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Abstract: The application of (smart) cameras for proosmstrol mapping, and advanced
imaging in agriculturenas become an element pfecision farmingthat facilitates the
conservation offertilizer, pesticides, and machine time. Thechnique additiorally
reduces the amount of energaquiredin terms offuel. Although research activitiehave
increased in thifeld, high camera prica®flectlow adaptatiorto applications in all fields
of agriculture. Smayiow-cost cameras adapted for agricultapplications can overcome
this drawbackThe normalized difference vegetation ind@DVI) for each image pixel is
anapplicable algorithm to discriminate plant information from the soil backgrenatled
by a largedifference in the reflectance betwede near infraredNIR) and the red channel
opticalfrequency band. Two alignexharge coupled devid€CD) chips for the red and NIR
channel are typically used, biltey are expensive because of the precise optical alignment
required Thereforemuch attation has been given to the developmeraltdrnative camera
designsin this study, the advantage of a smart-ohg camera design with NDVI image
performanceis demonstratedn terms of lowcost and simplified design. Thequired
assembly and pixel modificatiorsse described and new algorithms for establishing an
enhanced NDVI image quality for data processinggdiscussed.



Sensor013 13 1524

Keywords: smart camera; NDVI; image processing; plant sensor; embedded system

1. Introduction

Agriculture research activities focus on reducing carbon dioxide, environmental impact and cost.
Therefore, precision farmingwhich combines various information or databases to increase the
agricultural inputto-output ratig is often usedli 3]. Plantnumbers coveragdevelsor the amount of
biomasd4] is typically determinedusingsensorsfor e.g, controlof an online field sprayer. For online
control, the sensor has to be mounted on a tractor or-pregklled vehicle, and data processing must
be available and performed rapidly to control the spray fi}s&he coverage level or plant counts are
typical valuesusedto contol a field sprayer. The coverage level can be calculated from the NDVI
image of the local fiel@¢onditions[2], and the plant number in a local scene can be estimated an
additional algotthm. The NDVI is a parameter used to separate pitait pixels from soil pixels in an
image or to separate vital from neital plants The NIR reflection is high fovital plantsand low for
soil; plants absorb morgght with red wavelengths, from 620 nm to 660 rthrgn soil[6,7]. Nutrient
supply ofthe plans influences absorptiorthroughchlorophyll activity in the transition band from red to
NIR (660 nm to 740 nm) and thereby corresgotadthe stress of the plaf]. Reflections in the
wavelength spectrum below 740 nm are higher for plants than for soil. Hence, NIR wavebands below
780 nm are commonlysed fortheNDVI. Thus the difference between NIR anetl is high for plants.
High-quality plant cameras, or NDVI cameras, use two or more CCD ;clapsexample, the
DuncanTech camera types MS2100 and MS31®@& adjusted pixel positions. The opticalhpatust
be compensated and aligned for this adjustment of pixel positions because the optical path of the
wavelengths is deflection dependent. In comparigmwsinglechip design fothe NDVI cameradoes
not need that complex optical design, bequires a special adaptdduble band pass filter foed and
NIR band. Rabatelet al. [9] shaved the principal access to the NDVI with standard cameras
combined with individual band pass filters for the red band and NIR Daedefore, researdhteress
have increased concerning tsteucture and design sfnglechip NDVI cameras. For reasos cost
Ritchie et al. [10] exchangedhe optical filter in a consumer camera asluservedthat exposure
compensation isequired The simple application of NDVI for plant detection is astbeneficial as
expected therefore,precise camera control and additional enhancement of the NiDA/eeded.
Langneret al. [11] obtainedbetter resultsn the Diference Index with Red Threshold (DIRT).
Evanset al. [12] enhancedhe camera setupsinga tunabldiquid crystal to establish NDVI and red
edgemeasurements

In this study, a onehip, lowcost sensor (USB uEye LE camera, typeldP6LE, from IDSwith a
price of (&naging Deveb@nteit Systems GmbH, Obersulm, Germany) was used to
examinethis approaclio providea new NDVI smart camera setapmpared witha multichip camera
(3-chip CCD camera, type MS2100 from DuncanT€ompany Redlake Inc., San Diego, CA, USA).
The disadvantages of a standard NDVI were shown and the results of an edl\WD¥| algorithm
were demonstrated.
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2. Materials and Methods

The following section describes the NDVI and its applicasm@a plant camera.ifst of all, we
demonstratehe quality of a expensivg(l 5 k multispectralplant cameraFor the second, lowost
singlechip cameraalgorithm modificationsare requiredto apply NDVI functionality to the camera.

