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SPECIAL ISSUE ON COMPUTATIONAL IMAGE SENSORS AND SMART CAMERA HARDWARE

FPGA-based smart camera for accurate chlorophyll estimations
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FPGA-based smart camera fabric. Experimental results demonstrated that the pro-
posed approach outperforms (in terms of accuracy and processing speed) most
previous vision-based approaches, reaching more than 97% accuracy and delivering
fast chlorophyll estimations (near Sms per estimation).
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1 | INTRODUCTION

Smart cameras are image/video acquisition devices with self-contained image processing algorithms that simplify the formula-
tion of a particular application!'2. For example, algorithms for smart video surveillance could detect and track pedestrians~, but
for a robotic application, algorithms could be feature detection or feature tracking>. In this work, the aim is for a fast/accurate
solution for the chlorophyll estimation problem. This is motivated because previous work has limitations due to high processing
time and cost or low accuracy. In general, laboratory tests deliver high accuracy (ground truth) but processing time and cost are
high. In practice, others techniques, faster and cheaper than laboratory tests are used, unfortunately, in most cases these tech-
niques have low accuracy or the system size makes it difficult to implement under large scale food crops. In our case, we believe
that a smart camera that addresses the chlorophyll estimation problem could be a useful contribution for the current state of the
art since fast estimations with compact system design could be obtained.

1.1 | Chlorophyll estimation under food crops

Given the current population growth rate, food crops demand has been highly increased. So, in order to obtain more efficient
crops, most of the current food producers supervise their crops health since it is well known that stress conditions affect photo-
synthetic activity. In recent years, one popular approach consists in estimate the chlorophyll content in the plants leaves within
a crop @ ISPLOILINAS Thig is because there is a high correlation between the chlorophyll content and the plants health' then,
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in current literature, several approaches for chlorophyll estimation can be found!#!~, In most cases, devices such as the Soil
Plant Analysis Development (SPAD) are used for the chlorophyll estimation'®Z, In general, the SPAD device measures the
leaf absorbance at several wavelengths. Then, based on the absorbance, a SPAD numerical value, proportional with the chloro-
phyll content, is computed. In theory the SPAD device delivers fast estimations with high accuracy. Unfortunately, in practice
it only estimates the absorbance at one point of the leaf under analysis. i.e., it estimates the chlorophyll content within a small
spatial location of the leaf. To solve this problem, it is necessary to make iterative measurements at different spatial locations.
Finally, the average value corresponds with the chlorophyll content, in addition, the high cost of the SPAD technology makes
it difficult to implement under large scale food crops. Other trend, that aims for low cost and fast chlorophyll estimations, are
vision-based approaches''28, In this context, image processing algorithms are applied with the assumption that chlorophyll con-
tent defines the leaf color. i.e., low chlorophyll contents generate yellowish-green colors while high chlorophyll content involves
dark green colors. In previous works, several vision based approaches have been proposed and several image processing algo-
rithms have been developed /8100 ynfortunately, it was demonstrated that they achieve relatively low accuracy (compared
with the SPAD device).

1.2 | Motivation and scope

In this work, the aim is for a fast/accurate solution for the chlorophyll estimation problem, in addition, we are interested in a com-
pact system design since this could be useful under large food crops in which portable devices are desirables. The contribution
of this work is twofold, first, this work proposes a novel mathematical formulation that uses the reflectance/transmittance within
the visible electromagnetic spectrum range as base parameters for the chlorophyll estimation. Second, an FPGA-based smart
camera capable to capture the base parameters (reflectance/transmittance) and where the chlorophyll estimation is carried out in
a parallel architecture is presented. The rest of this manuscript is organized as follows: Section 2] presents the related work. In
Section 3] details about the proposed approach, details about the FPGA architecture and our smart camera implementation are
shown. Experimental results and comparison with previous works are detailed in section 4 Finally, Section [5] concludes this
manuscript.

