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ABSTRACT: Detecting fully occluded objects is of interest for various practical problems, such as harvesting and yield
prediction in farming, which are physically demanding and heavily labor-dependent. Many approaches have been explored by
researchers aiming to solve this problem. However, they are ineffective due to inherent challenges: the strength of signals reflected
from hidden objects is weak, and those signals are always buried in high-magnitude noise. In this study, a method combining near-
infrared (NIR) and lock-in-amplifier (LIA) techniques is proposed to tackle these challenges. Two questions are answered. Can
a fully covered fruit be detected purely based on reflected NIR signals? Can LIA extract reflected signals from high-magnitude
noise? This study addresses these questions from theoretical and experimental points of view, including NIR photon particle
propagation, LIA in the image format, low-cost experiment apparatus, etc. In total, 268 videos were collected over 134 valid
experiments with tomatoes and cucumbers as objects. Both alternate hypotheses were validated and answered.

KEYWORDS: Embedded Systems, Sensors, Occluded Fruit Detection, Near Infrared, Lock-in-Amplifier.

B Introduction

Finding what’s behind or hidden in leaves is a key step in
many applications. For example, many farming activities are
labor-intensive and physically demanding, such as yield pre-
diction, leaf thinning, harvesting, and pesticide applications.!™
Among them, harvesting is mostly done manually,* especial-
ly for fruit crops like tomatoes, cucumbers, and strawberries.
However, labor is in short supply in the US,® which means more
robots are needed. For a robot to effectively conduct those tasks
currently done by humans, it needs to know if there is some-
thing (e.g., fruit, flower, or peduncle) behind dense leaves.

In the past decade, many researchers have investigated dif-
ferent methods to solve the aforementioned problems. Most
of them utilized vision-based, artificial intelligence (Al)
methods. ¢ A method to detect tomatoes using visible light
cameras and machine learning was investigated as well.? An-
other study used a leaf blower to mechanically expose hidden
apples so a LIDAR could be used more effectively to detect
them.! However, to date, none of them have been highly suc-
cessful. The main issues are: (i) the reflected signal from hidden
fruits is weak, and (2) the reflected signal is buried in high
magnitude noise. The author also noticed that, very recent-
ly, researchers ** used millimeter wave radar techniques in
finding fruits behind leaves™ with relatively higher cost, lower
reflectivity on soft material surfaces, and the need for a special-
ized imaging system.

In this study, a method combining near-infrared (NIR) and
lock-in-amplifier (LIA) * in the image format is proposed
to address these issues. There are two sets of hypotheses. In
Hypothesis Set 1, “effective” means the method is effective in
detecting the presence of an object fully hidden behind leaves.
“Scenario 1”7 represents a scenario with a fully occluded object,
while “Scenario 2” represents a scenario without such an object.
In Hypothesis Set 2, “effective” means the proposed method is

better than the simple image subtraction method (the control
group) in detecting an object.

Null Hypothesis 1 (N1): If in more than 30% of the ex-
periments, the reflected NIR signal in “Scenario 17 is NOT
significantly different from that of “Scenario 27, then the pro-
posed method is NOT “effective”.

Alternative Hypothesis (AH1): If in more than 70% of the
experiments, the reflected NIR signal in “Scenario 1”7 is sig-
nificantly higher than that of “Scenario 27, then the proposed
method is “effective”.

Null Hypothesis 2 (N2): If in more than 30% of the experi-
ments, the percentage difference of the LIA technique is NOT
higher than the simple subtraction method, then the proposed
method is not “effective”.

Alternative Hypothesis 2 (AH2): If in more than 70% of
the experiments, the percentage difference of the LIA tech-
nique is higher than that of the simple subtraction method,
then the proposed method is “effective”.

The research conducted to validate those hypotheses con-
sists of three main parts. The first part is to select the diodes
with the best wavelength considering cost, product availabil-
ity, and optical properties on leaves and fruits. The second
part is to create an innovative, in-house testbed: the “emitter”
box (producing NIR signals modulated with the Pulse Width
Modulation - PWM), the “orchard” box (housing leaves and
fruit), and the “phone holder” (a stable base for a cell phone to
detect NIR signals and record experiments). The third part,
LIA in the image format, is the most innovative one. Software
for signal generation and data analysis was also developed.

The contributions of this study are as follows. As far as the
author knows, there are two technical contributions. (i) The
test apparatus can conduct experiments to validate the research
hypotheses despite costing much less than any optical equip-
ment in research laboratories. (ii) It is the first time a combined

© 2026 Terra Science and Education

DOI: 10.36838/v8i2.1



ijhighschoolresearch.org

technology of NIR and LIA has been tried in detecting fully
occluded fruits. On a broader scale, this research has the po-
tential to reduce labor dependence and enable more efficient
robotic operations in harvesting, yield prediction, etc. If com-
bined with different electromagnetic waves, this research can
benefit an even wider range of applications, e.g., robot motion
in off-road environments and medical imaging,' etc.

The paper is organized as follows. Firstly, I will discuss the
theoretical background, test apparatus, data analysis tools, and
experiments. Then, the experimental data and findings will be
shown. Discussions, limitations, and conclusions are given in

the end.

