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Abstract—This paper reviews the different concepts that have
been investigated concerning the mechanization of fruit thinning as
well as multiple working principles and solutions that have been
developed for feature extraction of horticultural products, both in the
field and industrial environments. The research should be committed
towards selective methods, which inevitably need to incorporate
some kinds of sensor technology. Computer vision often comes out
as an obvious solution for unstructured detection problems, although
leaves despite the chosen point of view frequently occlude fruits.
Further research on non-traditional sensors that are capable of object
differentiation is needed. Ultrasonic and Near Infrared (NIR)
technologies have been investigated for applications related to
horticultural produce and show a potential to satisfy this need while
simultaneously providing spatial information as time of flight
sensors. Light Detection and Ranging (LIDAR) technology also
shows a huge potential but it implies much greater costs and the
related equipment is usually much larger, making it less suitable for
portable devices, which may serve a purpose on smaller unstructured
orchards. Portable devices may serve a purpose on these types of
orchards. In what concerns sensor methods, on-tree fruit detection,
major challenge is to overcome the problem of fruits” occlusion by
leaves and branches. Hence, nontraditional sensors capable of
providing some type of differentiation should be investigated.

Keywords—Fruit thinning, horticultural field, portable devices,
sensor technologies.

1. INTRODUCTION

OOD, despite its degree of processing, will always be

dependent on agricultural practices. Fruits and vegetables,
due to their fiber and vitamin content, have been increasingly
praised. Fruits in particular have been playing an important
role against obesity, which is now a major health problem in
Europe, with more than 50% of facing this problem [1].
Vegetable and fruit production, and an increase of the
corresponding economical results, are directly correlated to an
in-depth technical knowledge, innovation, the adoption of new
production methodologies and produce valorization. The
adoption of new production methodologies aims getting a
sustainable use and monetization of the production factors,
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without ever despising the production growth and produce
valorization. The produce valorization can be achieved either
by improving the commercial chain, through transformation or
promotion of the produce. The quality of fruit is dependent on
the overall fruit tree’s crop load, given that grade, the most
impactful quality parameter over fruit economic value, is also
the most intimately related to the trees’ crop load adjustment.
If pruning was not too intensive, in order to guarantee a
greater crop yield, and the fruit to flower ratio turns out to be
high, as consequence of favorable climate conditions, it will
result in an excessive crop load adjustment. In this case,
producers have no other choice than proceeding to perform
some kind of load adjustment, i.e. to practice fruit thinning.
Hand thinning is the most commonly used method, although it
requires a great availability of work force, which often
presents itself as a limiting factor, since it is a lengthy process
it can become quite costly. Chemical thinning is not a
common practice in trees like peach tree because it has shown
inconsistent results and it presents environmental concerns.
Automated thinning is a potential solution for significantly
decreasing labor-costs and the time consumed by thinning
operations. Particularly, the use of electronic sensors along
with fruit or blossom removal mechanisms, could result in
devices operating with a closed-loop control strategy, capable
of identifying and locating their target, which is the most
obvious and reliable (although not easily achievable) way of
providing the necessary selectivity, predictability and the
ability to deterministically optimize performance and
consequent results, which are necessary for a wide adoption of
these systems.

II. MECHANICAL THINNING
A.Trunk and Limb Shakers

The first mechanized thinning experiments involved the use
of trunk shakers, having resulted in very similar results to
those obtained with manual thinning, regarding yield and
grade of the fruits, without inducing significant damage to the
trees. The trials were executed on 13 different parcels and 17
cultivars, although no economical results were presented [2].

A two-year comparative study realized trials with trunk
shakers, manual thinning, bat thinning and a combination of
the first method with a follow-up manual thinning. The trunk
shaker with a manual follow-up thinning showed up the best
results, with a time reduction of about 57% and a cost
reduction of 88%, when compared to the traditional manual
thinning. Although the fruits turned out to reach acceptable
grades, this method removed an extra 30% more fruits than
manual thinning, which in turn resulted in a decreased crop
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yield and profit per tree [3]. More recent studies using branch
shakers showed that the combination of mechanized thinning
along with the manual method could reduce the time required
to execute the task by 30% to 41%. Despite this reduction, the
used equipment showed clear disadvantages, like an excessive
removal of fruitlets, decreasing the amount of fruits that
reached a marketable grade by 6%, an irregular thinning
pattern, being especially intense near the treetop and the fact
that the largest fruitlets have a greater tendency to be removed
due to the also greater generated moment resulting from the
shaking action, an inability to remove fruitlet clusters [4] and
even a significant removal of leaves, up to negatively affecting
the fruit growth [5], [6]. A novel branch shaker was presented
and tested by [5], which made use of a lower vibration
frequency and did not exert a clamping force on the branches.
Hence, it avoided causing damage by the resulting torsion
strains. This system tried to avoid the disadvantages associated
with the mechanical vibrations and to facilitate the progression
towards the automation of these operations. It consisted of a
linear actuator with a “U” shaped end-effector, mounted upon
a vehicle containing a hinged arm (see Fig. 1). The authors of
this work focused on trying to find out which mechanical
phenomenon led to the removal of the fruits, depending on
their sizes, positioning in the tree, types of branches and their
natural frequencies, in order to improve the fruit distribution
and explain experimental results, through the execution of a
modal analysis using computational simulation software. A
high-speed video analysis was also carried out, as an attempt
to relate fruit vibration frequency while the limbs were
shaken, with the acceleration at detachment, but it did not
present any obvious correlation. Despite its promising nature,
the use of this device without any complementary process
resulted in an excessive removal of fruits, particularly the ones
near the treetop, which is inconvenient since these fruits have
a greater chance to thrive due to a greater sun exposure.
Although the study confirmed that the number of removed
fruits could be estimated by the analysis of the natural
frequency of the branches, which tends to increase with
height.

