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Abstract: This work proposes the development of an embedded real-time fruit detection
system for future automatic fruit harvesting. The proposed embedded system is based on
an ARM Cortex-M4 (STM32F407VGT6) processor and an Omnivision OV7670 color
camera. The future goal of this embedded vision system will be to control a robotized arm
to automatically select and pick some fruit directly from the tree. The complete embedded
system has been designed to be placed directly in the gripper tool of the future robotized
harvesting arm. The embedded system will be able to perform real-time fruit detection and
tracking by using a three-dimensional look-up-table (LUT) defined in the RGB color space
and optimized for fruit picking. Additionally, two different methodologies for creating
optimized 3D LUTs based on existing linear color models and fruit histograms were
implemented in this work and compared for the case of red peaches. The resulting system
is able to acquire general and zoomed orchard images and to update the relative tracking
information of a red peach in the tree ten times per second.
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1. Introduction

In recent years, machine vision has been used in many agricultural applications that require visual
inspection and color grading systems. Probably one of the most promising pending future applications
is the development of automatic and suitable harvesting machines for fresh fruit because the cost of the
manual harvesting, that represents more than the 45% of the overall production cost in developed
countries [1]. For example, in a typical agricultural area such as Lleida, in the autonomous region of
Catalonia within Spain, and where our university is located, the production of Paraguayo peaches
was 47,000 tones in 2011 and the forecast for 2012 is 66,300 tones, which represent a 41% annual
increase [1]. In such an environment, the development of automatic harvesting machines specialized in
fresh fruit is expected to have a large impact in the local and national economy by contributing to
reducing the fruit production costs and also increasing the quality of the harvesting process. The
development of suitable harvesting machines requires the combination of highly robotized picking
machines with highly portable and compact autonomous vision systems to guide the automatic
selection and picking of the optimal fruit [2,3].

The new contribution of this work is to propose the development of an autonomous real-time
embedded vision system for fast fruit detection and tracking in acquired RGB color orchard images.
The design and development of the embedded system is inspired in [4] and based on the preliminary
work performed in [5]. In the future, this embedded system will be placed directly in a gripper tool of a
robotized arm designed for automatic harvesting and the fully autonomous machine will be able to
operate different arms simultaneously. Additionally, this work proposed the use of a three-dimensional
look-up-table (LUT) defined in the RGB color space to perform fruit detection and tracking in the
embedded vision system. Two methodologies were proposed and tested to create and optimize the
LUT for the case of detecting and tracking red peaches: one based on 3D linear color models [6] and
the other based on a 3D histogram [7]. At this moment, both methodologies proposed to create the
LUTs used in the proposed embedded system require the manual selection of different image features,
such as individual fruit and leaves in different orchard images, an aspect that must be automated in the
future. However, once created, a 3D LUT defined in the RGB color space enables very fast fruit
segmentation just by using the RGB pixel color intensities as table indices of the LUT because the
value read from the table is directly the segmentation result.

2. Background

The background of this work refers mainly to the design of embedded vision systems and the
application and benefits of the use of LUTs for image segmentation.

2.1. Embedded Vision Systems

Recent advances in computers and the improvement in micro-fabrication technology have fostered
the design of tiny embedded systems with onboard electronics and sensors that also incorporates
image-processing capabilities. For example, in [4], a versatile low cost embedded vision platform was
presented to find blobs of a specific color in an image and also perform JPEG compression, frame
differentiation, edge detection, image convolution, face detection, and color histogram computation.



Sensors 2012, 12 14131

This embedded system was based on a low-cost CMOS color camera module, a frame buffer chip, and
a low-cost microcontroller that processes all the images acquired and which was the inspiration for this
work. Additionally, in [8], an intelligent embedded vision system to implement different image filters
and perform image correlation and transformation at up to 667 frames per second was proposed. In [9],
an embedded vision system was proposed specifically for mobile robot navigation and low power
consumption. This embedded system accelerates the basic image processing algorithms required in a
mobile robot application, such as low-level image processing, spatial filtering, feature extraction, and
block matching operations. In [10], a FPGA was proposed to process the images from a CMOS camera
to create an embedded and autonomous image processing system. In [11], an FPGA was also proposed
for integrated navigation by combining GPS, gyroscopes, and vehicle odometry. The proposal in [12]
was an embedded palmprint recognition system based on the dual-core OMAP 3530 platform to
achieve real-time performances. In [13], an embedded vision system was proposed for intelligent
driver nighttime assistance and surveillance. The system integrated different devices in order to
analyze nighttime vehicle detection, collision warning determination and traffic recording.