2 | RELATED WORK

Approaches such as'?8 capture images with airborne cameras. These techniques have the advantage of monitoring large land
areas. Unfortunately, their cost is high (higher than the SPAD-based approach) and there is no control for ambient lighting
changes that decreases the accuracy. There are other approaches that capture images at different wavelengths. In particular,
multispectral and hyperspectral images with 300 - 1200 nm have been used 282101 Other authors?8122U21 have used images
with visible spectrum (300-700 nm) information in order to determine a correlation value between chlorophyll/nitrogen content.
In general, multispectral/hyperspectral based approaches reach relatively high accuracy and real time processing. Unfortunately,
their cost and size are high (similar size than the SPAD device and similar cost but with lower accuracy). Other approach, that
could be more efficient in terms of system design and cost, could be the use of a single RGB (Red-Green-Blue color space)
camera. In previous work there exist some research for nitrogen and calcium estimations. In“%, RGB images from four plants
groups, each group with a different nitrogen level (0%, 50%, 100%, and 150% of the required daily dose) were captured at 5
different growth states (10, 20, 30, 40, and 50 days). Plant leaves were placed on a white surface. Then, an RGB-based classifier
estimates the nitrogen content as deficient or in excess. In%? two color space are used in order to detect calcium deficiency
in lettuce plants. Values as color, entropy, energy, contrast, and homogeneity were used as health indicators. Then, calcium
deficiency is computed via statistical computations. In both cases’?2 and?? the use of a single RGB camera allowed for a compact
system design and low cost but accuracy is low.

3 | MATERIALS AND METHODS

In this section details about the proposed approach are presented. It consists of a novel optical arrangement that captures the
proposed base parameters (reflectance/transmittance). Then, an image processing algorithm extracts the base parameters. Finally,
a double-variable linear regression model estimates the chlorophyll content.
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3.1 | Dataset

In this work, more than 400 plants with different health states were tested. For that, several hydroponic crops (Lactuca sativa)
were cultivated. In these crops, different nutritional solutions were applied in order to obtain different health levels for the
plants within the crop. So, 27 nutritional solutions with different macronutrients concentrations were prepared. Each nutritional
solution, corresponds to 0%, 50% or 100% of the daily nutritional requirements. Each nutritional solution was applied for three
different plants within the crop and this process was replicated for 6 different crops. Finally, one SPAD device was used to
measure the SPAD values that corresponds with the chlorophyll content, all measures were realized after 15 grown days, where
the plants have reach maturity and there are not symptoms of damages due to the age. Using this chlorophyll values we could
estimate our crop health, however, to determine crop health is a complex task since it depends on several factors: the crop type,
plantation procedures, weather are important issues. Even the geographical location or any type of external agent such as dust
or snow can affect the health. For example, given a particular crop, chlorophyll values equal to 41 could represent a high health
level in some world regions but in other regions a good chlorophyll values could be 37. In practice, the food producers determine
their crops health given their particular conditions. For this reason, in this work we will only focus on the chlorophyll estimation,
that is the basis of the crop health estimations.

3.2 | The base parameters

Previous work demonstrated that there are two crucial issues in the chlorophyll estimation procedures. The first one is for the
acquisition technique using to capture the base parameters. In general, all acquisition techniques are sensitive to noise and this
decreases the accuracy. The second issue is for the base parameters using for the chlorophyll estimation. Robust base parameters
should deliver accurate results. Nevertheless, previous vision-based approaches demonstrated that it is difficult to obtain base
parameters with high discriminant and repeatability EM. For the acquisition technique, previous vision-based approaches have
used natural illumination and this has delivered poor performance in terms of accuracy. In this work we believe that one alterna-
tive to this problem could be using light sources with known frequency. Then, more controlled environment, could deliver more
accurate measurements. For the base parameters, previous work demonstrated that chlorophyll content is close related with the
color components in the leaf being analyzed2'?°. In this work, we propose the color reflectance/transmittance in the leaf being
analyzed as base parameters since we believe that these parameters deliver high discriminant and robustness, higher than the
base parameters used in previous works.