Fig. 1 Limb shaker without a mechanical coupling to the branches [6]

Another principle that could be applied to fruit thinning is
the use of vertical flexible elements, made of rubber or rope,
mounted on a structure on a tractor. These elements could be
dragged over the trees causing some of the fruits to fall. This
method has been previously used for flower thinning for the
first time [7], it has the potential to avoid the excessive
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removal of fruits, the most evident disadvantage observed in
vibratory devices. One example of this type of device is Phil
Brown, a peach blossom thinner, which comprises of a curtain
of flexible ropes coupled to a central axis, which is moved by
a motor, as show in Fig. 2. No studies were found regarding its
application to fruit thinning.

Fig. 2 Peach blossom thinning device, Phil Brown [8]

B. Tractor Coupled Devices

Drum-shakers have also been used for fruit thinning,
removing the fruits through the exertion of an impact force
rather than through vibration alone. A study compared the use
of a trunk shaker and a spiked drum shaker developed by the
United States Department of Agriculture (USDA), on “Y”
trained peach trees. It was concluded that the drum-shaker
might be a better thinning tool because it transferred less
energy and did not clamp the tree as the trunk shaker did. The
yield did not change significantly across the different methods
[9], and no economical results were provided. Another study
involved the use of two devices on peach trees, Darwin 300
from the German company Fruit-tec and the same drum-
shaker mentioned above, developed by the USDA. The first
one comprehends a structure coupled to a tractor, comprising
of a 3-m vertical shaft with rotating flexible strings and was
used for blossom thinning (see Fig. 3 (a)). It was originally
designed for apple trees. The second was used for fruit
thinning and comprises a drum, which was coupled to a
tractor, with seven sets of nylon stems also radially disposed
along a shaft (Fig. 3 (b)). This shaft could be set to spin freely
or to exert a resistant force, derived from the tractor’s
hydraulic system. Additionally, the shaft could be set to
execute a frequency-regulated vibration along the horizontal
plane, so that the stems could better penetrate into the tree
line.

The use of this equipment in “V” shape system trained
peach trees, followed by complementary manual thinning
resulted in a decrease of crop load by 58% and an increase in
fruit size by 9%, when compared to the manual methods. The
time required to execute the operations was reduced from 54%
up to 81%. Although the authors advise that since there is a
risk of over thinning, even though the machinery can be
regulated, mechanized thinning should not replace manual
thinning completely. In addition, it was remarked that these
methods are nonselective and in fact, larger fruits tend to be
more frequently removed than the smaller ones, additionally
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they can cause significant damage to the trees. Although, some
trials did show economic positive impact (175$/ha up to
1966$/ha) when compared to hand thinning alone. These
values were only presented in respect to one of the four trials.
The authors suggested that further studies are needed to
understand how to better control the final crop load, by
optimizing the tractor’s and equipment’s’ speed, and that tree
training systems should also be investigated as a means to
facilitate an optimal operation of the drum shaker [10]. In the
following years, the same authors realized some trials using
the same equipment but with the drum positioned horizontally
and having an adjustable angle, which tended to remove more
flower and enabled more adaptability to different tree forms.
The economic impact was positive in most trials [11].

(c) Multiple rotor blossom thinner

Fig. 3 Tractor coupled blossom and fruit thinning equipment

Dise [14] presented an automated hydraulic string thinner
positioning system which comprehended, a lateral offset
cylinder, a tilt cylinder, proportional control valves and a flow
divider and an interface comprehending an emergency stop
button, a joystick for manual control of the cylinders, a switch
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to alternate between manual and automated modes and a start
stop button. The manual control could be performed in a walk-
behind mode where a person would carry the manual control
interface adjusting the thinner’s angle while walking behind
the tractor and the driver focused on following a straight
pathway. The automatic mode used ultrasonic sensors position
along a mast, to detect the canopies and regulate the thinner’s
drum axis so that it kept parallel to the “V” of the trained
trees. The tractor also carried a laser range finder a GPS
module, in order to perform a 3D mapping of the orchards and
serve the same purpose of the ultrasonic sensors, this last line
of work relates to [15], described in greater detail in Section
3.2.5 of this review.

Training systems have shown to optimize results for
blossom thinning obtained with Darwin [16], although the
actuation over an optimal time window has proven to have a
greater correlation with the results [17].

A two-year study also involving the Darwin blossom
thinner and two modified versions of the USDA drum-shaker,
wherein a version one of the drums was removed and in the
second version it was additionally scaled down for improved
maneuverability. This study has confirmed that over thinning
is indeed an issue when this technological solution is used.
One of the five trials had no data regarding yield and another
trial had no control (hand thinning) to enable any valuable
comparison. Out of the remaining three trials, hand thinning
alone consistently resulted in a higher total yield and in only
one instance of one trial did the utilization of mechanized
methods presented a higher yield of high market value size
fruit. Nonetheless, the follow-up thinning costs were reduced
in 27% and the required time for the operations was
significantly reduced, which ended up resulting in a calculated
positive economic impact in 14 out of the 20 instances studied
along the five trials. The authors concluded that further field
studies are needed to achieve a more economical reliable level
of thinning and final crop load, especially with the mechanical
drum shakers [18].

A blossom-thinning device was developed at Bonn
University, which comprehended three horizontal rotors with
flexible stems. Any of the rotors could be swung out of the
tree row, if this section of the tree was not due for thinning,
Field trials were performed over the course of three years,
with different rigidity stems, rotor and tractor speeds, in a
variety of apple cultivars. It showed to be able to achieve a
blossom removal rate from 0% to 33%. Its operation at full
power damaged 8% of the leaves. The costs associated with its
utilization were around the same values of the labor reduction
costs [19], no economic impact calculations were presented.

