Yu et al. Plant Methods (2021) 17:107
https://doi.org/10.1186/513007-021-00804-8

Plant Methods

RESEARCH Open Access

: : : L : ®
Influence of light intensity distribution Rl
characteristics of light source on measurement
results of canopy reflectance spectrometers

Hongfeng Yu', Yonggian Ding®* ®, Huanliang Xu?", Xueni Wu' and Xianglin Dou'

Abstract

Background: The characteristics of light source have an important influence on the measurement performance of
canopy reflectance spectrometer. The size of the effective irradiation area and the uniformity of the light intensity
distribution in the irradiation area determine the ability of the spectrometer to express the group characteristics of the
measured objects.

Methods: In this paper, an evaluation method was proposed to theoretically analyze the influence of the light
intensity distribution characteristics of the light source irradiation area on the measurement results. The light intensity
distribution feature vector and the reflectance feature vector of the measured object were constructed to design
reflectance difference coefficient, which could effectively evaluate the measurement performance of the canopy
reflectance spectrometer. By using self-design light intensity distribution test system and GreenSeeker RT100, the
evaluation method was applied to evaluate the measurement results.

Results: The evaluation results showed that the vegetation indices based on the arithmetic average reflectance of
the measured object could be obtained theoretically only when the light intensity distribution of the light source
detected by the spectrometer was uniform, which could fully express the group characteristics of the object. When
the light intensity distribution of the active light source was not uniform, the measure value was difficult to fully
express the group characteristics of the object. And the measured object reflectance was merely the weighted aver-
age value based on the light intensity distribution characteristics.

Conclusions: According to the research results of this paper, sunlight is the most ideal detection light source. If the
passive light source spectrometer can improve the measurement method to adapt to the change of sunlight inten-
sity, its measurement performance will be better than any active-light spectrometer.
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Background

Vegetation indices are the most commonly used data
form to obtain crop growth parameters in agricultural
remote sensing research [1]. Through regression analy-
sis and other methods, these vegetation indices can
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establish the corresponding empirical inversion models
of crop growth information (such as leaf area index [2,
3], biomass [4, 5], nitrogen [6, 7], chlorophyll [8, 9], plant
diseases and pest recognition [10, 11], etc.). At present,
the traditional detection methods of crop nutritional sta-
tus (nitrogen content) mainly include: Kjeldahl method
[12] and Dumas combustion method [13], which are
destructive and practical indoor measurement methods.
The obstacles of the traditional detection methods lie
in long digestion time, many testing links, and the use
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of dangerous chemical reagents. For batch samples, the
detection task is heavy, time-consuming, laborious, and
easy to cause environmental pollution. Compared with
traditional biochemical methods, the monitoring tech-
nology of crop canopy reflectance spectrometers has the
advantages of fast, non-destructive, no space—time lim-
ited, and has become an important means to obtain crop
growth information [14, 15]. Therefore, more and more
scholars consider using crop canopy reflectance spec-
trometer with specific bands to obtain specific vegetation
indices and corresponding crop growth parameters.

In this study, the crop canopy reflectance spectrom-
eter for NDVI was used for research object. According
to whether they have their own light sources, crop can-
opy reflectance spectrometers can be divided into active
light source type and passive light source type. The early
developed reflectance spectrometers mostly used passive
light source, that was, the spectrometers used sunlight
as the measure light source. The advantage of sunlight
as the measure light source is that the light of the meas-
ured object is uniform, and the reflectance spectrometer
can truly reflect the growth status of crop canopy. Typi-
cal products such as SRS (produced by Meter group, Inc.
USA) can be used [16]. However, the biggest limitation
of the passive light source reflectance spectrometers is
that the measurement is affected by the environment
and weather, and the low light irradiation conditions
(night, rainy days, etc.) cannot be used. In addition, due
to the changes of solar intensity and solar altitude angle,
the measurement results of spectrometer will also be
unstable [17]. Therefore, the following commercial crop
reflectance spectrometers mainly use active light sources.
The commercialized active light source crop reflec-
tance spectrometers mainly include GreenSeeker hand-
held reflectance spectrometer [18] produced by N-tech
Industries Inc., USA, and Cropcircle ACS-470 handheld
reflectance spectrometer [19] produced by Holland sci-
entific company. The structure and principle of Green-
seeker and Cropcircle are similar. The light source adopts
small emission angle (no more than 60 degrees), medium
power narrow band LED (single LED luminous power
is less than 1 W). The light source is shaped by a lens to
form an illumination area of a specific shape (rectangular
or linear). The reflected light intensity is detected by the
photosensitive sensor. The effective measure height range
is 60—160 cm, which is mainly used for handheld meas-
ure [20].