2.2. Look-Up Tables for Fruit Segmentation

In a general application, fruit can be categorized by using different color features, for example by
defining RGB thresholds [14—16], by analyzing multispectral images [17], by computing the color
distance to reference colors [18], by measuring color characteristics [19], by applying fuzzy logic [20]
or neural networks [21], or by using LUTs [22,23]. The general use of LUTs has the advantage of
reduced run-time computations because of the transformation of the input data into an output value
of a range of index values. This LUT-based transformation is very fast and the only drawback is the
amount of memory required, which can be especially large in the case of multidimensional LUTs.
In this particular work, fruit segmentation is performed by analyzing color features using a LUT in
the proposed embedded system. Alternative shape based features, such as the circular Hough
transform [24], or a combination between shape and color features [25] will be used in future works
for fruit segmentation and detection.

In image-processing applications, LUTs are mostly used in the recognition of colored objects and
are widely applied in embedded vision systems. For example, in [26], a three-dimensional RGB color
LUT was proposed to segment similar colors in a robotic soccer scenario; a LUT with a memory space
of 32 MB was required to classify any pixel image into four classes: field, yellow goal, blue goal and
the ball, discarding the white pixels and classifying any other colors as obstacles. Finally, in [27], a
system was proposed to sort olives automatically with a vision machine. In this case an operator
creates a LUT for automatic olive segmentation by selecting representative samples of background,
skin or blemish. The automatic system was able to process up to 396 olives per second, a rate that is
impossible to achieve with a human operator.

3. Embedded Vision System

The embedded vision system used in this work was first proposed as a preliminary work in [5]. The
proposed embedded system is based on an Omnivision (Santa Clara, CA, USA) OV7670 [28] camera
and an STM32F407VGT6 [29] 32-bit microcontroller based on the ARM Cortex™-M4 processor
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developed by ARM [30] (Cambridge, UK) and manufactured by STMicroelectronics (Rennes,
Switzerland). Figure 1 shows the complete embedded system containing the processor module, the
camera, and an auxiliary color LCD that can be plugged in to obtain fast feedback from the embedded
system. The communication between the embedded system and other external computers is performed
by defining a standard client USB Communication Device Class (CDC). This is a generic client USB
class that is identified by other computers as a new virtual serial port operated as a standard RS232
communications port.

Figure 1. The camera module, the board processor and the auxiliary color LCD.

3.1. Camera Module

The camera module, based on the Omnivision OV7670 color camera [28], is connected directly to a
AL422B first in first out (FIFO) DRAM memory with 384 kB. Images are stored in the memory
without any microcontroller supervision and can be later accessed sequentially. An external interruption
is generated when a new image is available in the FIFO memory from the camera’s VSYNC (vertical
synchronism) signal. Then, the memory remains blocked until an external signal resets a flag to enable
the acquisition of a new image. The image is accessed sequentially, byte by byte, starting in the first
address of the FIFO and then, each subsequent reading increases an internal address counter. This
counter can be reset by means of an external signal to allow multiple reading of the same image.

The OV7670 camera is controlled through a serial camera control bus (SCCB) with full user control
over image parameters such as color saturation, hue, gamma, sharpness, edge-enhancement, anti-blooming
and also with automatic image quality functions. The camera can acquire images up to 640 x 480 active
pixels (VGA size) in up to 30 frames per second (fps) in the standard YUV422, YCbCr422, RGB565,
RGB555, GRB422, raw RGB, and raw Bayer RGB data formats. The camera can be configured to
acquire images in VGA, CIF (352 x 288 pixels) and any resolution lower than CIF. It has an array size
of 656 x 488 pixels with a pixel size of 3.6 pm x 3.6 um. The camera requires voltages from 1.8 to
3.0 V and has a reduced power consumption of 60 mW. Finally, the camera has a sensitivity of
1.3 V/lux-sec, an automatic flicker detection system and a flash strobe output that can be used to
control and synchronize external LEDs or other dedicated illumination systems, a feature that can be
especially useful if the embedded system has to operate at night or in low light conditions. Figure 2
shows the camera and the FIFO module.
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Figure 2. The camera module with the FIFO memory at the back.

