before harvest 
because this would allow better management, including better harvest scheduling and crop 
marketing. 

There has been a history of using machine vision to locate fruit on trees for robotic harvesting 
(e.g., Slaughter and Harrell, 1987).   More recent work at the University of Florida has attempted 
to use machine vision techniques to do on-tree yield mapping.   Annamalai, et al. (2004) used 
machine vision to count the number of fruit on trees.   Regunathan and Lee (2005) not only 
counted the fruit, but used machine vision and ultrasonic sensors to determine fruit size.   Kane 
and Lee (2006) have even extended the work to earlier in the season when the fruit is still quite 
green.   

However, these methods all require vehicles to travel down the alleys between the rows of trees 
to take the machine vision images.   MacArthur, et al. (2005) demonstrated that a small 
remotely-piloted mini-helicopter with machine vision hardware and software could be built and 
operated in citrus groves.  They also discuss some of the recent research on using mini-
helicopters in agriculture, primarily conducted at Hokkaido University and the University of 
Illinois. 

The objective of this research was to determine if images taken from a mini-helicopter would 
have the potential to be used to generate yield maps.  If so, there might be a possibility of 
rapidly and flexibly producing citrus yield maps before harvest.    

 

Materials and Methods 
The orange trees used to test this concept were located at Water Conserv II, jointly owned by 
the City of Orlando and Orange County.   The facility, located about 20 miles west of Orlando, is 
the largest water reclamation project (over 100 million liters per day) of its type in the world, one 
that combines agricultural irrigation and rapid infiltration basins (RIBs).  A block of ‘Hamlin’ 
orange trees, an early maturing variety (as opposed to the later maturing ‘Valencia’ variety), was 
chosen for study.   

The spatial variability of citrus tree health and production can range from very small to extremely 
great depending upon local conditions.   This block had some natural variability, probably due to 
its variable blight infestation and topography.  Additional variability was introduced by the trees 
being subjected to irrigation depletion experiments.  However, mainly due to substantial natural 
rainfall in the 2005-2006 growing season, the variation in the yield is within the bounds of what 
might be expected in contemporary commercial orange production, even with the depletion 
experiments. 



 

4 

The irrigation depletion treatment (percent of normal irrigation water NOT applied) was indicated 
by the treatment number.   Irrigation depletion amounts were sometimes different for the Spring 
and the Fall/Winter parts of the growing season, as seen in Table 3 below.  The replication was 
indicated by a letter suffix.  Only 15 of the 42 trees (six treatments with seven replications each) 
were used for this mini-helicopter imaging effort.  Treatment 6 had no irrigation except periodic 
fertigation, and the trees lived on rainfall alone. 

 

Treatment Spring Depletion Fall/Winter Depletion 

1 25 25 

2 25 50 

3 25 75 

4 50 50 

5 50 75 

6 100 100 

Table 3:   Irrigation Treatments 

The mini-helicopter used for this work was a Gas Xcell model modified for increased payload by 
its manufacturer, Miniature Aircraft of Sorrento, Florida ( http://www.miniatureaircraftusa.com/ ).  
It was purchased in 2004 for about US$ 2000 and can fly up to 32 kph and carry a 6.8 kg 
payload.  Its rotor is rated to 1800 rpm and has a diameter of less than 1.6 m.   The 
instrumentation platform is described in MacArthur, et al., (2005) and includes GPS with WAAS, 
two compact flash drives, a digital compass, and wireless Ethernet.  The machine vision system 
uses a Videre model STH-MDCS-VAR-C stereovision sensor. 

The mini-helicopter was flown at the Water Conserv II site on 10 January 2006, a mostly sunny 
day, shortly before noon.  The helicopter generally hovered over each tree for a short period of 
time as it moved down the row taking images with the Videre camera.  The images were stored 
on the helicopter and some were simultaneously transferred to a laptop computer over the 
wireless Ethernet.  In addition, a Canon PowerShot S2 IS five-megapixel digital camera was 
used to take photos of the trees (in north-south rows) from the east and west sides.   