In fact, the VIs measurement method of passive light
source spectrometers is based on the reflectance of the
crop canopy, while the reflectance measurement needs
white board correction when the light intensity changes.
It results in poor adaptability to the light environment
and inconvenience to use. However, it needn’t to know
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the reflectance value of the specific detection wavebands
for the active light source spectrometers, but only needs
to obtain the relative intensity between them because
the transmission power of each detection band is stable,
this ensures that the measurement results of active light
source spectrometers are not affected by the change of
measurement height. That is why the active light sources
spectrometers take more popularity in commerce, such
as GreenSeeker, Crop Circle, LeafSpec and Cropspec TM
etc. Sunlight is an ideal light source. The uniform inten-
sity distribution and the unlimited covering size of detec-
tion area are the incomparable advantages of the sunlight
to the active light source. The traditional method based
on passive light source for measuring vegetation indi-
ces (VIs) cannot make full use of the advantages of the
sunlight. At present, taking the property of the constant
proportion of solar radiation energy in each component
waveband, a new calculation method of VIs (in form of
ratios) using sunlight as light source was put forward.
This method can not only make full use of the advantages
of the sunlight, such as uniform irradiation area and wide
measurement range, but also obtain the characteristics
similar as the active light source spectrometers that the
measuring results had strong adaptability to light inten-
sity and measurement heights and no whiteboard cor-
rection is needed in application. It may provide another
solution for measuring VIs with passive light source and
encourage people to develop new kind of passive light
source spectrometers [21].

In order to reflect the canopy reflectance as truly as
possible, the performance of the detection light source
of crop canopy reflectance spectrometer is required, that
is, the light intensity distribution of the detection light
source is uniform. Hence, the design of optical system is
the core content of the canopy reflectance spectrometer.
It is pointed out that the uniformity of light intensity in
the irradiation area after shaping is the key to the design
of optical system. Due to the differences of canopy struc-
ture (such as leaf inclination, leaf density, canopy height)
and nutritional status, the reflectance of actual canopy
will be different. If the light intensity in the irradiation
area of the light source is not uniform, the measure signal
of the reflectance spectrometer will not be able to effec-
tively obtain the average reflectance characteristics in the
measure area, but only some weighted characteristics
related to the light intensity distribution characteristics,
which will lead to inaccurate vegetation indices and agro-
nomic parameters. However, there is a lack of a unified
evaluation method to evaluate the impact of light source
on spectral data, which limits the improvement of crop
canopy reflectance spectrometer or light path system.

In this paper, an evaluation method was proposed to
theoretically analyze the influence of the light intensity
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distribution characteristics of the light source irradiation
area on the measurement results. The light intensity dis-
tribution feature vector and the reflectance feature vec-
tor of the measured object were constructed to design
reflectance difference coefficient, which could effectively
evaluate the measurement performance of the canopy
reflectance spectrometer. By using self-designed test sys-
tem, the evaluation method was applied to evaluate the
measurement results based on passive light source and
GreenSeeker RT100. This method can be a new way for
evaluating the performance of canopy reflectance spec-
trometers, and provide a possible way to improve the
performance of active light source spectrometers.

Materials and methods

In this section, the performance evaluation method
based on reflectance analysis was proposed and the spe-
cific scheme of using performance evaluation method for
crop canopy reflectance spectrometer was described.