C.Portable Devices

Two portable devices were used for fruit thinning of
peaches for the canning industry (diameters over 56 mm). One
device was a Giulivo from the Italian company Volpi S.p.A,
consisting of a 2.5 m shaft, weighting about 2 kg, with a
rotating head containing six flexible fingers (see Fig. 4 (a)),
which is moved by a two speed 12 V electric motor, which in
turn is powered by a 12 V, 75 A/h, car battery. The battery
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was placed on the ground and transferred the energy across a
15-m long cable. The operator executes the thinning by
sweeping across and around each branch of the fruit trees so
that the fingers make contact with the fruits and cause them to
fall, moving the battery after each 3-4 trees so that it enables
the operator to move freely. The second device was a
pneumatic limb shaker, produced by Campagnola P.E.S, Italy.
It weighs 1.9 kg and works along with an air compressor with
a working pressure between 1.0 MPa and 1.2 MPa. It was
noticed that its maneuverability was somewhat limited by the
air hose. Four different techniques were tested in the fields,
combining the use of these devices with follow-up hand
thinning. Hand thinning by itself was used as control. In order
to improve the process, the workers were told to focus only on
fruit clusters, during the complementary hand thinning.

(b) Pneumatic limb shaker

Fig. 4 Portable devices used as fruit thinners [4]

The 2008 trials showed that using the pneumatic shaker
with a complementary hand thinning reduces the time required
for the execution of the operation by 28%, when compared to
the 25 to 30 minutes per tree required by hand thinning.
Although it did not remove a satisfactory quantity of green
fruits, 499 against 1261 from control. The use of the electrical
device with a complementary hand thinning, reduced the
required time by 46%, comparatively to hand thinning alone
and the quantity of removed fruits was fairly closer to control,
with a total of 988 removed fruits. These facts showed up as a
positive economic impact during the trials of 2008, but not on
the 2009 trials, where the use of the pneumatic device was
discarded, non-thinning was introduced as control and the use
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of the electric device both alone and with a follow-up hand
thinning showed a smaller profit per tree to those of both non-
thinning and hand thinning [3]. Adding to this variability in
economic impact, there are phenomena, which show further
inconsistency, like the fact that in some instances the numbers
related to the use of the devices alone, are closer to control
than those related to the use of the devices with a
complementary hand thinning.

The same authors presented a four-year study centered on
the use of the electric device represented in Fig. 4 (a), wherein
non-thinning was used as control and the corresponding
results were compared to hand thinning, mechanical thinning
with the electrical device and mechanical thinning along with
a follow up hand thinning. Non-thinning consistently
presented the greatest value per tree, but this may have
occurred due with the fact that the considered prices where
those of the canning industry where every fruit over 55 mm is
paid equally. The average diameter without thinning had an
average of 60 mm, while the ones that received some kind of
thinning averaged 66 mm, this may have added value if the
fruits were directed towards the fresh market. On the 2009
trials hand thinning showed a greater value per tree than the
mechanized method, both with and without follow up hand
thinning. On the remaining trials, the mechanized methods
resulted in a greater value per tree than the manual method, on
some of them the follow up hand thinning increased this value
while on others decreased it. The difference of economical
results obtained with the different thinning methods was
considered insignificant, and the choice of thinning method for
this cultivar was rendered indifferent. Despite of this, the
mechanized methods did enable the actuation over a smaller
time, which by itself, may present as an advantage for the
producers [20].

These authors also developed their own thinning equipment
depicted in Fig. 5, which the main novelty was the ability to
easily exchange the strings of a rotating cylinder and to
regulate the rotation speed so that this single equipment could
be adapted to suit both blossom and fruit thinning. This
machine comprised of a shaft driven by a 12 V electric motor,
powered through an electronic variable speed drive, which in
turn drew electric power from a petrol-powered generator by
means of a 15 m long cable. The motor and the speed drive
were placed on a backpack with a metal base and a retractile
cover. Strings were produced out of different materials and
tested on commercial orchards with different rotational
velocities. It was shown that for blossom, thinning the more
suitable configuration was the use of flexible plastic strings
and high operating speeds, while for green fruit thinning,
semi-flexible and rigid stems along with lower operating
speeds rendered the best results. It was possible to reduce the
time required by up to 93% for flower thinning and 82% for
fruit thinning, and the corresponding costs by 92% and 80%,
when compared to hand thinning alone. Although, the
economic impact was not evaluated, manual fruit thinning
removed more fruits than mechanized thinning, resulting in
16% more fruits to reach a grade greater than 55 mm, but
simultaneously 12% less total yield [21].
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(b) As depicted on its patent [21]

Fig. 5 Electric device with rotating cylinder and exchangeable strings

There are already similar commercially available solutions
even though directed to blossom thinning alone. One example
of this is the device called Electro’flor from the French
company Infaco, which has been a part of studies present in
the literature [22]. There are no commercially available
portable fruit thinning devices. Electro’ flor comprehends a
shaft with rotating strings on the upper end and a handle with
controls, a power supply connector, a LED, a speed switch and
an on/off button, on the bottom end. With a quick touch on the
on/off button the device begins rotation [22] until the button is
pressed a second time, if otherwise the button is kept pressed
for a few seconds, the device enters into a continuous working
mode, stopping its rotation as soon as the button is released. A
48 V battery, with a weight of 2.4 kg, which fits into a vest so
the operator (see Fig. 6 (b)) conformably carries it, powers the
device.

A similar solution is called Cinch (see Fig. 7), its inventor
was the North-American Phill Miller. It consists of a shaft
with a multitude of flexible strings which coupling is
compatible with common drillers, both electric and pneumatic,
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it is available in three different sizes, 3, 4, and 5 inches.