3.3 | The proposed smart camera

In order to capture the base parameters, a novel optical arrangement inside our smart camera fabric is proposed, see Fig.[l | In
general, one CCD imager connected in a TRDB DC2 development board is used to provide a 1280x1024 Bayer pattern image
where the images are acquired in RGB format. The imager provides raw format with 10 bits per pixel. The external specifications
are: 5.8 X 4.92 mm, and the lens used has 8 mm focal length. The imager was placed at 39° opposed to horizontal inclination
(in order to observe simultaneously the upper/lower part of the leaf), and 100 mm of vertical distance. The viewing angle is
computed using Eq.[T} where a is the vertical or horizontal viewing angle, s the vertical or horizontal dimension and f the focal
distance. Considering the visual field perpendicular to the viewing angle bisector, then, it has to full encompass the glass and the
mirror. So, the bisector d (Fig.[T_|) represents the necessary distance between the vision field and the imager, and it is computed
by Eq.[2} where d is the bisector and / the visual field longitude. Finally, the imager is focused on the optical arrangement visual
field line and the diaphragm opening is adjusted to f = f/8. For the light source, one MCWHD2 LED (800 mW) is used. In
addition, the optical arrangement uses a 50 X 70 millimeter glass that support the leaf being analyzed and, at the bottom, a 70
mm square mirror which reflects the leaf transmittance information. Pieces of black matte plastic control the light flow within
the device and reduce the entry of outside light.

=2tan~' > 1
a an 27 (D)

'Discriminant: for different chlorophyll values, different base parameters responses have to be obtained. In practice, low discriminant values decrease the performance
since several chlorophyll values (within a small range) could have similar base parameters response. Repeatability: for similar chlorophyll values, similar base parameters
responses have to be obtained. In some cases, this affirmation is not true and different leafs (with similar chlorophyll content) deliver different base parameters responses.
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3.4 | Image processing

In Fig.[2 |a), one example of the images captured by our optical arrangement is shown. Then, given the upper part of Fig.[2 )
contain the reflectance information (/,(x, y)) and the lower part contain the transmittance (/,(x, y)), the proposed algorithm
computes the reflectance (R,) and transmittance (7,) as shown in Eq. E]-[Zi_f]; where I,(x, y, r, c) are the red channel pixel values
for c different samples taken from (I, (x,y)) and I,(x, y,r,c) are the red channel pixel values for c different samples from
I5(x, y)), see Fig.b), in this example 8 different samples were extracted. Finally, Eq.E]estimates the chlorophyll content, it
was obtained using linear regression, more details can be found in the following section.

“I(x,y,rc
g, = 2200 3)
c
S L(x,y,r,c
T, = M’ %)
c
F(R,,T,) = 42.44 + 0.4043R, — 0.7541T, )

3.5 | The base parameters performance

Table|l |presents average values for transmittance/reflectance and their respective chlorophyll content in SPAD values, where
R{R,G, B}, T{R, G, B} are the values for reflectance/transmittance for each RGB channel. In Fig. the reflectance/transmit-
tance values, in relation with the SPAD values are shown. From Fig. a), in all channels reflectance increases as the amount of
chlorophyll increases. This is because high chlorophyll content absorbs high light energy. On the other hand, Fig.[3 |b) shows
that higher chlorophyll content reduces the transmittance value for all the channels. This is because high chlorophyll content
reduces the light that passes through the leaf.