The principle of performance evaluation method
Reflectance is the basic parameter to calculate NDVI
[22], RVI [23] and other ratio type vegetation indices
[24]. The basic purpose of reflectance measure for crop
canopy is to obtain the group reflectance characteristics
in the measure area, and the average reflectance in the
region is an ideal index to reflect the group characteris-
tics. Therefore, the overall reflectance R measured by the
spectrometer can represent the average reflectance R of
each block area in the measure area, that is, the following
formula (1) is expected to hold:

R2b01+62+...+cn -7 )

1+by+ ..+ by

where R=1%5" Ri=1%" 4
were the standard whiteboard retlectance response
value detected by the spectrometer in each block, and
€1, €2y «ereney €y Were the canopy reflectance response value
detected by the spectrometer in each block.

The reflectance ratio coefficient {k;} was introduced to
express the relationship between the average reflectance
and the reflectance of each block of the canopy. If the
reflectance of the spectrometer to the block area i was
expressed as R;=k;R, then the canopy reflectance R can
be expressed as formula (2).

kib1 + kaby + ... + kb,

R=R
bi+by+ ..+ by 2)

In this study, b represents vector {b1,ba,...,b,}, k
represents vector {ki,ko,...,k,}, I represents vector
{1, 1,.... , 1}, and O _p,0; 5, and ;s are used to represent

the angles between k and b, I and b, I and k, respectively.
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Since the components of each vector contain positive
components, the range of included angle was [0, 900],
Then formula (2) can be expressed as formula (3).

Y WHWWM@M K] cosar)
K=t 3= B[ ] costr-» =R i costors
3)

Similarly, if formula (1) holds, then formula (4) below
holds:
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The problem of proving the validity of formula (1) can
be transformed into that of formula (5).

Ri-1 (-
= L[4[ cosern =
n

€Ohb) — cos(or_) (5)
cos(67—p)
\X/herL) the angle between vector k and vector I is 0° or
vector p and vector [ is 0°, formula (5) obviously holds,
which is equivalent to that the reflectance is the same
everywhere in the measure area, or the light intensity dis-
tribution is uniform in the measure range.

When the angle between vector k and vector I is not 0°
or vector p and vector 1 is not 0°, that is to say, formula
(5) may not be true, and the degree of differeil)ce is related
to the characteristics of vector k and vector p.

The reflectance difference coefficient E was introduced
as the performance evaluation method to characterize
the difference between the average reflectance and the
measured reflectance, which could be calculated accord-
ing to formula (6).

E =2 _11100%
p2
where,
cos(Ox—p)
p1=———-, p2 = cos(th_p)
cos(67_p)

In general, the reflectance of each block of the meas-
ured object is always different. In theory, the average
reflectance of the measured object can be obtained only if
the light intensity distribution of the measure light source
is uniform, and the group characteristics of the measured
object can be fully expressed. The measure light source
of active light source spectrometer is difficult to achieve
uniform light intensity distribution, in fact, it is difficult
to fully express the group characteristics of the object,
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while the passive light source spectrometer, whose meas-
ure light source is sunlight, has a very superior uniform
light intensity distribution characteristic. In theory, its
measured value can fully express the group characteris-
tics of the object under test. However, due to the defects
of current measure methods, there are many factors
affecting the measure results of passive light source spec-
trometers, and it is not as convenient as the active light
source spectrometer.

The scheme of performance evaluation for canopy
reflectance spectrometers

In order to verify the performance evaluation method,
the following four methods were proposed for NDVI
acquisition, which involved two different light intensity
distribution characteristic vectors b. When the reflec-
tance ratio coefficient vector k_and light intensity dis-
tribution characteristic vector b are known, the above
evaluation method can be used to analyze the differences
among them qualitatively and quantitatively.

Definition of four NDVI acquisition methods
The following four methods were proposed for NDVI
acquisition, and the corresponding NDVI results of each
method were represented by different symbols as follows:
N,: The NDVI value was calculated according to the
average reflectance of the visible and near-infrared bands
of the test object.
N,: NDVI measure value of test object was measured
by the reflectance spectrometer.
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N;: The NDVI value was calculated based on the
weighted reflectance of the test object obtained from the
light intensity distribution characteristics of the active
light source of the spectrometer.