The lowcost sensor without an {But filter was combined with an optical lepass filterat 645 nm
(RG645, SCHOTT AG, 55122 Mainz, Germany) or a cosinade double band pass filter
(ET620_60bp_780_900bp from Chroma Technology Gri®lehing, Germany). The loyass filter

passes wavelengths higher than 645 nm (lower energy) and blocks wavelengths below 645 nm (highe
energy). The dual band passes wawgtlles) of 620 to 66G\m and 780 to 90@m. This reassembly
enabled the formerly blocked NIR sensitivity of the chip and disabled the blue and green sensitivity in
the visible band. With this change, the blue and green channels only measured the NIR,iatahsity

the red channel measured the sum of the red and NIR signal intensities. The signal combination in the
red pixels is different from that of the commercial NDVI cameras, such as the XNite Canon 450
NDVI, which has no red signal and uses the blue aril éflannels to accommodate NDVI signals.

The combination presents a disadvantage in terms of pixel saturation but is an acceptable compromis
for the simplified setup. Using a camera with a digital image sensor, all camera parameters can be se
using softwae programs, and the camera adjustments can be performed to optimize the NDVI
application but not the color image. Therefore, the camera used must have disabled automatic white
balancing because this process is useless after optical filter modificatidlaryi the automatic gain

and exposure control must also be disabled. The typicalaajistment is often optimized for green

color and ignores saturation in the red channel, which must be considered because of the change in tr
radiation intensityinhe f or mer fgreenod channel. With resp:
gain control, the dynamic range for the new NIR and red channel can be adjusted. With an adaptec
formula, a similar NDVI can be calculated from the raw Bayer pixel intenséiessidering that the
debayering or demosaicing is also disabled. These results were discussed, and the disadvantages of
standard NDVI were shown. The results demonstrated the need for an advanced NDVI algorithm, and
two examples with simplified algoriths for embedded systems were shown.

2.1 NDVI

The NDVIfacilitates the discriminatioaf plantfrom soil pixels in a digital camera and can be used
in a quantitative manner tobtaininformation concerningthe chlorophyll activity in the plant. This
can be used for further analysis and canngbdsformed simply using the greeohannel of an RGB
camera. The NDVI works because of the high absorption in the red band by chlorophyll molecules and
theincreasedeflection in the NIR band. Figure 1 shows the difference between a typical soil spectrum
and the plant spectrum.

To obtain the signal difference independent from the intenshiesignal is normalized by the sum of
the red channel and the NIR chanoeatalculate the NDVI, Rousa al.[13] cited by Jonest al.[14]:

NDVI = (NIRT R)/(NIR + R) 1)
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Figure 1. Reflectancespectral response frorabidopsis(green)andorganic garden soll
(brown)(measured July 2010)
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2.2 MultispectralPlant Camera

The NDVIwasused ina multispectal camera (&hip CCD camera), type MS210@ discriminate
the plant material from the soil background. This custmide camera measures the reflection
intensities in the red, infrarednd green wavelengtland is the main component of a machine vision
system fothe sensotbased recording of weefis5)].

The camera was controlled using the cusmmde contr ol software ADT ¢
659 H x 494 V. Imageprocessing conducted using specialized software (SYMACON GmbH,
Barleben, Germany) and includes the erosion of single pixels. Image processing and control software
were run on a dugiroofed industrial computer, such as an 4P€ HE (PK Computer GmbH,
Eppstein, Germany).To detect the plant coverage level, only the red (peak wavelength: 670 nm, band
pass size: 22 nm) and infrared (peak wavelength: 800 nm, band pass size: 65 nm) reflectance
intensities of this 3 chip camera is used. Figureb2(@ow examps of red and NIR images of potato
plants and soil.

From these images, a pix@ise NDVI image can be calculated. Fig@e) shows the results, and
all of the plant material shows high intensity levels; the shadow regions on the soil are at the middle
level, and the soil is dark. However, thgensity continually increases from the dark soil to the bright
plant levels. Therefore, the selection of the correct manual threshold for the binary image is not trivial.
An enhanced NDVI or a different algorithmych as the color angle, could overcome this difficulty.