3.6 | The linear regression model

In order to build a chlorophyll estimation framework, any statistical regression model have to fulfil with the linear dependence
between chlorophyll values and the base parameters. In our case, linear regression is used due to its mathematical simplicity
that involves high processing speed with low computational requirements. It was tested with different combinations of the
base parameters proposed in this work. It was demonstrated that all the proposed parameters deliver high accuracy and in
particular, the combination of both, provide accuracy superior to most previous vision-based approaches (similar than SPAD
measurements). In Table 2 ] results of applying single-variable linear regression models for each values presented in Table|[T ]
are shown. The maximum R2 = 94.51 is for the red channel transmittance F(T'r), the smallest standard deviation SD = 1.19
and the best mean absolute error M AE = 1.01 is also for F(T'r). Thus, it is demonstrated that the best variable to estimate
the chlorophyll content is the transmittance in red channel. In Table [3 | results of applying double-variable linear regression
models for each values presented in Table|l |are shown. The best R2 = 97.73.59 is for the combination of reflectance and
transmittance in the red channel F(R,,T,), in addition, this combination has the best standard deviation .SD = 0.72. and the
best mean absolute error M EA = 0.60. So, it is demonstrated that the combination of reflectance and transmittance in the red
channel F(R,,T,) deliver the best performance for chlorophyll estimation.

3.7 | The FPGA architecture

In Fig. 4 | the developed FPGA architecture is shown. In general, the CCD sensor deliver raw images with 10 bpp as stream,
P[29:0]. Key[3:0] is used for the camera control. Then, the FPGA architecture extracts ¢ samples from the input image, see Eq.
Finally, the chlorophyll content is computed according Eq. [5| where the - operation is implemented using a look-up table
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(LUT), R, and T, are the index values and, the output value which represents the chlorophyll content is selected using also a
LUT.

3.7.1 | The image acquisition module

One CCD imager connected in a TRDB DC2 developement board is used as keystone of the image acquisition module. It
provides 1280x1024 RGB images with 10 bits per pixel. In order to reduce hardware requirements, only the most significant 8
bits of the data provided by the TRDB DC2 board are used.

3.7.2 | The sampling module

In Fig. E] the FPGA architecture of the sampling module is shown. The P[23:0], Hcont[10:0] and Vcont[11:0] are the data
input for the sampling module ( the x, y spatial location form the image pixels ). Both: (Hcont[10:0] and Vcont[10:0]) are
compared with defined values that corresponds with the spatial coordinates of the sample pixels that corresponds with the
transmittance/reflectance areas. Then, each retained value are saved into logical registers.

3.8 | The chlorophyll estimation module

Fig.[6 |shows the chlorophyll estimation module. This module applies Eq.[5] The mean for the sample values are computed add
all the values and taking the eight most significant values. In Tables[d and[5 |the LUTs used in this step are shown.

4 | RESULTS

The developed FPGA architecture was implemented in an FPGA Cyclone II EP2C35F672C6 of Altera. All modules were
designed via Quartus II Web Edition version 10.1SP1. All modules were validated via post-synthesis simulations performed
in ModelSim Altera and, in Table[6 | the hardware resource consumption for the developed FPGA architecture is shown. It is
demonstrated that the regression model F(R,,T,) delivers a robust framework for chlorophyll estimation. R2 = 97.73, mean
absolute error M AE = 0.60 and standard deviation S D = 0.72 are reached, see Table[3 ]

In Table accuracy comparisons with respect to previous vision-based approaches are shown. In our case, we compared
the proposed algorithm given different sampling values. It was demonstrated that sample values between 8-32 to deliver high
accuracy and robustness for the chlorophyll estimation process. On the other hand, the proposed approach outperform all previous
vision based approaches. This is because previous formulations use base parameters that have low stability under illumination
changes. For this work, due to the wide availability of RGB cameras with low cost, the proposed solution could be a promising
chlorophyll estimation framework, similar accuracy and size than SPAD but lower cost and lower processing time (near 5 ms
per estimation). For processing speed, in all cases, the proposed algorithm reaches real-time processing (faster than SPAD
measurements and previous vision-based approaches). For the system size in all cases, our smart camera, see Fig.[7 |uses a
small FPGA device as processor, in addition all the optical/image acquisition components are inside the camera fabric.