In this current application, the camera was finally configured to obtain images with a resolution of
320 x 240 pixels (QVGA size) with 16 bits/pixel in the RGB565 image format (5 bits for the Red
color, 6 for the Green color, and 5 for the Blue color). This format only requires 150 kB of memory
per image, allowing the storage of up to 2 images in the FIFO and also the storage of one complete
image in the internal SRAM processor memory (with 196 kB). After segmentation, the resulting
logical image only requires 9.4 kB of memory, or 75 kB if using a faster access byte codification.

3.2. Processor Board

The processor board, based on the STM32F407VGT6 [29] (see Figure 3) processor can operate
internally as a digital signal processor (DSP) and has a single-precision floating-point unit (FPU)
allowing operations entirely done by hardware in a single cycle for most of the instructions. The
microcontroller was configured to use an external crystal oscillator of only 8 MHz (see Figure 3) that is
internally converted into an operative frequency of 168 MHz to operate at up to 210 Dhrystone MIPS.

Figure 3. The processor used in the embedded system.
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According to the manufacturer’s datasheet, the selected microcontroller dissipates only 139 mW
when running at 100% CPU load, which makes it particularly interesting for use in embedded and
portable devices. The microcontroller requires voltages from 1.8 to 3.6 V that are obtained from the
5 VDC of a USB client connection used to plug in the embedded system. The processor board has
two USB 2.0 On The Go (OTG) serial buses that can be configured either as host or clients, an internal
10/100 Ethernet MAC with dedicated DMA, a configurable 8- to 14-bit parallel camera interface that
can operate at up to 54 megabytes per second (MBps), several general-purpose DMAs, and up to
15 additional communications interfaces (12C, UART, USART, SPI, CAN and SDIO). The processor
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board has 1 megabyte (MB) of flash memory, 192 + 4 KB of SRAM including 64-KB of Core Coupled
Memory (CCM) data RAM, and a flexible static memory controller supporting Compact Flash,
SRAM, PSRAM, NOR and NAND external memories. The USB client used to externally access the
embedded system operates at 12 megabits per second (Mbps) (USB Full-Speed). The USB client,
configured as CDC (virtual serial port), always operates at the same speed regardless of the serial
speed used to open this virtual port. The communication is at the same speed even if the serial
communication is configured at 9,600 or 115,200 bits per second (bps), although the real data
throughput is far from the 12 Mbps due to the packet complexity of the USB communication.

4. Creation of a 3D Look-Up Table for Red Peach Detection

This section compares two methods that can be used to create a 3D LUT optimized for red peach
detection and tracking. The first methodology is based on the previous definition of 3D linear color
models [6] and the second on the prior definition of a 3D histogram [7]. In both cases, a manual
selection of different image features, such as individual fruit and leaves, in different orchard images
must be performed.

In general, a three dimensional LUT designed just to segment one object (the red peaches) in a
conventional RGB color image with a color depth of 24 bits per pixel can be performed by defining a
logical matrix with 256 x 256 x 256 x 1 bits (2 MB), but this LUT tends to be too large to be managed
by an embedded system. Alternatively, the selected OV7670 camera operates directly in the RGB565
format with a color depth of 16 bits, enabling the definition of a reduced logical segmentation matrix
with 32 x 64 x 32 x 1 bits (8 KB) that can be easily managed and included either in the internal Flash
or SRAM memory of the onboard processor.

4.1. LUT Created from Linear Color Models Defined in the RGB Vector Color Space

The use of linear color models to detect red peaches in orchard images was proposed in [6]. The
creation of linear color models in the RGB vector color space requires expert manual operation and the
selection of the area of the different objects of interest in the images: fruit, leaves, branches, etc. The
general use of linear color models has the drawbacks that all objects of interest must be modeled and
that most objects may require the definition of more than one linear color model to cover all variance
in object illumination, such as brightly illuminated peach, dark peach, yellowish peach and brownish
peach (see [6] for more details). However, the use of linear color models has the advantage that the
color evolution of one object within a region is modeled with a regression line that can predict
(extrapolate) unknown object color relationships, reducing the number of training images required to
create and tune these linear color models.