The fruit on the individual trees were hand harvested by professional pickers on 13 February 
2006.  The fruit from each tree was weighed and converted to the industry-standard 
measurement unit of “field boxes”.  A field box is defined as 40.8 kg (90 lbs.).   

The images were later processed manually.  A “best” image of each tree was selected, 
generally on the basis of lighting and complete coverage of the tree.  Each overhead image was 
cropped into a square that enclosed the entire tree and scaled to 960 by 960 pixels.  The pixel 
data from several oranges were collected from several representative images in the data set.  
The data was assumed to be normally distributed, thus the probability function was calculated 
for each orange pixel dataset.  Using a "Mixture of Gaussians" to represent the orange class 
model, the images were analyzed and a threshold established based on our color model.  The 
number of "orange" pixels was then calculated in each image and used in our further analysis   

Results 
The results of the image processing and the individual tree harvesting of the 15 trees studied in 
this work are presented in Table 4.  As Figure 1 illustrates, only irrigation depletion treatment 6 
had a great effect on the individual tree yields.  Treatment 6 was 100% depletion, or no 
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irrigation.  The natural rainfall was such in this production year that the other treatments 
produced yields of at least four boxes per tree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4:  Results from Image Processing and Individual Tree Harvesting 
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Figure 1:  Individual Tree Yields as Affected by Irrigation Depletion Treatments 

 

The images were treated by the process discussed above.   The number of “orange” pixels 
varied from 2202 to 17,522.  More pixels should indicate more fruit.   However, as Figure 2 
shows, there was substantial scatter in the data.   It can be improved somewhat by the removal 
of the nonirrigated treatment 6, as shown in Figure 3. 

Treatment Replication Orange Pixels Boxes Fruit 
1 B 13990 7 
1 G 6391 6 
2 B 11065 8 
2 C 2202 4 
2 E 5884 5 
2 F 17522 7.5 
3 B 2778 6 
4 A 4433 6.2 
4 B 5516 4.8 
4 E 5002 4 
4 F 11559 4.3 
5 B 9069 7 
5 C 17088 6.8 
6 B 5376 2.5 
6 D 6296 1 
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Figure 2:  Individual Tree Yield as a Function of Orange Pixels in Image 
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Figure 3:  Individual Tree Yield as a Function of Orange Pixels with Nonirrigated Removed 

 

Discussion 
This work showed that good overhead images of citrus trees could be taken by a mini-helicopter 
and processed to have some correlation with the individual tree yield.  A tree with fewer oranges 
should have fewer pixels in the image of the “orange” color.   For example, tree 2C had only 
2202 pixels and 4 boxes of fruit while tree 2F had 17,522 pixels and 7.5 boxes of fruit.   These 
are shown as Figures 4 and 5 below in which the “oranges” in the “After” photo are enhanced to 
indicate their detection by the image processing algorithm. 
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Figure 4:  Image of Tree 2C Before and After Image Processing 

 

  

Figure 5:  Image of Tree 2F Before and After Image Processing 

 

The image processing used in this initial research was very simple.   More sophisticated 
techniques would likely improve the ability to better separate oranges from other elements in the 
images.   The strong sunlight likely contributed to some of the errors.   Again, the use of more 
sophisticated techniques from other previous research, especially the techniques developed for 
yield mapping of citrus from the ground, would likely improve the performance in overhead yield 
mapping. 

 

A major assumption in this work is that the number of orange pixels visible is proportional to the 
tree yield.   However, the tree canopy (leaves, branches, other fruit, etc.) do hide some of the 
fruit.  Differing percentages of the fruit may be visible on differing trees.   This is quite apparent 
with the treatment 6 trees.   Figure 6 shows the images for tree 6D.   This tree, obviously greatly 
affected by the lack of irrigation and a blight disease, has 6296 “orange” pixels but only yielded 
one box of fruit.   The poor health of the tree meant that there were not many leaves to hide the 
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interior oranges.   Hence, a falsely high estimate of the yield was given.   Figure 7 shows the 
images taken from the ground of Trees 6D and 2E.   Even though they had similar numbers of 
“orange” pixels on the images taken from the helicopter, Tree 2E had five times the number of 
fruit.   The more vigorous vegetation, especially the leaves, meant that the visible oranges on 
Tree 2E represented a smaller percentage of the total tree yield. 