Ni: Under the condition of sunlight irradiation, the
NDVI value was calculated by obtaining the actual reflec-
tance of the test bands of the measured object.

According to the above definition, the four NDVI
acquisition methods involve two different light intensity
distribution characteristic vectors b, which are the light
intensity distribution vector of the active light source and
the light intensity distribution vector of the solar irradia-
tion area. When the reflectance ratio coefficient vector
k and light intensity distribution characteristic vector b
are known, the above method can be used to analyze the
differences among N, N, N; and N, qualitatively and
quantitatively.

The description of the portable test system for measuring

the light intensity distribution

In order to measure the light intensity distribution char-
acteristics of the canopy reflectance spectrometer, two
industrial cameras with narrow-band filter lens [25, 26]
were used to construct a test system as shown in Fig. 1.
The specific parameters of the test system were shown in
Table 1.

120cm

Fig. 1 Schematic diagram of light intensity distribution test system

Camera A, 770nm narrow-band camera

Camera C, 656nm narrow-band camera

I

100cm
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Table 1 Specific parameters of light intensity distribution test system for light strip

Device names Manufacturer and model

Performance parameters

Industrial camera
gudongliin China

Camera lens The model WP-5M0825-C made by the company named by
Huangudongliin China
Optical filter Absorption type narrow band filter made by the company

named by Gengxu Optoelectronics in China

Canopy reflec- GreenSeeker RT100
tance spectrom-

eter

The model WP-UC600 made by the company named by Huan-

Resolution: 3072%2048; Frame rate: 30 FPS; Sensor: 2 / 3 inch color
CMQS;
Spectral response range:380-1100 nm

Focal distance: 8 mm;
FOV(Field of view angle): 57.6%49.3*71.2 degree

Central wavelength:656 nm and 770 nm; Bandwidth:: 20 nm

Emission wavelength: Near infrared band: 770 nm; red band:
656 nm

Range of NDVI measure: 0.00-0.99; Range of voltage output:
0.00-0.99V

Measuring area size: 24 inches +4 inches;

Test design for light intensity distribution characteristics
measure

The test for measuring the intensity distribution charac-
teristics included two steps. The first step was to deter-
mine the effective measure area of GreenSeeker RT100,
and the second step was to calculate the intensity distri-
bution characteristics in effective measure area.

Determination of effective measure area of GreenSeeker
RTI100 1In theory, if the light intensity distribution fea-
ture vector and the reflectance feature vector can be calcu-
lated, the evaluation for canopy reflectance spectrometers
can be applied in the actual measure conditions. However,
because the reflectance of canopy in the wild is very diffi-
cult to measure, the reflectance feature vector needs to be
measured by specialized instrument, such as hyperspec-
tral spectrometers, in special artificial light environment.
As we know, the canopy reflectance measurement with
hyperspectral spectrometers in a large-scale area and wild
environment is something impractical.

In order to determine the effective measure area of
GreenSeeker RT100, we designed 23 test strips with
fixed reflectance characteristics, as shown in Fig. 2. The
size of each test strip was 115 cm x 5 c¢cm, which could
be divided into 23 units. Each unit was set as a white or
green color block with fixed reflectance. After the high-
resolution spectrometer (model Imspector V-10E, made
by Specim company in America) measure, the reflec-
tance of the white block at 656 and 770 nm were 0.7641
and 0.7743, and that of the green block were 0.1412 and
0.6645, respectively.

During the test, each test strip was placed under the
active light source of GreenSeeker RT100, and it was
symmetrical about the vertical line of the light source
center. The measure height of GreenSeeker RT100 was
100 cm. The test time was 8:00—-10:00 a.m., in Nanjing,
Jiangsu province, China, October 9, 2020. The weather

Green units increase
—>

1234567891011121314151617181920212223

-
Green units decrease

Fig. 2 Schematic diagram of test strips

was sunny, and the variation range of external light inten-
sity was about 80,000 1x—140000 Ix. After each test, the
NDVI measure value was recorded manually.

In the test process, the test strips were tested one by
one according to the sequence of increasing green units
shown in Fig. 2, and then the test strips were tested one
by one according to the decreasing order of green units.