This situation is critical for the plants in the shadow region, reflecting ead rio establish an
enhanced NDVI for our camera design. The binary image can then be used to measure the plan
coveragdevel or, with the use of image possessing, the amount of plants or leaves.
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Figure 2. Potatoplantsdetected using enultispectral camera. Theed channel(a), and
the NIR channel(b) were used to calculate the NDVt)(and the binaryimages(d)
throughthresholding

2.3. SingleChip Plant Camera

To design a singtehip plant cameravhich is useful for agricultural applicationtheimage quality
under the worst working conditions has to be consideredoblain this level of qualitydifferent
algorithmsfor a multispectral approach arequiredwith respecto the RGB chip desigrin addition,
the overall path from luminance to a digital image is not straightforjisid

2.3.1 SpectraResponsef the Single Chip

To evaluate the possibility of an acceptable shofjlip plant camera, we used an IDS camera
(Figure 3) with an AptinaAptina Imaging Corporation, San Jose, CA, USA) chip MT9V032STC
CMOS image sensor type with 76x 480V pixels.

This sensor type has the advantage that after disabling {BetRilter, all pixels are sensitive in
the NIR regime(Figure 4(a)), which is equired for good RGB image&or this camera type, the
IR-Cut-Filter can be removed after opening the lens holder housistead of the IRCutFilter
(Figure4(d)), a lowpass filter enables NIR sensitivity and disables the green and blue sensititaiy
chip (Figure5(a)).

This single RGB chip has an asymmetric color pattern. The green pixels are represented twofold
more than the red and blue pix@8gure 4b)). Ther ef ore, the fAgreenodo pr
to the increased sensitiyibf the human eye for green color. The automatic gain control of the camera
varies the output levels of the color bands, but often and in our case, this feature is optimized for the
green channel and not for the red. However, in the following paragrapéxplain why the automatic
gain control is useless and must be disabled for plant cameras.
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Figure 3. (a) IDS uEye canera: USB W1226LEM/-C and p) the outline for the setup
with the implemented double band pass filter (DBPF)
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Figure 4. (a) The spectral response of the MT9V032STC CMOS image sensor from the
IDS datasheet ant) the Bayer pattern from the Aptina datasheet.
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Figure 5. (a) Enabling the RGB CMOS chip for red and Né#Rnsitivity throughideal
low-pass b) oridealdoubleband pass filters.
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2.3.2 Filter Designfor theSingleChip Plant Camera

By implementing a lowpass filter the blue and green sensitivity is disabladd these pixels are
now sensitive in the NIR ban@hered channetemairs sensitive inboththe redandthe NIR bands
For a more precise separation between the NIReshchannes, we integrated a customized enhanced
double band pass filter for tlmed and NIRbands(Figures 5(b) and6). This enhanced filtegliminates
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the transient region betweard and NIR,andthe output response is more defined in terms of which
wavelengths are responsible.

Figure 6. Filter design 6the custormmade ET620_60p_780_90Mp dual band pass filter
from Chroma
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With the modification of the optical path, the image sensor can beagsrdNDVI plant camera. A
typical false color output imags depicted irFigure?, with a typical red and white view.

Figure 7. False color image of the modified camera. Weediimter wheat is showrThe
drilling distance was 1dm and the shutter time was 250

The red channel dominas because of the sensitivity in both bands. White is the seourst
dominatingcolor because the NIR sensitivity is nearly equal for all calmannels and RG=B =1
is translated intavhite for an imageAs a resultthe plantsaappeamwhite in this imageHowever,this
imagewas capturedinder stray light weather conditions and not under direct sunliginth becomes
more difficult, asdiscussed later

2.3.3 DemosaicingandDebayering

The Bayer patterrfor this image sensas shownin Figure 4b), and at each pixel positiponly
single color information isdetectable Therefore most standard singlehip RGB cameras use an
interpolaton algorithm tocompletethe missing color information at each pixel. Tharme many
different algorithms for demosaicing or debayering the raw image maithich enhance the image
impression solving the problem of missing color informatiorunder a speal scene assumptiom
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natural imageis being usedand the image sensor resolution is higher than the resolution of the
objective with an overlay between the pixels.