\d

(a) Device

(b) Battery carrying vest

Fig. 6 Commercially available portable solution for blossom thinning
(23]

NEW Cinch

Fig. 7 Cinch coupled to a driller, and its inventor [24]

Saflowers is another commercially available and similar
solution for blossom thinning, although it features a much
shorter shaft, being just 37 cm long, including the handle grip.
It is available in electrical and pneumatic forms. It weighs
around 450 grams and has been studied in field trials of peach
and cherry trees’ blossom thinning. It looks very similar and
may even be related to the first patent presented in the next
section (see Fig. 9).

Only one study was found mentioning both sensor and
actuation solutions for automated selective thinning. A
computer vision system and algorithm were presented with the
intent to be paired with an end-effector (see Fig. 8). This work
and another one developed by the same authors are presented
in detail in next chapter.

D.Selective Thinning

Only one study was found mentioning both sensor and
actuation solutions for automated selective thinning. Research
was conducted towards the development of a sensor that maps
the 3D structure of blooming peach trees, with the ability to
distinguish tree canopy from blossoms. A camera system was
proposed, based upon three synchronized 3-megapixel
cameras and flash illumination for nighttime image
acquisition, as well as a stereo vision surface optimization
correlation-based algorithm. The results were promising, since
most of non-occluded blossoms were located with an average
accuracy of less than half of a blossom (1 cm). Although there
were matches to the wrong blossoms, yielding position errors,
ranging from 20 to 50 mm, that could not be corrected by the
validation metrics. Active illumination could correct this
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problem. Another issue is the feasibility of application of these
algorithms in real time, the processing time in this study was
60-80 sec per binocular pair on 10-megapixel images,
requiring half this time without the occlusion cross check.
Although if these problems were addressed, and an acceptable
3D mapping of the blossoms was achieved in real-time, this
information could be used as input to an algorithm that
optimally selects which blossoms should be kept, and the used
in the automatic adjustment of speed and orientation of
thinning actuators, such as the one depicted in Fig. 8 [25].

Fig. 8 Prototype end effector for automated blossom selective
thinning [25]

E. Patents on Portable Thinning Devices

Below are some examples of patents describing portable
thinning device. Even though many more exist, the ones here
depicted capture the essence of the working principle of all the
solutions found on online patents databases.

The invention related to a device for fruit and flower
thinning of fruit trees or berry bushes consists of a 250 mm
shaft (2), which holds a plurality of filaments of
approximately 80 mm long. The patent covers two possible
motive power sources, electric and pneumatic, wherein a
battery would power the respective motors. The pneumatic
version is depicted in Fig. 8. A control valve (4) is coupled to
the shaft (2) through an encapsulation (5). This invention’s
key feature is its short length, reducing the operator’s fatigue
induced by the vibrations associated with longer shafts. This
device resembles Saflowers, a device mentioned on the
previous section [26].

4 5 2
N
1
Fig. 9 Patent US2013312322 (A1): “Device for Thinning and

Harvesting Fruit and Flowers” [26]

The invention of an ultrasonic targeted electric portable
fruit and flower selective thinning machine is shown in Fig.
10. It comprehends a frame, a rotary shaft (17) lodging a set of
adhesive tapes (16), an electric motor (14), an ultrasonic
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sensor (6), an attack angle adjusting mechanism, a telescopic
rod with a control mechanism (9) and a handle (11) in one
end, and a coupling to the frame on the opposite end (12). The
machine is electrically powered through the plug (7) [27].
Although this device is described as being capable of
executing selective thinning, notice that it is manually
positioned and that even if it automatically performs an
angular regulation, it will probably still hit a considerable
number of fruits or buds in an undeliberate manner.

I‘\ GI
sz

Fig. 10 CN102217493 (A): “Ultrasonic targeted electric flower and
fruit thinning machine” [27]

This patent of a fruit defoliating and thinning device for use
in fruit trees is depicted in Fig. 11. It comprehends a rotary
head (10) with blades (16), a shaft housing (31). The head (10)
is moved by a motor (50) that in turn is powered by a battery
(60) which also holds a handle (40) with a button (40) that
enables the operator to control the blades’ rotation. The
operator is able to perform the operations within a range of 1
to 3 m [28].

Fig. 11 KR101336350 (B1): “Fruit defoliating and thinning device
for use in fruit trees” [28]

The utility model of a flower and fruit-thinning machine
comprises a supporting rod (1), a driving device and a flat
long-strip-shaped blade (3), wherein the driving device is
connected with the supporting rod (1), and the flat long-strip-
shaped blade (3) is connected with the driving device. The
driving device is responsible for spinning the blade (3) [29].
The principle is shown in Fig. 12.
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F. Discussion

Despite the fact that research on this field has begun
decades ago, blossom and fruit mechanized thinning remain
uncommon practices, mainly due to the inconsistency of
positive economic results that experimental trials have been
showing, even though in most recent cases are in fact positive
when compared with those of hand thinning alone. The
inconsistency of results is probably a consequence of the use
of non-selective methods, characterized by a random removal
of fruits and a heuristic regulation of performance parameters.
This is further reinforced by the natural variability of
environmental and biological factors that affect fruit trees.
Through modal analysis it has been shown that fruit removal
is proportional to the limb displacement, this property may be
used to increase the predictability of results obtained using
trunk and limb shakers. Tree training and the capability of
angle adjustment may provide some improvement to string or
stem based thinning, but it still does not guarantee any kind of
selectivity, even if executed automatically. Portable devices
may serve a purpose on more unstructured or smaller orchards
where tractor coupled solutions are not appropriate or cannot
be implemented, as well as for producers which cannot afford
big monetary investments, while still enabling to reduce labor
related costs and to actuate in a smaller time window, which is
by itself valuable for management purposes. Only one group
of authors has been found giving some steps towards selective
blossom thinning, having already developed an end effector
for using it with computer vision. The thinning actuation
mechanisms found are divided in two types: rotary shaft with
flexible elements; and shaker. No studies were found to
effectively address mechanized selective fruitlet thinning,
also, the previously mentioned actuation mechanisms would
be inappropriate for this application, since they would likely
tend to accidentally remove fruits besides the targeted ones.