Light intensity distribution characteristics of effective
measure area According to the above test results of the
effective measure area, the effective measure area with
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white matte paper (the reflectance of 656 and 770 nm
was 0.7641 and 0.7743 respectively) was placed directly
below the industrial cameras of the test system. It was
used to collect the strip images of irradiation area formed
by GreenSeeker RT100 at 100 cm measure height and the
light strip images of sunlight in the same irradiation area.
The light strip of GreenSeeker RT100 irradiation area was
collected in dark room, while the solar radiation area light
strip was collected in the outside sunlight condition. The
test time of the solar light strips was 10:00-12:00 a.m., in
Nanjing, Jiangsu province, China, October 10, 2020. The
weather was sunny, and the variation range of external
light intensity was about 90,000 1x—140000 Ix.

Test design for four NDVI acquisition methods

The Acquisition of reflectance ratio coefficient vectors In
order to study the influence of different light intensity dis-
tribution characteristics on NDVI measurement, the test
strips with fixed reflectance distribution characteristics
similar to Fig. 2 were designed. According to the meas-
ure results of GreenSeeker RT100 effective measurement
area, there were 16 test strips in total, each of which was
80 cm x 5 cm in size, and was divided into 16 5 cm x
5 c¢m units, as shown in Fig. 3. Because the reflectance
of each unit of the test strip represents each component
of the reflectance ratio coefficient vector, the reflectance
ratio coefficient vectors kg56 and k779 of each test strip can
be obtained.

The Acquisition of N, and N; During the test, each test
strip was placed in the irradiation area of GreenSeeker
RT100, and the center of the strip coincided with the
center of the irradiation area. The measurement height of
GreenSeeker RT100 was 100 cm. The GreenSeeker RT100
NDVI measurement values of 16 test strips in Fig. 3 were
obtained in turn, which represented N,,.

N; was obtained under the condition of sunlight by
using the device in Fig. 1. During the test, the center posi-
tion of the test strip in Fig. 3 coincided with the center of
the two narrow-band cameras in Fig. 1, and then the nar-
row-band images of all the test strips in 656 and 770 nm
bands in Fig. 3 were synchronously obtained by using the
device in Fig. 1.

At the same time, in order to obtain the reference value
of the standard whiteboard, a white reference test strip
similar to the test strip No. 0 in Fig. 2 was placed next to
each test strip, and the average gray value of the reference
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Fig. 3 The test strips for NDVI measurement

test strip was divided by its actual reflectance as the
reflectance reference value of the standard whiteboard.
The calculation of N was shown in formula (7).

Przo  _ _Pese

_ Prow Pes6_w )
ST Py Pegs6
Pr70_w Pese_w

where,

P770 and Pese represented the average gray value of the
test strip image in 770 and 656 nm band, respectively.

P770 w and Pese_w represented reflectance reference
value of standard whiteboard in 770 and 656 nm band,
respectively.

The test was conducted from 10:00 am to 11:00 am on
October 16, 2020, in Nanjing, Jiangsu Province, China.
The weather was fine and solar irradiation intensity var-
ied approximately from 80000 to 160000 lx.

Calculation method of Ny and N,. According to the defi-
nition in Sect. 2.2.1, the calculation method of N; and N,
in this test scheme can be expressed in the form of formu-
las (8) and (9).

M * (Ry70 ¢ — Rese g) + (N — M) * (R770_w — Res6_w)
M x (R770_g + Res6_g) + (N — M) * (R770_w + Re56_w)

N,




Yu et al. Plant Methods (2021) 17:107

Page 7 of 12

R R R
@*Z i 770 + 770**2 1770—%56&*2 i 656 — —= 656**2171656

[b770l = 1 [b770 —M 656

i— 1 [bese| —M

N

R R7790 R Res6
770”*2 i 770 + J*mew |656T*sz656+ B J*me%

1b770l =1 [b770 bese

i—1 1bess|  i=p1

where M represented the number of green units in test
strip; N represented the number of total units in test
strip; Ry70_w and Rese_w represented the reflectance value
of the white color block in 770 nm and 656 nm band,
respectively.