Both assumptions do not fit the scheme of our plant camera. The camera does notatiataict
images after implementing the additional optical filter, and the pixel resolution is low compared with
the objective for megapixel cameras. The demosaicing filter example in FBgeh®ws that the
contrast or difference between the red and gréamreels, which will be used for the NDVI, will be
filtered out and is therefore useless for our application and must be disabled. If a mismatch between
the pixel positions is acceptable, one quadruple, such as the red square id(Biguen be combined
with one NDVI pixel. Otherwise, a simple linear interpolation for each individual color channel can
also be used.

Figure 8. Example of a demosaicingattern and coefficients corresponding to
Malvaret al.[17] from Microsoft Research.

2.3.4 Adapted NDVI forA Single-Chip Plant Camera

The different signal content in tlenglechip plant cameraompared with thenulti-chip camera
generatega different algorithm for the NDVIThe red channel (R) includes the NIR plus red intensities
and the blue (B) and green (G) channels have only the NIR signal c@Fiteme5(b)):

5O 0 "O‘Y'Yo 000 6 O Y 5
0 0w Crgn,® 0 0w v 2
After calibratingwith red and NIR light sources gain correction factor can lappliedto the
Aiblueo and Agreeno channel. The advantage of

sensitivity for all color channels in the 85@h regime. Therefre, for our first implementation of the
NDVI in the PC softwarghe gain calibration was not used.

2.3.5 Gain Control

For establishingrmNDVI or plant camera, the gain control is an important factor because pixel
saturation must be prevented. A sateddapixelgenerates incorrecesults for the NDVI calculation
anddoes not appear agmply a bright pixel. The chip integrated automatic gain control in our camera
is optimized for the green color, which is tHeminantcolor for the human eye. For the ND:yvos,
the red channel tends to be saturated because of the combined intensities froed Hred NIR
wavebandsTo prevent pixel saturation, some camera clggseratea histogram together with the
image otherwise the histogram must be calculated. Wa$pectto the highest pixelntensity an
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automatic gain control feature can be implemenigte camera should be started with the same
procedure as a successive approximation register atwbtigital converter works. The camera starts
with his middle gin settinglf thereare pixels athe highest bit value, the gain will be reduced by half
of the range. Otherwis¢he cameravill obtainmore gain fromil/2 to 3/4 of the maximum gain. Then
the procedure starts agaand after eight stepthe correct gain value is detected with a precision of
eight bits. After reachin@g high-level frame rate the camerarequiresonly small gain variations
between the images because the image itself can vary inisarathentsRegardinghe prevention of
pixel saturationthe gain reduction willbe initialized immediatelyand gain rising will be initialized
afterthe pixel intensitiesare reducedindera defined thresholdThus hysteresis will be implemented
to reduce smallevel oscillationsThe camea is connected via USB port to the PC. With the use of the
activeX software interface from Microsoft the gain and the shutter tiarebe controlled manually or
automatically by a designed program in the programming language Matlalmst caseshe camea
chips have more than one gatege and the first gain should be tite highest level to optimizéhe
signatto-noise ratio of the chip.

2.4. Measurementonditions

To describe the difficulties ofnaNDVI calculatedfrom asinglechip plant camera under outdoor
conditions the best and the worst lighting conditions describedn this paragraph. The best weather
conditions areobservedon a homogesous cloudy daywhenonly stray lightexists The stray light
produces ammagein which thereare no shadow regionand the overall dynamic range is reduced.
The worst condition is bright angular direct sunlight because the shadow regions have more than ter
times lessintensity, and therefore a much higher dynamic rangerequired In addition, the
quantitative NDVI valuechangedrom the shadow to the sunlight region because the ratio of NIR to
red changes for atmospheric scattered lighich lights the shadow regiorScatterings dependent on
a fourth power of the wavelggth. NIR light is less scattered and has ledensity in the shadow
regions, but when the shadguasses through a leaf the plant itself the oppositesituation is
presentedbecause NIR light haa higher transmission than the absorbed light. Theréore, small
intensities ofan unknown combination of atmospheric scattered lightpdeuaktransmitted lighexist
in the shadow regiorConsideringthe normed indexhese effects could also reflect the fewit soil
shadowregionsare brightethansoil sunregions

3. Results and Discussion

Demonstrating the usabilitgf the single chip plant camesmall sets of imagesinder different
lighting conditionsandwith different plants were takeffheresults showrelowin Figures9 and 10
illustrate the dificulties of the singlechip plant camera. These results demonstrate the need for an
adapted NDVI algorithm to establish a useful plant camera.