T

g
b [44]
—

Fig. 12 -CN203327599 (U): “Flower and fruit thinning machine*
[29]

III. FRUITS AND VEGETABLES SENSOR TECHNIQUES

A. In-Field Feature Extraction

Selectivity of fruit thinning, in its true deterministic sense,
can only be achieved in an automated manner through the use
of smart sensors, so that it can in fact detect the presence of
fruits, determine their position and evaluate their dimensions,
despite of the all the variability and noise that characterizes
the typical environment under which thinning operations are
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typically executed. No matter what position and angle the
sensors are positioned at, there will likely be some kind of
obstacle between these sensory elements and the fruit to be
detected and evaluated, besides that, wind can make things
even more difficult by randomly swinging the branches
around.

Continuous Measurement Devices

Many solutions for continuous monitoring and
measurement of fruits’ diameter have already been developed.
For example, Tukey [30] has used linear displacement
transducers, more specifically linear variable differential
transformers (LVDT’s), as a means to study not only fruit
growth dynamics but also to correlate those dynamics with
diurnal fluctuations of environmental factors such as leaf
water potential [31], [32]. Other solutions used strain gauges
in a Wheatstone bridge configuration, so as to detect the
change in resistance of the transducer and generating a voltage
proportional to the displacement (see Fig. 13 (a)) [33]. A
further development of this device was developed, allowing
for a greater displacement before it had to be physically reset
[34]. Morandi et al. [35] states that despite the existence of
these solutions being commercially available, they are not
widely adopted because of their price and because in order for
them to serve research and management purposes, a large
number of devices would be required. These authors
developed a similar low-cost system (about 60€) based on a
linear potentiometer.

Transducer

To Microprocessor

5N

Adjustment Screw

(b) Fruit size [34]

Fig. 13 Continuous measurement devices
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Portable Devices

Iraguen et al. [36] developed a portable non-destructive
volume meter for wine grape clusters, depicted in Fig. 14 (a).
The device comprehended a sealed chamber formed by two
confronting acrylic caps, where the cluster was positioned for
measurement, containing an orifice so that the cluster stem
could fit, while still attached to the grapevine. A second
chamber, held at a negative known reference pressure, was
used to extract air from the main chamber. Additionally, it
contained two piezo resistive transducers, a temperature
sensor and a solenoid valve connecting the two chambers to a
vacuum pump. Through the relation between the air displaced
between chambers and the equilibrium pressure, attending to
Boyle-Mariotte law, the volume of clusters could be
determined with a determination coefficient (R2) of 0.954 and
a root mean-squared error (RMSE) of 19.3 cm® (9.8%). An in-
field fruit diameter meter was developed and tested, consisting
of three fixed rods, forming a tripod, with an ultrasonic range
sensor on the top (see Fig. 14 (b)). The tripod was placed in
such a manner that the fruit to be measured fit inside and was
as near the sensor as possible, touching the rods. The point at
which a fruit gets stuck is then dependent on its diameter. So,
it becomes possible to estimate the diameter of the fruit,
knowing the geometry of the tripod and through the
measurement of the distance from the sensor up to the nearest
point of the fruit. Trials realized on lemon fields revealed that
this device could estimate the fruits’ diameters with a RMSE
of 2%, although each measurement took 10 seconds [37], [38].
As of today, the measurement time could probably be
significantly reduced, since it was most likely elongated due to
computational capacity limitations at the time the study was
realized.

(a) Grape cluster pycnometer [36]
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(b) Fruit diameter [37] (Adapted from [38])
Fig. 14 Portable devices

Computer Vision

Computer vision techniques have been increasingly
developed and investigated for fruit detection and in-field
feature extraction. Also, some efforts have been put into
applying these techniques to automated fruit harvesting
systems [39]-[45].

The single review article that was found to have a focus on
on-tree fruits’ detection included only computer vision
techniques [46]. Computer vision has also been applied on the
development of continuous measurement devices. Pereira [47]
did just that, having the objective of plotting fruit growth
curves. Zhao et al. [48] developed an on-tree apple detection
algorithm, based on 24-bit RGB (Red-Green-Blue color mode)
images, with the purpose of supporting robotic harvesting
projects. The algorithm transforms the collected images into a
redness scale, it performs a contrast texture measurement
calculation using a window function and then runs an edge
detection based on the texture calculated boundaries. The open
edge contours are discarded. The fruits are finally recognized
through the application of a given texture value threshold, to
the remaining objects. Laplacian filters were shown to reduce
false positives associated with the merging of the fruits with
the background, which occur due to similar redness values. In
the example shown in Fig. 15, the algorithm identified 18 out
20 fruits.