  

Figure 6:  Image of Tree 6D Before and After Image Processing 

 

  

Figure 7:  Ground Images of Tree 6D and Tree 2E 

 

Mini-helicopters are smaller and less expensive than piloted aircraft.   Accordingly, the financial 
investment in them may be justifiable to growers and small industry firms.  The mini-helicopters 
would give their owners the flexibility of being able to take images on their own schedule.   The 
mini-helicopters also do not cause a big disturbance in the fruit grove.   The noise and wind are 
moderate.   They can operate in a rather inconspicuous manner, as shown by Figure 8. 
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Figure 8:   Mini-Helicopter Operating at Water Conserv II  

While the yield mapping results of this work may appear to be a little disappointing at first 
glance, the results do indicate that there is potential.  Getting accurate yield estimates by mini-
helicopter image processing will be a somewhat complex image processing task.   But this is a 
start.  The images acquired by the helicopter are not that different, other than the direction, than 
those acquired from the ground.  Hence, the techniques developed in the ground-based yield 
mapping might be applicable. 

It is not hard to imagine a future scenario in which a mini-helicopter automatically maps a citrus 
block or grove.   Significant progress is currently being made in autonomous vehicles, including 
aerial vehicles.   There is much research and commercialization.  Figure 9 shows some current 
autonomous helicopters from North America, Europe, and Asia.  The greatest success so far for 
non-military autonomous helicopters has been in Japan where the over 2000 registered 
helicopters sprayed and dusted 663,000 hectares in 2005 (DOC, 2006).  Such helicopters 
currently available in the Japanese market are the Yamaha R-50, RMAX, and RMAX-II G, the 
Yanmar YH300 and AYH-3, and the FHI RPH2 with two cycle engines of displacements ranging 
from 98 to 679 cc.  Figure 10 documents the steady growth of helicopter use for that task. 

 

Figure 9:  Autonomous Helicopters:  Bell Eagle Eye (USA), SAAB Skeldar V-150 (Sweden), 
Yanmar YH300 (Japan) 
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Figure 10:  Registered Agricultural Mini-Helicopters and Sprayed and Dusted Area in Japan. 
(based on DOC, 2006) 

An autonomous mini-helicopter could automatically fly up and down the rows of citrus trees in a 
pre-planned path taking an overhead image of every tree.   Automated image processing could 
then process those images.   If the fruit on a small number of trees were measured, similarly to 
how state-wide yield estimates are currently generated, a yield model could be developed from 
the corresponding tree images.   A much better estimate of the fruit yields and the location of 
those yields within the block or grove could then be made.  This estimate could be made 
significantly before harvest.   In this research, the mini-helicopter images were taken almost five 
weeks before harvest.  It is possible that even earlier estimates could be accurate. 

The equipment and similar image processing techniques could also be used to measure and 
map tree health, either simultaneously or on separate flights.   The effects of blight and drought 
on tree 6D are very obvious.   Other problems and infestations might be similarly visible.  The 
absence of healthy leaves could be found and quantified.  Measurements of canopy size, 
density, and colors could all be useful in citrus management. 

 

CONCLUSIONS 
From this work, it appears that: 

·  A remotely-piloted mini-helicopter can easily acquire overhead images of individual 
citrus trees. 

·  The images so acquired can be processed to identify the fruit in the images. 

·  Further research and development is needed to automate the image acquisition and 
processing. 

·  Rough estimates of individual tree yield can be made by measuring the amount of fruit 
seen in the images. 

·  Significant further research is needed to improve the accuracy of individual tree yield 
estimates based upon remotely-piloted mini-helicopter image acquisition and image 
processing. 
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