Figure 9 shows that the NDVI image under stray light conditions looks fine, but it is difficult to
obtain thecorrect manual threshold for the binary image. A higher contrast between the plants and the
soil background would simplify the threshold estimation or calculation using adapted algorithms.
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Figure 9. (a) Raw imageof tufts of grass and leafs added by wifia) false color image,
(c) NDVI image in rainbow colors from blue (zero) to red (256), ahdbinary image
under stray light conditions and with a shutter time of 50

Figure 10.(a) Raw imaye of tufts of grass and leafs added by wifig) falsecolor image,
(c) NDVI image in rainbow colors from blue (zero) to red (256), adbinary image
under direct angular sunlight and a shutter time gs90

The most difficult conditions under angular sunlight are shown in FigQredemonstrating that
there is nearly no contrast between the plants and the soil in the shadow regions, and therefore, th:
binary image includes incorrect classifications in the shadow region. Thus, both (all) NDVI images
need some enhancement in the algorithms to overcome thrasvbacks. The difference between
minimum and maximum values for the pixel intensities provides information concerning the dynamic
range and the lighting conditions on the fidlhtably, it is difficult to obtairsimilar desiredresultsfor
the stray lght andthe direct sunlight conditiong.he following difficulties need to be accounted to
establish a single chip plant camera:

- The NDVIcwos could be faster corrupted by pixel saturation, because of the sensitivity of the R
channel for red and NIR light

- Under direct sunlight conditions the threshold level differs in the shadow region of the image
and wrong classifications results out of it.
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- It is difficult to apply the adequate threshold level even under best stray light illumination
condition,because the crosection of soil and plants overlap for the NDVI values.

- The enhanced algorithms for the solution should be plain to establish those in small embedded
systems for online control applications.

3.1 Embeddedystenior A SingleChip Camera

Although Equation (1) for the NDVI appears to be simple, a significant amount of calculation
power is required for an embedded system with a small processing unit, such as a microcontroller with
a 100 MHz clock. Whereat the actual prototype wsPE forthe calculations, this is not a low cost
solution for an embedded system. All usé&mulas should beminimized in terms of calculation
power for the embedded system, especially when additional functionality must be induidéare
versionshould use arautomatic gain control function to establish a more or less stable intensity, if the
illumination control and a reference background are availdblthis application causea stable
denominator (NIR + red) the calculation power intensive division fomabzation is not necessary.
Alternatively, modern microcontrollers have DSP functionality (digital signal processor) in an
included coprocessor, such as the Cortex M4F by ARM, or multiprocessor chips with DSP cores, such
as the OMAPTMS5 by Texas Instrunten

3.2. Enhanced ND\4uosAlgorithmfor A SingleChip CamerdJsed Under Stray Light Conditions

With the knowledgehat plants have high intensities in the NIR bamdlerall lighting conditions
it should be possible tamplify the plant soil contrasisingthe NIR color channel pixel information.
For the enhanced ND¥\lios (eNDVlcuwos) Equation(2) is exteneéd so thatall of the pixel results will
be multipliedby the average of the pure NIR color pixels B and G

6 O Y_o6 O
D OwO N 0] c 3
The applied gain proportional to the NIR intensities resulgsrieduction in thetensity level for the

soil pixel even in the inner regions of the two tufts of grass irctreer of themage(Figurel1(a)). A
threshold for the correct rating wastablishedand only a few soil pixelswere wrongly classified
(Figure 11(b)). Singlepixel deletionsor afive-point Gaussian filter will eliminate most of the wrong
pixels. The ratio of the white to black pigelorrespondsvith the coveragéevel, andthis correlation
can bedirectly used to control the spray dose rate of a field sprayer. The result can also be used to
mask additional feature extractipnsuch asshape or contouror to analyze the NDVI plant
information in a quantitative mannerhus,the algorithms foreNDVIcwos aresimple and carasily
beinstalled on smalimicrocontroller orfield programmable gate arrdlfPGA) boardsHowever, this
situation can change under direct sunlight conditions, where the eN4 camot efficienty
separate the plants from the soil in the shadow regions of the image.
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Figure 11.(a) Image of the eND\Hvos with the raw data from Figur@ in rainbow colors
from blue (zero) to red (25@nd ) the resulting binary image