The different linear color models of the elements of the orchard can be converted into a
segmentation LUT also defined in the RGB vector color space just by classifying any {R,G,B} pixel
color intensity as a member of the class “red peach” (labeled as “1” in the LUT) or not (labeled as “0”
in the LUT); the pixel color intensities will also be the indices of the LUT. This pixel classification can
be very time consuming depending on the number of linear color models available but only has to be
performed once; the resulting 3D LUT will then summarize all object color knowledge described
previously with the linear color models of the orchard. Figure 4 shows the red peach segmentation
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LUT obtained from the linear color models created to detect red Paraguayo peaches in orchard images
(repeating the process described in [6]). This LUT was created with 32 levels in the R index color
vector, 62 in the G index color vector, and 32 in the B index color vector to be directly implemented in
the proposed embedded system to segment the RGB565 images acquired by the onboard camera.

Figure 4. Red peach segmentation LUT obtained from linear color models.
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4.2. LUT Created from the Histogram Defined in the RGB Vector Color Space

The alternative method proposed to create a 3D LUT to segment red peaches in the RGB vector
color space is based on the creation of a three-dimensional histogram with the frequency of
the different pixel {R,G,B} color intensities of red peaches (see [7] for a useful introduction to
three-dimensional histogram color based object detection). The creation of the three-dimensional
histogram in the RGB vector color space also requires a manual operation to select the area of
several red peaches appearing in different images and illumination conditions. The general use of a
three-dimensional histogram to classify individual pixels has the drawback that a large image database
is required to cover all object pixel color variance, although the management of these images is very
simple and limited to the selection of the object of interest in different images.

The three-dimensional histogram can be converted into a segmentation LUT also defined in the
RGB vector color space simply by segmenting the histogram. This process is faster than the previous
method because there is no need to classify all possible color intensity combinations. The segmentation
process is as follows: any {R,G,B} pixel color intensity combination with a probability higher than a
threshold (zero in this case) is labeled as “1” in the LUT and labeled as “0”otherwise; the pixel color
intensities are also the indices of the LUT.

The resulting 3D LUT will summarize all object color knowledge described previously with the
three-dimensional histogram. Figure 5 shows the red peach segmentation LUT obtained from the
three-dimensional histogram created by selecting the area corresponding to red peaches in different
images of an orchard. This LUT was created with 32 levels in the R index color vector, 62 in the G
index color vector, and 32 in the B index color vector to directly segment the RGB565 images
acquired by the onboard camera of the embedded system.



Sensors 2012, 12 14136

Figure 5. Red peach segmentation LUT obtained from a three-dimensional histogram.
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5. Experimental Results

This section is focused on evaluating the fruit detection performances of the proposed embedded
system. The red peach detection will be performed with the two LUTs proposed in the previous section
and their detection performance is compared. The detection experiments were carried out with the
embedded system powered by a conventional USB connection (5 VDC). The intensity required by the
embedded system in normal operation with the processor operating at full speed and the LCD active
was only 210 mA.

The embedded system’s camera is configured to operate at 30 fps so it generates a new image every
33.3 ms that can be stored directly in the FIFO buffer if this is enabled to receive and store the image.
Any image stored in the FIFO must be read sequentially, starting in the first position of the FIFO
(first pixel of the image) and ending in a position that will correspond to the last byte of the image. By
resetting the internal “reading counter” flag of the FIFO, the stored image can be reread (sequentially)
several times. The occupancy of the FIFO will change depending on the image resolution, image
format, and digital zoom applied (the limit is 384 Kbytes).

To increase the flexibility of the embedded system, the camera format was configured to operate at
a resolution of 320 x 240 in the RGB565 format pixels and in two complementary modes: normal
mode and zoom mode, in both cases the size of the image acquired will be 150 Kbytes. The camera
has an internal matrix of 640 x 480 active pixels and uses a Bayer filter to generate the RGB color
codification of the images. In the normal mode (Figure 6(a)) the camera is requested to submit
320 x 240-pixel default images and it offers this image just by sampling (by a factor of 2) the rows and
colors of a base 640 x 480 RGB image. This mode offers an image that covers the full angle of view of
the lens available on the camera. In the zoom mode (Figure 6(b)), the starting and ending rows
and columns of the resulting image can be configured to generate an effective sequential window of
320 x 240 pixels with a narrow angle of view that can be displaced along the original 640 x 480 image
matrix of the image. This zoom mode can be selected after processing and selecting one fruit in the
normal image to increase the resolution of the image and the accuracy of the detection (see Figure 6).
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Figure 6. Orchard image (320 x 240 pixels, RGB565) obtained in normal (a) and zoom
mode (b).