S | CONCLUSIONS

In this work, a novel chlorophyll estimation approach was proposed. First, we have proposed a new mathematical formulation
that uses color reflectance/transmittance from the leaf being analyzed as base parameters for chlorophyll estimation. Second,
we have developed a new FPGA-based smart camera, capable to capture the base parameters and where all the algorithmic part
is processed in a parallel architecture. It was demonstrated that reflectance/transmittance deliver robust/discriminant values for
chlorophyll estimations. Experimental results demonstrated that a double-variable linear regression learning algorithm achieves
97% accuracy under a Lactuca sativa hydroponic crop. In addition, the proposed approach delivers fast measurements with low
cost and allow compact system design (similar than the SPAD device). In this work, the proposed algorithm was applied on a
Lactuca sativa crop. In order to determine if other crop types present similar patterns, the mathematical model could be expanded
to several different food crops. In any case, the smart camera layout and the formulation of the learning algorithm have to be the
same. Only color comparison of the crop being analyzed and some minor adjustments in the multiple regression model would
be needed.
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TABLE 1 Reflectance and transmittance values

SPAD value (C) Reflectance Transmittance
RR RG RB TR TG TB

27.52 47.408 54.26 36.361 46.117 50.384 28.293

28.3 46.481 53.905 35.26 44.683 49.458 27.027
28.94 45.814 52.921 34.782 43.887 48.514 26.601
29.09 41.948 49.597 34.338 39.806 45.42 24.403
29.16 41.718 46.58 34.456 38.992 42.99 23.965
30.17 42.392 50.156 34.992 37.703 42.585 23.586
31.22 40.619 48.52 32.928 35.066 40.792 21.564
31.41 41.777 47.296 32.518 35.439 39.162 21.089
32.62 43.12 49.835 34.141 35.574 40.44 21.213
34.00 40.159 50.379 31.667 32.41 40.885 19.585
34.23 42.299 49.604 31.913 33.268 40.147 19.578
35.36 42.924 55.595 32.071 33.411 40.377 19.378
35.47 43.252 49.98 33.499 32.449 35.014 20.154
35.82 44.173 50.337 32.611 32.545 34.864 19.389
36.38 47.116 51.16 32.699 33.028 34.468 19.356
37.98 37.167 46.722 30.45 26.015 31.265 17.72
39.68 38.78 46.485 30.114 26.306 30.673 17.334
39.88 37.623 47.76 30.999 25.484 31.136 16.852
40.31 37.543 40.051 28.256 23.067 24.265 14.492
40.66 38.086 39.974 28.522 22.704 23.955 13.304
41.67 43.2455 44.697 31.88 23.027 24.216 14.377
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TABLE 2 Regression Models (single-variable)

Independent Variables R2(%) Standard deviation (SD) Mean ?ﬁgﬁ;e error
F (Rr) 90.22 1.6976 3.0232
F(Rg) 90.67 2.6 2.92
F(Rb) 88.52 2.27 1.73
F (Tr) 94.51 1.19 1.01
F (Tg) 93.65 1.35 1.03

F(Tb) 93.24 1.3 1.11
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TABLE 3 Regression Models (double-variable)

Mean absolute error

Independent Variables R2(%) Standard deviation (SD) (MAE)
F (Rr, Tr) 97.73 0.72 0.60
F(Rg, Tg) 97.11 0.77 0.67
F (Rb, Tb) 97.27 0.79 0.61
F (Rr, Tg) 97.71 0.76 0.72
F (Rg, Tb) 94.47 1.12 0.92
F (Rb, Tr) 92.63 1.17 1.04
F (Rr, Tb) 95.72 0.97 0.81
F([Rg, Tr) 95.43 0.86 0.79
F (Rb, Tg) 96.11 0.77 0.89
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TABLE 4 Look up table for the linear regresion

R, R, 0.4043 T, T,x -0.7542
50 20 50 -38
49 20 49 37
48 19 48 -36
47 19 47 -35
46 18 46 35
45 18 45 34
44 17 44 -33
43 17 43 32
42 17 42 32
41 16 41 31
40 16 40 -30
39 15 39 -29
38 15 38 -29
37 15 37 -28
36 14 36 27
35 14 35 -26
34 13 34 -26
33 13 33 25
32 13 32 24
31 12 31 -23
30 12 30 -23
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TABLE 5 Look up table for the chlorophyll estimation