3.3. RangeExtended\DV!I for SingleChip Plant Cameras Under Direct Sunlight Conditions

Under direct sunlight conditionthe dynamic range of the pixel intensities is much higied the
spectralconditionsfor the illuminationalso changdor the shadow regiqras describd aboveThus,
we could notalculatea threshold levethatworks for both areas. The shadow region s@ssistently
underrepresentedsingthresholds for the bright sunlight regions. Therefaraonlinear gain function
is neededand wasderived from eamined imagesThe Equation (3) is extended by the nonlinear
functionf(x), in which x represents the pixel intensity from zero ta one

.. 8 0 Y o 2w el T@ G P8
i WOw™O o, 0] JOw Qv o pAN ™ o & (4)
S Q6 <N W o T

The rangeextended NDWvos (reNDVlicwos) could overcome this problem because the low level
pixels are amplifiedin the shadow regionThe formula was empirically determined out of several
normalized images and it enfees imagegor all illumination conditions Whereas, thresholding is
always criticafor NDVI values(Tablel).

Table 1.NDVIcmosandreNDVigwos results for 10 by 10 averaged pixel valuges range
from 0 to 1 The regions where takemioof the redsquaes in Figurel 2(f).

NDVI cmos reNDVI cmos
Plant Soll Plant Soll
Shadow 0.62 0.57 0.15 0.097
Sunlight 0.47 0.31 0.34 0.087
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Figure 12.(a) Raw image of high dynamic range situation of soil covered piecewise by
leafs, p) the applied rRDVI, (c) binary image of the NDVI,d) binary image of the
reNDVI, (e) raw image of a high dynamic range situation of soil covered piecewise by
leafs, €) the applied reNDVI,d) binary image of the NDVI, andhj binary image of the
reNDVI. All binary images areve-point Gaussian filtered results.

For the shadow soil region the NDVI is overrepresented and for the reflig¥é threshold of 0.1
is almost reamnable. Applying the rangextended NDVdwos algorithm to the image in FigurE)(c)
generated the result shown in FRigd3.

Figure 13. (@) Image of the applied reNDWlith the raw data from Figure 10 in rainbow
colors from blue (zero) to red (25&hd p) thefive-point Gaussian filtered binary result.

(a) reNDVI

The combination of the eNDVand the nonlinear function solves the threshold problem of high
dynamic range imageskirst, the higher gain for the NIR sigrsgdreads fronthe plantto the soil in the
critical shadow regionandin Figure 13(a), the largeleaves exhibit increasdarightness evenin the
shadow. Second, the additional gain for all low intensiigisances thiarea and the plants can be
captured usingne threshold for thentireimage. Figurel3(b) shows the nearly ideal contour of the
leaf in the binary image after glying the reNDVI. Obviously, it becomesasierto obtain abetter
NDVI and rating results with higher performance camezgsjppedwith a higher dynamic range and
less pixel noise, budbtairing acceptable results with a legostsingle-chip camera for [ant detection
is requiredfor many agricultural application$iigures 12 and 14 demonstrate thadvantage of the
applied algorithmA gain control is needed to establish these results.
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Figure 14. (a) Raw image of a salad field (by courtesy of Cruseppelmann
Kognitionstechnik @&bH), (©) reNDVI image, €) binary image of the NDVI,d) binary
image of the reNDVI,d) raw image of winter wheat in the early growths state by Potsdam,
Germany, {) reNDVI image, ¢) binary image of the NDVI, anch] binaryimage of the
reNDVI. All binary images are fivpoint Gaussian filtered results.

(c) (d)

(9) (h)

3.4. Saturationinfluenceof the NDV¢uosfor SingleChip Cameraunder Direct Sunlight Conditions

The prevention of pixel saturation is important to avoid wrong classification. As described in
Sectiors 2.3.4and2.35 the R channel includes red and NIR intensities and is therefore saturated first
The bright building wall inthe nonagricultural imagen Figure 15 with saturated pixel shows the
wrong classification for both NDVI andeNDVicyos images in Figurel5(c,d). Except this, the
reNDVIcmwos could classify the grass area in the shadow regiahthe treemore precise.

Figure 15.(a) Raw imageof a landscape under direct sunligiohdition (b) reNDVicmos
image, €) binary image for the NDVI andd] binary image for the reND¥hos Both
binary imagesirefive-point Gaussian filtered results.

4. Conclusions

The results demonstrate that a plant detection camera was designed with a new arrangement of th
optical filter designto obtaina low-cost digital image sensor. This filter disables the blue and green