5.1. Evaluation of the Time Performances

Table 1 summarizes the time spent by the proposed embedded system to develop different
segmentation alternatives applied to one orchard image (resolution 320 x 240, format RGB565, normal
mode without zoom) in order to detect the red peaches in the image. The first algorithm only refers to
the time required to access the image in the FIFO memory and copy it to the processor memory
without any change. This time is very long and limits the real frame rate to 10 fps (the camera
generates images at intervals of 33.3 ms so only one of each three frames can really be processed). The
next algorithms reveal the time spent on a simple one layer threshold segmentation, in a threshold
segmentation applied to the three color layers and in interval segmentation applied to the three color
layers, in all these cases the real frame rate that can be achieved is again 10 fps. The algorithm labeled
as “64 kB LUT segmentation” refers to the use of the 16 bits of each RGB565 pixel color value as the
index of a byte position in the LUT (32 x 64 x 32 x 1 byte). This byte-based LUT requires 64 kB of
memory but can be addressed faster than a bite-based LUT. The algorithm labeled as “8 kB LUT
segmentation” refers to the optimal LUT implementation by using 13 bits of each RGB565 pixel color
value as the index of a byte position in the table (4 x 63 x 32 x 1 byte) and the use of the remaining 3
bits as the index to the bit value of the LUT. This bit-based LUT only requires 8 kB of memory. The
LUT defined in both cases is exactly the same, as is the application frame rate, so the selection will
depend mainly on memory and speed limitations. The next row summarizes the time spent on the LUT
based segmentation and in the later computation of the centroid of the red peaches segmented (labeled
with a red cross in the images in Figure 1) that can operate at 10 fps, a high enough rate to guide future
evolutions of a robotized arm in order to pick a selected fruit.
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Table 1. Segmentation algorithm, time required to perform the operations and the real
frame rate achieved.

Algorithm Time (ms) fs

Image copy from the FIFO to processor memory 40.30 10

Image reading from the FIFO +
Threshold segmentation of 1 color layer {example: R > 16} + 44.28 10
Result stored into processor memory

Image reading from the FIFO +
RGB threshold segmentation {example: R>16 & G <55 & B <12} + 46.61 10
Result stored into processor memory

Image reading from the FIFO +
RGB interval segmentation {ex.:32>R>12&55>G>10& 16>B> 12} + 52.23 10
Result stored into processor memory

Image reading from the FIFO +
64 KB LUT segmentation using the RGB565 16 bits value as an index

{ex.: s = LUT(RGB565)} + 4441 10
Result stored into processor memory

Image reading from the FIFO +

8 KB LUT segmentation using 13 bits as a pointer and 3 bits as byte offset 5173 10

{ex.: s = LUT(RGB565(1:3), RGB565(4:16),)} +
Result stored into processor memory

Image reading from the FIFO +

8 KB LUT segmentation using 13 bits as a pointer and 3 bits as byte offset
{ex.: s = LUT(RGB565(1:3), RGB565(4:16),)} + 63.64 10
Result stored into processor memory +
Red Peach centroid computation

Image reading from the FIFO +
Linear Color Model classification and segmentation (11 classes) + 2,228.47 0.44
Result stored into processor memory

Finally, the last row of Table 1 shows the time spent by the embedded system when trying to
classify each pixel by using the linear color models empirically proposed in [6]. In this case, the high
number of linear color models defined to properly classify and segment the red peaches and the
complexity of the mathematical operations required, most of them in floating point arithmetic,
preclude the practical application of this procedure as the segmentation results are exactly the same as
when using a segmentation LUT created previously from these linear color models.

5.2. Evaluation of Fruit Detection Performances

This section is focused on evaluating the fruit detection performances of the embedded system
when using a red-peach segmentation LUT created either with a three-dimensional linear color model
analysis of the images of the orchard or with a three-dimensional histogram. The methodology
proposed to evaluate these performances is as follows: (1) the image of the orchard is acquired by the
camera of the embedded system; (2) the image is stored for offline analysis; (3) the image is
segmented by using the logical LUT created in the previous section from existing linear color models
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and stored for offline analysis; (4) the original image is segmented again by using the logical LUT
created in the previous section from the three-dimensional histogram. Then, the offline analysis
performed to compare both segmentation results is as follows: (1) the red peaches in the original
orchard image are manually labeled; (2) both the automatically-segmented images are compared with
the manual segmentation to evaluate the differences. Tables 2 to 5 summarize the results obtained from
the analysis of 100 different orchard images where red peaches have different illumination and
occlusion conditions.