(a) Original unprocessed image

(b) Resulting image with
segmented and labeled fruits

Fig. 15 Example of resulting image upon application of an apple
recognition algorithm [48]

Zeng et al. [49] described a method for grape diameter
continuous field measurement, as an alternative to
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displacement transducers, based on a Complementary Metal-
Oxide Semiconductor (CMOS) camera, artificial lighting and
a computer. It achieved a high accuracy, with an absolute error
of 7 um. The algorithm used a bi-lateral filter as a pre-
processing technique in order to remove noise while
preserving the edges. The berries are then segmented from the
background using an OSTU algorithm and all the remaining
objects are labeled. Finally, labeled noisy pixels are removed
by area thresholding. The orientation of the fruits is then
determined, and the diameter is measured along the horizontal
direction of the fruits’ axis. Recent research has been trying to
approach segmentation techniques with the purpose of
removing leaves and branches from collected images, so that
fruits are more easily recognized for further feature extraction
and properties evaluation. [50]-[52]. A more advanced class
of techniques, hyperspectral imaging, combines spatial
information gathered through regular visible spectrum
cameras with spectroscopy techniques, covering a wide range
of wavelengths.

Kohno et al. [53] presented a mobile grading machine for
citrus fruits consisting of a mobile mechanism, a differential
global positioning system (GPS), a fruit conveyer system, an
RGB camera for machine vision, a NIR spectrometer, and a
personal computer for control purposes and to register the
measurements in a database. It enabled a producer to perform
an in-field analysis of fruits’ external and internal properties
like grade and sugar content, after picking them manually for
sampling, as well as to create a mapped database of the crop,
associating each measurement to the geographic position
where it took place. With other advanced techniques like
LIDAR, producers can literally realize a 3D mapping of a
whole orchard. Aasted et al. [15] used LIDAR, as a sensor in
an angle automatic control system of a Darwin blossom string
thinner, in order to increase the efficiency of the thinning and
to reduce the operator’s fatigue associated with the tractor
steering and manual position control of the string thinner. It
enabled the operator to drive the tractor following a straight
pathway while the thinner adjusted automatically, the
adjustment system used in this study was described in Section
2.2. The control strategy of the thinner was an optimal control
methodology, involving the definition of a cost function,
which represented the lack of engagement of the thinner and
the risk of collision, given its current position. This function
was then periodically minimized by sequentially adjusting the
angle of the thinner through adjacent control states directed
towards the smallest cost at each instant.

The images on Fig. 16, where constructed using a system
containing a GPS, accelerometers, LIDAR devices and set of
stereo cameras, resulting in a point cloud. The study
presenting this system was mainly motivated by the need to
optimize the mechanization of peach fruitlet and blossom
thinning, while serving other applications including yield
estimation, variable application of pesticide and other
management purposes, since each pixel could additionally
contain spectral information related to color and texture [54],
[55].
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Fig. 16 LIDAR system for orchard mapping, sensor and feature
extraction [54]

B. Feature Extraction in Industrial Environments

Moreda et al. [37] review the literature focusing on non-
destructive technologies for fruit vegetable size determination,
saying that these types of systems are of utmost importance
for operations both pre- and postharvest. Size can, for
example, serve as an in-field ripeness index to predict an
optimum harvest time [56]. In the industrial environment,
these technologies enable on-line sorting of fruit according to
different criteria, not only size, but also soluble-solids or
starch content, by taking their correlation with the produce
density into account [57], [58], which requires both weight
and volume measurements. Even though this review includes a
large number of solutions development studies, only two of
them relate to portable systems with in-field application
(presented in the previous section). There is a reasonable
number of review papers focusing mostly on internal qualities
evaluation of produce [59]-[62]. Ruiz-Altisent et al. [63]
experimented with the fusion of optical and mechanical
analysis correlating the combination of data with both external
and internal properties of peaches, proving that it could obtain
better results than through single measurement procedures.
Moreda et al. [37] proposed a comprehensive classification
system for the existing electronic techniques to determine
produce size, on which the remaining of this review will be
based upon:

* Systems based on measuring the volume of the gap
between the fruit and an outer casing Time of flight
(TOF) range finding systems.

*  Systems based on the blocking of light.

e Two-dimensional machine vision systems.

e Three-dimensional machine vision systems.

e Other techniques

Gap Measurement

Gall [64] describes the base algorithm and mathematics
necessary for the construction and operation of a ring sensor
(see Fig. 17). The emitting and receiving transducers have a
Lambertian angular response, i.e. the emitted beams’
intensities are taken as being independent of the observer’s
(receptor) relative positions. The emitters are sequentially
triggered around the ring. If no object exists within the interior
side of the ring, all of the beams are detected by their
respective receptors. Although, if an object is positioned there,
given a reasonable number of emitter-receptor pairs, one or
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more beams would be intercepted. Each two non-interrupted
sequential beams (or chords) can be used to describe the
curvature of the object positioned inside the ring. The
construction uses multiple reference systems, one for each
transmitter. The system’s parameters and coordinates are the
angles between adjacent transmitters, the angle between each
transmitter and the corresponding receptor, the number of
transmitters and the ring’s radius. The data are compiled in a
two-dimensional matrix, where dimension is equal to the
number of transmitter transducers. For each n transmitter, the
respective receptors’ relative positions are stored as a vector
m[n]. A necessary but limiting condition for the system to
work properly is that no more than one object can be inside
the ring at once. Some recommendations are given as to how
the transducers should be mounted. The suggested algorithm
removes redundant chords and enables to estimate the points
of interception of the chords with the object. Given a constant
displacement and capturing frequency, this system easily
enables to plot 3D representations of a given object. It was
shown that this system is capable of executing real-time
operations, while requiring low computational capacity, due to
its modified coordinate system, which uses vectors instead of
the more common pixelization. Once the redundant chords are
removed, the object’s sections can be calculated through the
subtraction of the portions of intercepted areas to the total
area, which is decomposed in triangles and circular segments
by the chords. The 3D construction technique can also be used
to perform volume measurements. Moreda et al. [65]
determined the optimal conditions for an optical ring system,
built upon Gall’s work, as an online fruit and vegetable size
measurement system. The same authors studied the effect of
orientation on the fruit. The ring sensor used Gallium arsenide
(GaAs) LED’s as emitters and silicon NPN phototransistors as
receivers. It was concluded that the optimum displacement
speed of the produce to be evaluated, for longitudinal
dimensions, was around 2 m/s. Besides that, it was observed
that if the fruits oscillated significantly during the
measurements, the axes measurements ceased to provide
reasonable results, although volume measurements kept
presenting a high coefficient of determination (95%) [66].