F(R,. T, SPAD/chlorophyll value
-18 24
-17 25
-16 26
-15 27
-14 28
-13 29
-12 30
-11 31
-10 32

-9 33
-8 34
-7 35
-6 36
-5 37
-4 38
-3 39
-2 40
-1 41

0 42
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TABLE 6 Hardware resource consumption for the developed FPGA architecture

Resource Demand
Total logic elements 1535 (7%)
Total pins 154 (100%)
Total memory bits 64,856 (11%)

Total PLLs 2 (50%)
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TABLE 7 Vision based approaches for chlorophyll estimation: accuracy

Approach

Accuracy ( %)

H. Noh and Q. Zhang (2012)¢, Whole area
H. Noh and Q. Zhang (2012)°, Bright area
H. Noh and Q. Zhang (2012)®, Corn area
Tewari et.al (2013)2°
Hao Hu et. al (2014)"Z, Green Value
Hao Hu et. al (2014)1Z, Red Value
Pagola et. al (2009)%Z, IpcaM4
Pagola et. al (2009)%Z, IpcaM2
Moghaddam et.al (2011)28, MLPN
Moghaddam et.al (2011)28, R, B (regression)
Kawashima et al. (1998)2%, NORMALISED °’r’
Kawashima et al. (1998)22, NORMALISED g’
This work, F(R,,T,),n =4
This work, F(R,,T,),n =8
This work, F(R,,T,), n = 16
This work,F(R,,T,), n =32

86
87




Pérez-Patricio ET AL

15

100

imager‘

——— Viewing
angle
39

200

light
source

glass surface
) 50

light
ray 1

visual field

light
ray 2

100

70

mirror

(a) 2D diagram

light source

glass surface

| mirror

(b) 3D diagram

FIGURE 1 The proposed smart camera: the leaves were inserted in the smart camera and the optical arrangement extracts the

base parameters, then, the imager shots the leaves and finally, an FPGA architecture estimates the chlorophyll content.

(a) Input RGB image

(b) Example for the sampling step

FIGURE 2 The image processing step. Given an RGB image from the leaf being analyzed, several pixel values which
corresponds with the reflectance/transmittance are extracted.
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FIGURE 3 The base parameters performance. Experimental results demonstrate that the reflectance value increases as the
amount of chlorophyll increases. On the other hand, higher chlorophyll content reduces the transmittance value.
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FIGURE 4 General diagram of the developed FPGA architecture. First, one CCD sensor deliver raw images with 10 bpp as
stream (P[29:0]. Key[3:0]) is used for the camera control. Then, the FPGA architecture extracts ¢ samples from the input image.
Then, the chlorophyll content is computed using a look-up table. Finally, results are displayed to the user in a screen.
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FIGURE 5 FPGA architecture for the sampling module. Given the x,y spatial location form the image pixels, then the x,y
values are compared with predefinded spatial values wich corresponds with the spatial coordinates of the sample pixels. These
samples corresponds with the transmittance/reflectance areas and are saved into logical registers.
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FIGURE 6 FPGA architecture for the chlorophyll estimation module. First, the mean for the sample values are computed adding
all the sample values and taking the eight most significant values. Then the chlorophyll content is estimated using a look-up table.

chlorophyll value

(a) Acquisition process (b) Results

FIGURE 7 The developed smart camera. One CCD imager connected in a TRDB DC2 development board is used to provide a
1280x 1024 Bayer pattern image. The optical arrangement uses a 50 X 70 millimeter glass that support the leaf being analyzed
and, at the bottom, a 70 mm square mirror which reflects the leaf transmittance information. Pieces of black matte plastic control
the light flow within the device and reduce the entry of outside light.
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