Table 2 shows the difference between the area of red peaches manually labeled and the segmentation
obtained with both LUTs in the case of no occlusion in the peaches and bright natural illumination and
low illumination. The table shows the average error expressed in pixels relative to the manual
operation. The LCM-LUT label symbolizes the use of a segmentation LUT obtained from the
application of linear color models and Histogram-LUT, the use of a segmentation LUT obtained from a
three-dimensional histogram. In both cases, the average relative error found is very similar but slightly
worse in the LCM-LUT case.

Table 2. Average relative error in the area estimate of red peaches for different illuminations.

Light Conditions (No Occlusion) LCM-LUT Histogram-LUT
Bright Illumination 9.86% 6.42%
Low Illumination 7.89% 7.59%

Table 3 shows the difference between the area of red peaches obtained with both LUTs in the case
of bright illumination and peaches with different occlusions. Again, the results in both cases are very
similar and both LUTs have similar problems to properly segment the skin of the peaches affected by
the illumination changes caused by the occlusion. However, in this case, the results of the LCM-LUT
are slightly better.

Table 3. Average relative error in the area estimate of red peaches for different occlusions.

Occlusion Conditions LCM-LUT Histogram-LUT
Occlusion ratio lower than 33% 7.77% 7.80%
Occlusion ratio from 33% to 66% 12.43% 13.64%
Occlusion ratio from 66% to 99% 21.36% 23.20%

Table 4 shows the average noisy pixels that appear in the segmented image relative to a manually
labeled image for different illumination conditions. These pixels are wrongly segmented as part of the
red skin of the peaches and can affect further detection or localization algorithms. In this case, the
results with the LCM-LUT are slightly better probably because the linear color models can predict
pixel color relationships in areas without previous color information, whereas the histogram-based
LUT is unable to perform this prediction in areas with no previous color information.

Table 4. Average noisy pixels in the segmented image for different illuminations.

Light Conditions (No Occlusion) LCM-LUT Histogram-LUT
Bright [llumination 3.40% 5.71%
Low Illumination 4.76% 7.81%
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Finally, Table 5 shows the average noisy pixels that appear in the segmented image relative to a
manually-labeled image for different occlusion conditions. In this case the results from the LCM-LUT
are again slightly better probably because the use of three-dimensional linear color models is able to
predict the color relationships and illumination changes that appear on the skin of red peaches affected
by different degrees of occlusion.

Table 5. Average noisy pixels in the segmented image for different occlusions.

Occlusion Conditions LCM-LUT LUT Histogram
Occlusion ratio lower than 33% 3.37% 5.99%
Occlusion ratio from 33% to 66% 5.51% 8.97%
Occlusion ratio from 66% to 99% 7.82% 10.87%

6. Conclusions

This work proposes the development of an embedded real-time fruit detection system ready to be
used in future robotized machines optimized for fruit harvesting. The embedded system is built around
a state-of-the-art processor and a state-of-the-art miniaturized color camera. The selected processor
requires very low power but operates at very high performance and is based on a constantly evolving
ARM core proposal initially designed for the smartphone market. The selected color camera also
requires very little power and generates high quality images under bright natural illumination. The
camera has an internal image matrix of 640 x 480 pixels and can be configured to generate the
320 x 240 pixel images required by the system in a normal and zoom mode. Additionally, the use of
specific image formats, such as the RGB565, limits memory occupancy to 150 KB and also reduces
the memory occupancy of the segmentation LUTs used to detect red peaches in the images.

The validation experiments performed with the proposed embedded system have shown that the
tracking of a red peach can be updated 10 times per second and that the use of different LUTs
optimized for the RGB565 image format generates very few noisy pixels in the segmented image
(less than 11%). In both cases, the area of a red peach was estimated with an average error of less than
10% when the piece of fruit is not affected by occlusion. This update time is very important because
the embedded system is designed to be included in the gripper tool of a robotic arm to control the
approximation of the gripper to the fruit while the harvesting machine is in movement. With this
proposal, the gripper tool will be able to update its relative position with the target fruit 10 times per
second. Finally, the experimental results obtained showed that a LUT created from previously defined
linear color models has slightly better segmentation results as it can better estimate the skin color
relationships originated in the red peach by illumination changes.