Photodetectors

—_—D

{a) Band

Nishizu et al. [67] presented a device capable of achieving
high accuracy on-line volume measurements, using the
Helmholtz resonance phenomenon, although it required a slow
displacement speed. It was tested with a maximum conveyor
belt speed of 45 mm/s. Kato [68] developed a capacitive
sensor for sorting and estimation of soluble solids content of
watermelon. It was based on a capacitance meter, which
output voltage varied with fruits’ volume, showing a higher
accuracy, the Helmholtz resonator-based device while

simultaneously working with higher displacement speeds,

although it required a more rigorous positioning of the fruits.
O

Fig. 17 Optic ring. Final phase of the algorithm on which redundant
ropes have been removed [66]

Blocking of Light

The systems developed by Hwamoto and Chuma [69] and
Hahn [70] are some examples of that show possible to
estimate the size of fruits through the blocking of the light of
an array of emitters. Fig. 18 depicts a chilli width sizer, which
consisted of a laser diode line generator and a bar of photo-
detectors standing vertically on the opposite side of the band.
It could evaluate both horizontal and vertical dimensions of
the fruit, as a conveyor belt at constant velocity transported the
fruit and the photodetector bar scanned the laser stripe every
20 ms. A second photodetector array was used to detect the
baby suckers, which aligned each chilli during sensor. These
sensors were part of a larger sorting system, which also
included spectral detection of necrosis and a sorting

mechanism.
& Chilli
+ W, +
T =+
o Bahby
\-:—.: sucker
W,
| [
— -+
1 2 5 4 5 6 7 d
(b} Sample

Fig. 18 Chilli size detector for grading system. (a) Laser line generator and photodetectors; (b) sampling measurements with photodetectors
[70]

Computer Vision

Today, most packing houses incorporate 2-D computer
vision technology in their optical sorters. Besides size and
shape, these systems are used to classify produce according to
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its color and external defects. The greatest limitation to
applicability of computer vision to horticultural produce
inspection is the appearance of reflections, which tend to
saturate charge-coupled device (CCD) and CMOS sensors
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used in most cameras. This problem is usually solved with the
use of indirect lighting, the use of filters mounted over the
cameras’ lenses or by using cameras with the less common
Charge Injection Device (CID) sensors, which do not saturate
as easily. In a typical system, fruits travel on a conveyor belt
and are observed from above by one or more cameras.
Sometimes lateral mirrors are installed in order to increase the
number of views [37]. The techniques applied on these
systems differ mostly in the algorithms they use for the
extraction of features. There is a vast availability of literature
regarding this, including many review articles focusing on
solutions and problems for applications such as size estimation
and external defects’ detection [48], [50], [70]-[83] or non-
destructive  firmness sensor [84]. Multispectral and
hyperspectral imaging technology have been in the spotlight
of research, as it enables to combine the capabilities of spatial
imaging with spectroscopy, hence presenting the potential to
provide valuable data related to both internal and external
features of horticultural produce [60], [85]-[90]. Three-
dimensional computer vision is also being gradually
introduced in industrial applications, mainly because it permits
more accurate volume measurements than those attainable
with regular two-dimensional imaging. Three-dimensional
imaging can be classified as active or passive, attending to the
fact of whether or not it uses structured lighting. Both of them
use cues such as motion, stereo imaging, shadows or contours,
in order to estimate surfaces’ shapes or the orientation of a
surface at a given point. Although none of these cues, except
stereo, is capable of performing a direct depth measurement,
requiring some assumptions to be taken in consideration [37].
A different approach for depth measurement is the fusion of
data acquired through time of flight sensors with the graphical
information acquired through a camera. These sensors provide
true topographical information and can be used for shape and
texture determination, even without using any camera [60].

Time of Flight

An extensive work has been developed regarding the
implementation of ultrasonic transducers in food engineering,
its theory and principles have been well documented, and an
extensive number of applications has been suggested [91]—
[93]. Ultrasonic transducers can be used for extraction of both

Signal (V)

Spectrum (d8)

(a) Device

internal and external properties of fruits, since the response of
the produce once excited by an ultrasonic wave has an
observable correlation with mechanical parameters like
elasticity, geometry and density. Frequencies below 200 kHz
and high amplitudes have shown to work the best for features
extraction in horticultural produce. [62], [94], [95]. On the
other hand, it has also been shown that horticultural produce
presents a high attenuation coefficient for frequencies between
0.5 MHz and 1 MHz, typically used in medical applications
and in several industry sectors [94]. Lee & Cho [96]
investigated the feasibility of using a non-contact ultrasonic
technique to measure fruit firmness. Using a 500 kHz
transducer to emit a wave against samples of apple and peach
and performing a Fast Fourier Transform (FFT) of the various
reflected signals. Multiple linear regression models were
developed using distance correction factors to predict the bio
yield strength and the apparent elastic modulus, achieving
determination coefficients over 0.82 for both fruits. It was
observed that the value of the ratio of the magnitude of the
second reflected signal to the magnitude of the first reflected
signal divided by the ratio of the TOF (time of flight) of the
second reflected signal to the TOF of the first reflected signal
is always constant, regardless of changes in the distance
between the ultrasonic transducer and sample surface.
Methods using two ultrasonic transducers require an accurate
relative positioning which makes it difficult to apply such
methods on non-controlled environments. Morrison &
Abeyratne [95] developed a system with a single 100 kHz
transducer for the evaluation of multiple parameters, such as
water content and firmness of oranges (see Fig. 19). It was
powered by two 9 V batteries. The reflected signals were
acquired through a 12 bit, 3 MSPS ADC (Analog to digital
converter) and amplified by a precision instrumentation
amplifier. Digital signal processing (DSP) techniques were
used to analyze the recorded return signal, in favor of
analogue equivalents in hardware, allowing the device to be
easily adapted to use different signal processing techniques.
An on-board ARM microcontroller was used to generate
waveforms for driving the transducer, and for recording and
processing the return path signal.
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Fig. 19 Portable ultrasound system [95]
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Other Techniques