R770 ¢ and Rese g represented the reflectance value
of the green color block in 770 nm and 656 nm band,
respectively.

b770 and bese represented GreenSeeker RT100 light
intensity distribution characteristic vectors of 770 nm
and 656 nm band, respectively.

Results and analysis

In this part, the GreenSeeker RT100 reflectance spec-
trometer was taken as the test object, and the perfor-
mance evaluation method proposed in this paper was
applied to analyze the influence of the light intensity dis-
tribution characteristics of the measured light strip and

0.7

—¥—— The test of decreasing green units
—O— The test of increasing green units

The value of NDVI

0 5 10 15 20 25
The number of green units

Fig. 4 NDVI results of test strips measured by GreenSeeker RT100

the reflectance distribution characteristics of the meas-
ured object on the NDVI measure results. The remainder
of the section is organized as follows: “Measure results
of light intensity distribution characteristics” section
shows the results of the active and solar light intensity
distribution characteristics, and “The NDVI results of
the four acquisition methods” section shows the results
of the four NDVI acquisition method. “The performance
evaluation method for analyzing the four NDVI acquisi-
tion methods” section presents the performance evalu-
ation method for analyzing the four NDVI acquisition
methods.

Measure results of light intensity distribution
characteristics

The effective irradiation area of GreenSeeker RT100

Figure 4 showed the NDVI test results of test strips with
different serial numbers. When the green units of the
test strips were less than 5, the NDVI value was basically
constant at 0.01, while the green units were greater than
20, the NDVI value was basically constant at 0.64. When
the number of green units of the test strip was 5~ 20, the
NDVI value had obvious change. Therefore, the effective
measure area length of GreenSeeker RT100 at 100 cm
measure height was about 80 cm which was covered by
16 color units in the middle of each test strip.

The test results of light intensity distribution characteristics
According to the above test results, the whiteboard area
of 5 cm * 80 cm directly below the GreenSeeker RT100
in the Fig. 1 was used as the effective measure area. The
effective measure area light strip images of sunlight and
GreenSeeker RT100 active light source collected by nar-
row-band cameras are shown in Fig. 5.

According to the characteristic that the gray value of
the camera was proportional to the incident light inten-
sity, firstly, the RGB images captured by the industrial
cameras were converted into gray images, and the gray

DRI o ee— |
L ————
s T —
Sun_770nm I e

Fig. 5 light strip image of effective measure area
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Fig. 6 The light intensity distribution of sunlight and GreenSeeker
RT100in effective measure area

values were taken as the characterization of the light
intensity distribution. Then, the light strip gray images
were divided into 16 5 cm x 5 cm regions according to
the length direction, and the pixel gray average value of
each region was calculated. The pixel average value vec-
tor of the 16 regions was the light intensity distribution
vector _b) The light intensity distribution of sunlight and
GreenSeeker RT100 light strips is shown in Fig. 6.

The uniformity of light intensity distribution can be
evaluated by the variation coefficient of the light inten-
sity in each block area of light strip. The specific results
were as follows: under the sunlight condition, the light
intensity variation coefficients of 656 and 770 nm were
542 and 3.63%, respectively. Under the condition of
GreenSeeker RT100 active light source, the light intensity
variation coefficients of 656 and 770 nm were 36.72 and
36.79%, respectively.

Because the area closer to the center axis of the cam-
era lens has a larger reflection angle, which can make the
camera produce a relatively strong response value, the
measured light intensity distribution itself will show the
phenomenon of large response value in the middle and
small response value in the two ends. This is the inevi-
table measure error caused by the response characteris-
tics of the camera in the measure system, but the overall
results can still reflect the difference of the light intensity
distribution of the measure light strip itself. According to
the coefficient of variation, the uniformity of light inten-
sity in the solar irradiation area was obviously better than
that in the GreenSeek RT100 irradiation condition.