Future work will center on evaluating high-resolution megapixel miniature color cameras to explore
the definition of different image zooming operations while maintaining the QVGA size of the images
acquired and the operational speed of the embedded system. Future work will also be focused on
miniaturizing the embedded system in order to incorporate the system directly onto the gripping tool of
a robotized arm designed for fruit harvesting.



Sensors 2012, 12 14141

Acknowledgments

This work was partially funded by the University of Lleida, Indra, the Government of Catalonia

(Comissionat per a Universitats 1 Recerca, Departament d’Innovaci6, Universitats i Empresa) and the

European Social Fund.

References

10.

11.

12.

13.

Informe Anual 2011. Technical Report 1/2011; Departamento de Agricultura, Ramaderia, Pesca,
Alimentacion y Medio Ambiente de la Generalitat de Catalufia (DAAM): Barcelona, Spain, 2011.
Available online: http://www?20.gencat.cat/ (accessed on 19 October 2012).

Slaughter, D.; Harrell, R. Color Vision in Robotic Fruit Harvesting. Am. Soc. Agric. Eng. 1987,
30, 1144-1148.

Recce, M.; Taylor, J.; Plebe, A.; Tropiano, G. Vision and Neural Control for an Orange
Harvesting Robot. In Proceedings of International Workshop on Neural Networks for
Identification, Control, Robotics and Signal/Image, Venice, Italy, 21-23 August 1996.

Rowe, A.; Goode, A.G.; Goel, D.; Nourbakhsh, I. CMUcam3: An Open Programmable Embedded
Vision Sensor; Technical Report CMU-RI-TR-03; Robotics Institute, Carnegiec Mellon
University: Pittsburgh, PA, USA, 2007.

Tresanchez, M.; Teixid6, M.; Font, D.; Palleja, T.; Palacin, J. Embedded Vision System for
Real-Time Fruit Detection and Tracking. In Proceedings of 1st RHEA International Conference
on Robotics and Associated High-Technologies and Equipment for Agriculture, Pisa, Italy, 19-21
September 2012.

Teixid6, M.; Font, D.; Palleja, T.; Tresanchez, M.; Nogués, M.; Palacin, J. Definition of Linear
Color Models in the RGB Vector Color Space to Detect Red Peaches in Orchard Images Taken
under Natural Illumination. Sensors 2012, 12, 7701-7718.

Swain, M.; Ballard, D. Color Indexing. Int. J. Comput. Vis. 1991, 7, 11-32.

McBader, S.; Lee, P. An FPGA Implementation of a Flexible, Parallel Image Processing
Architecture Suitable for Embedded Vision Systems. In Proceedings of Parallel and Distributed
Processing Symposium, Trento, Italy, 22-26 April 2003; pp. 22-26.

Sawasaki, N.; Nakao, M.; Yamamoto, Y.; Okabayashi, K. Embedded Vision System for Mobile
Robot Navigation. In Proceedings of the International Conference on Robotics and Automation
(ICRA 2006), Orlando, FL, USA, 15-19 May 2006; pp. 2693-2698.

Bravo, I.; Balinas, J.; Gardel, A.; Lazaro, J.L.; Espinosa, F.; Garcia, J. Efficient Smart CMOS
Camera Based on FPGAs Oriented to Embedded Image Processing. Sensors 2011, 11, 2282-2303.
Abdelfatah, W.F.; Georgy, J.; Igbal, U.; Noureldin, A. FPGA-Based Real-Time Embedded
System for RISS/GPS Integrated Navigation. Sensors 2012, 12, 115-147.

Shen, L.; Wu, S.; Zheng, S.; Ji, Z. Embedded Palmprint Recognition System Using OMAP 3530.
Sensors 2012, 12, 1482-1493.

Chen, Y.-L.; Chiang, H.-H.; Chiang, C.-Y.; Liu, C.-M.; Yuan, S.-M.; Wang, J.-H. A Vision-Based
Driver Nighttime Assistance and Surveillance System Based on Intelligent Image Sensing
Techniques and a Heterogamous Dual-Core Embedded System Architecture. Sensors 2012, 12,
2373-2399.



Sensors 2012, 12 14142

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lee, H.S. Objective Measurement of Red Grapefruit Juice Color. J. Agric. Food Chem. 2000, 48,
1507-1511.