The last category as defined by [37], includes high-energy
techniques like microwaves, x-ray and magnetic resonant
imaging (MRI) and any other that do not fit the categories
presented above. Particularly magnetic resonant imaging has
been investigated several times regarding its feasibility as an
on-line horticultural produce defect detection and internal
properties extraction system. This technique works by plotting
the density distribution of protons, or hydrogen nuclei, which
resonate with an appropriate magnetic field, generated by the
devices [97]. Most studies involving the use of MRI in the
food industry have been undertaken with commercial
equipment designed for medical purposes. Such equipment
operates at high magnetic field strength of more than 2T with
high performance and expensive hardware requiring high
initial capital investments [60], and this investment does not
seem to justify itself when the application is something as
simple as size determination alone [37]. NIR spectroscopy has
also been toughly investigated for internal properties
evaluation, with wavelengths spanning from 780 nm to 2500
nm. In these techniques, the produce is irradiated and, either
the reflected or the transmitted portion of radiation is captured
and analyzed. When the emitted wave penetrates and interacts
with the fruits or vegetables, its spectral content is altered due
to phenomenon of dispersion and absorption, according to the
produce’s chemical composition and microstructure [98]. It is
predictable that a miniaturization of spectroscopy technology
will occur and with this, its usefulness can be extended
towards pre-harvest and in-field applications [99]. Another
interesting interval of the electromagnetic spectrum is
terahertz radiation (100 GHz to 4 THz), located between the
millimeter zones of infrared and microwaves. A variety of
substances tends to show an accentuated decline in opacity
when compared to radiation of close by frequencies, while
remaining non-ionizing [62]. It has been applied in
horticultural related applications, for example, to detect
residues of pesticides on harvested fruits through the
observation that the absorption peaks occurred in different
points of the spectra, according to whether the irradiated area
had pesticides or not [100].

C.Discussion

Continuous measurement devices are inherently static and
require an accurate manual positioning, so that they can
provide information regarding the diameter of fruits or stems,
so they can only serve monitoring purpose, not real-time
dynamic sensor. The presented in-field portable devices do
have mobility but they still require manual positioning of the
produce to be evaluated. Although there is a significant
number of studies concerning in-field detection and external
feature extraction through computer vision techniques, the
main trend in the literature, on which the authors claim that
their ultimate purpose is to support the development of
agricultural processes automation, not many studies show
attempts to effectively incorporate these technologies in some
kind of product [46]. Additionally, the few attempts that do
show up do not seem to have an advantage over the equivalent
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manual methods, being usually more limited by the actuation
mechanisms than by the sensor technologies, even though
when it comes to fruit detection on the trees, some
improvement in detection rate is still required to motivate their
adoption. Besides that, when it comes to fruit trees, visible
spectrum-based computer vision may not prove too useful,
since often most of the fruits are occluded by branches and
leaves when observed from outside of the canopy. Gap
measurement solutions may be interesting for in-field
solutions since the sensors can be positioned in a mobile
structure, providing dynamic radial points of view. Time of
flight sensors may overcome many problems that affect
computer vision, like the appearance of shadows, the lack of
depth information or the confusion of regions presenting
similar optical properties, although they also suffer from the
problems related to the occlusion when it comes to fruit
detection. Therefore, alternatives to reduce total occlusion
must be investigated, involving the use of non-traditional
sensors that capture absorption properties that differentiate
fruits from leaves. This approach should generate images or
plots where leaves were not visible and where only fruit were
displayed, allowing for an easy detection process [46]. These
properties are not easily obtained though. Either using
electromagnetic or mechanical waves, unless high power
equipment is used, the attenuation through air will likely turn
any existing differentiable feature into something hardly
detectable. Although, ultrasonic waves and NIR spectroscopy
have been applied as range sensors, as source of excitation for
spectroscopy techniques and have been applied multiple times,
with some degree of success, in fruits and vegetables, machine
learning algorithms, whether implemented in field or used off-
line as a research and study tool, may provide a way to solve
this kind of problems, since they enable to isolate non-self-
evident patterns and features.

IV. CONCLUSIONS

Most research related to mechanized fruit thinning concerns
non-selective methods and none of the solutions present in the
literature, has shown an insufficiently consistent positive
economic impact to motivate its wide adoption. The way to
solve this problem deterministically likely resides on moving
towards selective methods, which inevitably need to
incorporate some kind of sensor technology. Some authors are
already working in that sense, applying techniques like
LIDAR and computer vision, with automated selective
thinning as an end goal. Although these approaches are proper
only for big and neatly structured orchards, since the related
equipment is relatively large and expensive, those techniques
are being investigated in the sense of giving continuity to
tractor-coupled solutions. Portable devices may serve a
purpose on more unstructured orchards, in what concerns
sensor methods, on-tree fruit detection major challenge is to
overcome the problem of fruits’ occlusion by leaves and

branches, hence nontraditional sensors capable of
differentiation should be investigated.
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