0.7

— == Nr -~ — Nt = ——— Nm —¢—Ns

0.6

0.5

The value of NDVI

0.2

0.1

0 5 10 15
The number of green blocks in test strip

Fig. 7 NDVI results of the test strips corresponding to different
acquisition methods

The NDVI results of the four acquisition methods

Figure 7 showed the test results of four NDVI acquisi-
tion methods. In Fig. 7, the test results can be obviously
divided into two groups according to the degree of data
proximity.N; and N, can be divided into one group, the
maximum absolute deviation value was 0.0391, the aver-
age value was 0.0171, and the standard deviation value
was 0.0088. The test results of N,,, and N; can be divided
into another group, the maximum absolute deviation
value was 0.0507, the average value was 0.0254, and the
standard deviation value was 0.0125.

0.15 T
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The number of green blocks in test strip
Fig. 8 The absolute error value of Ny and Ny, and N, respectively
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Fig. 10 Relationship between absolute value of NDVI error and
two band reflectance difference coefficients under solar irradiation
conditions

However, there were obvious differences between the
two groups of the test data. Taking N, as reference, the
absolute error values of N;,N,, and N; were shown in
Fig. 8. The maximum absolute error value of N; and N,
was 0.1223, the average value was 0.0588, and the stand-
ard deviation value was 0.0459. The maximum absolute
error value of N, and N, was 0.1405, the average absolute
error value was 0.0603, and the standard deviation value
of absolute error was 0.0505.
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The performance evaluation method for analyzing the four
NDVI acquisition methods

The performance evaluation was used to analyze and dis-
cuss the results of the four NDVI acquisition methods.
Figures 9 and 10 showed the relationship between the
absolute error value of NDVI and the two bands reflec-
tance difference coefficients E under the irradiation con-
ditions of GreenSeeker RT100 and sunlight, respectively.

(1) When the light intensity distribution was not uni-
form or the reflectance of the measured area was differ-
ent, the deviation between the weighted reflectance and
the average reflectance of the measured area was deter-
mined by the light intensity distribution characteristics
and the reflectance difference characteristics. The next
two cases were discussed separately.

In the case of reflectance difference When the green
color units gradually increased in the middle stage in
Fig. 3, the NDVI values obtained by the four methods
in Fig. 8 increased significantly. In this case, the rela-
tionship between the absolute error of N, and N, and
the two band reflectance difference coefficients E was
illustrated as an example, as shown in Fig. 9. The results
showed that with the increase of the green units of the
test strips, the two band reflectance ratio coefficients
k changed significantly, and the corresponding two
band reflectance difference coefficients E also changed
significantly.

In the case of uneven light intensity distribution In
Fig. 9, the average reflectance difference coefficients E of
GreenSeeker RT100 at 656 and 770 nm were 12.95 and
0.6639% respectively. In Fig. 10, the average reflectance
difference coefficients E of 656 and 770 nm were 1.8515
and 0.0832%, respectively. The reflectance difference
coeflicient E of sunlight was far less than that of Green-
Seeker RT'100 active light source, so the average absolute
deviation of N; was also less than that of Nj,,.

(2) When the light intensity distribution was uniform
or the reflectance difference was small, the deviation
between the weighted reflectance and the average reflec-
tance in the measurement area decreased.

In the case of uniform light intensity distribution Com-
pared with the absolute error results of GreenSeeker
RT100, although the green color units of the test strips
increased gradually under the sunlight condition, and the
reflectance also suffered from a significant change pro-
cess, the absolute error values of N5 were much smaller
because the sunlight intensity was relatively uniform,
which indicated that the reflectance difference of the
tested object did not affect the measurement results
when the illumination intensity of the test light source
was uniform.
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In the case of small reflectance difference Reflectance
ratio coefficients of two bands were small in the begin-
ning and end stages of green color block increase of test
strips, and NDVI values obtained by the four methods
were close. Especially at the end of the test, all blocks of
strips were green, and N; and N,, and N, were basically
coincident, which showed that when the reflectance of
the measured object was uniform, the uneven light inten-
sity did not affect the measurement results.