Lee, D.J.; Chang, Y.C.; Archibald, J.K.; Greco, C.R. Color Quantization and Image Analysis for
Automated Fruit Quality Evaluation. In Proceedings of the IEEE International Conference on
Automation Science and Engineering 2008 (CASE 2008), Provo, UT, USA, 23-26 August 2008;
pp. 194-199.

Reis, M.J.C.S.; Morais, R.; Peres, E.; Pereira, C.; Contente, O.; Soares, S.; Valente, A.;
Baptista, J.; Ferreira, P.J.S.G.; Bulas Cruz, J. Automatic Detection of Bunches of Grapes in
Natural Environment from Color Images. J. Appl. Logic 2012, doi:10.1016/j.jal.2012.07.004.
Aleixos, N.; Blasco, J.; Navarron, F.; Moltd, E. Multispectral Inspection of Citrus in Real-Time
Using Machine Vision and Digital Signal Processors. Comput. Electr. Agric. 2002, 33, 121-137.
Zhao, Y.; Wang, D.; Qian, D. Machine Vision Based Image Analysis for the Estimation of Pear
External Quality. In Proceedings of the International Conference on Intelligent Computation
Technology and Automation, Jiaozuo, China, 10—-11 October 2009; pp. 629—632.

Sun, X.; Gong, H.J.; Zhang, F.; Chen, K.J. A Digital Image Method for Measuring and Analyzing
Color Characteristics of Various Color Scores of Beef. In Proceedings of the International
Conference on Image and Signal Process, Nanjing, China, 17-19 October 2009; pp. 1-6.

Rahman, F.Y.A.; Baki, S R.IM.S.; Yassin, A.LLM.; Tahir, N.M.; Ishak, W.I.LW. Monitoring of
Watermelon Ripeness Based on Fuzzy Logic. In Proceedings of 2009 WRI World Congress on
Computer Science and Information Engineering, Los Angeles, CA, USA, 31 March-2 April
2009; pp. 67-70.

Tu, K.; Ren, K.; Pan, L.; Li, H. A Study of Broccoli Grading System Based on Machine Vision
and Neural Networks. In Proceedings of the International Conference on Mechatronics
Automation, Nanjing, China, 5-8 August 2007; pp. 2332-2336.

Gunawardena, C.A.; Dennis, T.J.; Clark, L.J. Colour Identification and Quality Inspection System
for Agricultural Produce. In Proceedings of the 33rd Midwest Symposium on Circuits and
Systems, Colchester, UK, 12—14 August 1990; pp. 657—660.

Gunawardena, C.A.; Clark, L.J.; Dennis, T.J. A Spot-Type Defect Detection and Colour
Identification System for Agricultural Produce. In Proceedings of 1991 International Conference
on Industrial Electronics, Control and Instrumentation (IECON ’91), Colchester, UK,
28 October—1 November 1991; pp. 2531-2534.

Benady, M.; Miles, G.E. Locating Melons for Robotic Harvesting Using Structured Light;
American Society of Agricultural Engineers: St. Joseph, MI, USA, 1992.

Nuske, S.; Achar, S.; Bates, T.; Narasimhan, S.; Singh, S. Yield Estimation in Vineyards by
Visual Grape Detection. In Proceedings of 2011 IEEE/RSJ International Conference on
Intelligent Robots and Systems, Pittsburgh, PA, USA, 25-30 September 2011; pp. 2352-2358.
Liu, F.; Lu, H.; Zheng, Z. A Modified Color Look-Up Table Segmentation Method for Robot
Soccer. In Proceedings of IEEE 4th Conference of Latin America Robotic Simposium
(IX Congreso Mexicano de Robotica 2007), Monterry, Mexico, 7-9 November 2007.

Diaz, R.; Faus, G.; Blasco, M.; Blasco, J.; Molto, E. The Application of a Fast Algorithm for the
Classification of Olives by Machine Vision. Food Res. Int. 2000, 33, 305-3009.



Sensors 2012, 12 14143

28.

29.

30.

Omnivision OoVv7670 Color Camera Product Brief. Available online:
http://www.datasheetarchive.com/OV7670-datasheet.html (accessed on 19 October 2012).
STM32F407VGT6 Microcontroller Unit from STMicroelectronics. Available online:
http://www.st.com/internet/mcu/subclass/1521.jsp (accessed on 19 October 2012).

ARM. The Architecture for the Digital World. Available online: http://www.arm.com (accessed
on 19 October 2012).

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