In general, the results of the absolute value of NDVI
error and two band reflectance difference coefficients E
in Figs. 9 and 10 showed that under the same test strip,
the two band reflectance difference coefficients E under
the active light source condition were significantly
greater than that under the sunlight condition. The rea-
son why the data values of N; and i\)[’ were close was that
the intensity distribution vector p tended to the ideal
state of uniform intensity distribution under the condi-
tion of sunlight, and N; measured by sunlight was con-
sistent with the theoretical calculation results N;. The
difference between N, and N, values indicated that the
uneven intensity distribution of the active light source
had an impact on the measurement results, and the con-
sistency of Ny and N; data further indicated that the
measurement results of GreenSeeker RT100 tended to be
based on the weighted average reflectance affected by the
intensity distribution of the measured area.

Discussion
The effect of performance evaluation method
The difference of the four NDVI acquisition methods
indicated that the NDVI measurement results of active
light source reflectance spectrometer was not calcu-
lated based on the arithmetic average reflectance in the
measurement area, but based on the weighted average
reflectance affected by the intensity distribution of the
measurement area. Moreover, the more uneven the light
intensity in the irradiation area was, the greater the dif-
ference between the weighted reflectance and the arith-
metic average reflectance was. The average absolute error
analysis in “The NDVI results of the four acquisition
methods” section also verified the test results.
Meanwhile, the absolute error values of NDVI of the
active light source were also significantly greater than
that of the sunlight, which indicated that the evalua-
tion method proposed in this paper can scientifically
evaluate the irradiation characteristic error of the light
source. However, because the evaluation method was
based on reflectance, the absolute deviation of NDVI in
Figs. 9 and 10 cannot be one-to-one corresponding to
the reflectance difference coefficient of a single band,
but was determined by the reflectance difference coeffi-
cient of two bands. In addition, due to the measurement
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characteristics of the measurement system in Fig. 2, the
measurement led to a measurement system error. Espe-
cially in the beginning and end values of the green color
block in Fig. 10, there was a large deviation, but this did
not affect the scientificity of the evaluation method.

Comparing the evaluation method with other methods

At present, the performance evaluation of spectrom-
eter has become a research hotspot. The evaluation of
the effects of light source [27], optical path [28], canopy
structure [29] and other factors on the performance of
crop canopy reflectance spectrometer has been car-
ried out. From the current literature, the mainstream
research focuses on the influence degree of factors on
performance using the orthogonal test analysis method.
The corresponding results are obtained by changing the
factor levels and compared with the standard measuring
instruments to determine whether the influencing fac-
tors are significant, which is different from the theoretical
evaluation method established in this manuscript. The
research emphasis of this manuscript is to explain why
the factors, such as the light intensity distribution of light
source, will influence the measurement performance. We
hope provide a new way or technical program to improve
the performance of the spectrometers.

Conclusion and perspectives

In this paper, a method for analyzing the measurement
performance of crop canopy reflectance spectrometer
based on the irradiation characteristics of the light
source was proposed. By constructing the light intensity
distribution vector and canopy reflectance ratio coeffi-
cient vector, the measurement performance of canopy
reflectance spectrometer can be effectively evaluated.
The evaluation results showed that only when the light
intensity distribution of the light source detected by
the spectrometer was uniform, the vegetation indices
based on the average reflectance of the measured object
could be obtained in theory to fully express the group
characteristics of the measured object. When the light
intensity distribution of the active light source was
not uniform, the measured value was difficult to fully
express the group characteristics of the object. The
deviation between the measure value and the vegeta-
tion indices calculated based on the average reflectance
was determined by the light intensity distribution char-
acteristics and the reflectance difference characteristics
of the measured object.

The performance analysis of the canopy reflectance
spectrometer also pointed out further application for
improvement. On one hand, optimizing light path
structure of active light source spectrometers to pro-
duce more uniform irradiation area will be efficient
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way to improve the measurement performance of the
spectrometers. On the other hand, The uniform inten-
sity distribution and the unlimited covering size of
detection area are the incomparable advantages of the
sunlight to the active light source. Researching new
measurement method or principle, which can make
full use of the advantageous properties of sunlight, may
be a meaningful way to improve measurement perfor-
mance of traditional passive light source spectrometers.
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