B Methods

Theoretical Background:

1. NIR photon particle propagation and detection

Figure 1 shows the sketch of how the NIR photon parti-
cles propagate in the custom-designed experiment apparatus
(discussed later). D, I, 4, and A4,, represent the detector
efficiency, initial NIR intensity, signal attenuation outside of
leaves, and signal attenuation inside of leaves. The leaf trans-
missivity, object reflectability, and leaf reflectability are denoted
by L, O, and Lg, respectively.” I, and Iy, . are the reflected
NIR signal intensity detected by the camera.
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Figure 1: NIR signal propagation. (Left) with a fruit fully behind leaves
and (right) no fruit behind. In this experiment setup, the PWM-modulated
NIR signals are emitted, and a camera or detector receives the reflected NIR
signals. There are two paths for the reflected signals: (i) directly reflected by
the leaves and (ii) transmitted through leaves and reflected by the fruit (left) or
leaves (right). Based on this experiment sketch, an equation can be derived to
determine the difference in reflected signal intensities between the cases with
and without a hidden fruit.

The NIR signal strength when a fruit is behind leaves, I, ,
is derived as

Ipm = D[(IOA?JI,LCLTZA!;TLOR) + (IOAcZJutLR )] (1)

which considers the NIR signal reflected directly from the
leaves and the NIR transmitted through leaves, bounced back
from the hidden fruits, and then transmitted through the
leaves again.

Similarly, the NIR signal strength when there is no fruit be-
hind leaves, I ,is derived as

Troue = D[(IOA%utLTZAL?nLR) + (IpASucLr )] 2)

Therefore, the difference between Iy , and I, , represented
by Al is derived as

Al = Ipyy — Ipoue = DIgL3 A% A7 (Og — Lg). 3)

One way to increase Al is to increase the initial intensity
1; therefore, 20 diodes are used based on the test apparatus
volume. Secondly, the wavelength with a high L, low Lg, and
a high Oj should be chosen. Based on the optical experiment,
the Gikfun® 940nm diodes were adopted (also low cost).

2. Lock-in amplifier in the image format

The LIA technique has been widely used to extract useful
but weak signals buried from large magnitude of noise that
with frequencies different from the reference signal.”® Figure
2 shows how the LIA method is customized in the image for-
mat for the custom-designed experiment. In the scenarios of
fruits being fully hidden behind leaves, as shown in Eq. 3, the
reflected NIR signal differences between the scenarios with
and without hidden fruits are very small.

The Arduino instructs the NIR diodes to emit a signal A4;
modulated with a PWM square wave in its Fourier series
Xiym; sin[(2i — Dot +¢] 77 Here, 4; can be I, (Eq. 1) or
Ir, , (Eq.2), w is the foundational frequency, # is the time, and
¢ is the phase angle.!” m, = 4/[x(2i — 1)] ,i=1, ..., n, is the coeffi-
cient in the Fourier series expansion with n harmonics."” The
detected signal S; is

Sy ={A; Xizym;sin[(2i — Dwt + pl + N} (4)

where Nyis noise (e.g., random, specific frequency). As shown
in Figure 2, the signal Sy goes through an average filter to
remove random noise, and is then multiplied by a reference
signal R (PWM) to output signal Sp. After that the signal SO
goes through a Butterworth low-pass filter (LPF),”® and the
remaining DC component is So;. As shown in the deriva-
tion in Appendix A, 47 equals Sp7. The equations used in the
custom designed experiment are shown in Appendix A. The
process of using LIA is illustrated in Figure 2.
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Figure 2: Signal flow chart in the experiments and data analysis. The NIR
diodes will emit NIR signals which are modulated by PWM. The camera
will detect reflected NIR signals. An average filter is first used to remove
random noise, and then the resultant signal modulated with the reference
signal through the LIA demodulation. After an LPF, the reflected NIR
signal is calculated. As shown in later experiments, this method is effective in
validating the alternative hypotheses.
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Test Apparatus:
The test apparatus went through five design iterations, and
only the final version is shown here.

1. NIR emitter box design:

As shown in Figure 3-left side, the “emitter” box produces
a NIR signal modulated with PWM, has an access point to
the Arduino and an external button to control signal starting,
holds all necessary circuitry, and reflects minimal light to re-
duce noise. The “emitter” box is based in a 25.38x17.77x17.77
em?® wooden box, and 20 holes were drilled on one side for
the diodes. The circuits are controlled by an Arduino Mega®.
A button is present for controlling the signal’s start. Each of
the 4 breadboards connects with five diodes. The diodes are
arranged in two circles (Figure 3-right side). The inner circle
has 8 diodes, and the outer has 12 diodes. This pattern was de-
termined by considering the limitations coming from size and
volume constraints of the emitter box, diodes, and wires. To
minimize reflected light, all exterior surfaces except the back
were painted black. On each breadboard, one side hosts two
diodes and the other hosts three. For the side with two, since
each diode requires 1.2V and the Arduino outputs 5V, 2.6V
is taken by the resistor. Since the diode’s working current is
30mA, an 87Q resistor is needed for that part of the circuit.
Following a similar calculation, the resistor used in the 3-diode
circuit is 47€). Since the legs of a diode were too short to reach
the breadboard, soldering jumper cables is required.

2. Orchard box design and phone holder:

The “orchard” box must house leaves and fruit and keep
them in their spots during an experiment, as well as minimize
light reflection. Thus, the “orchard” box, shown in Figure 3
(left side), has three horizontal lines of string across the front.
The topmost is where leaves are attached; the other two pre-
vent the leaves from curling inward. Behind them is a raised
platform, where the object is placed. The orchard box inside is
covered in black foam to minimize light reflecting off it.

The “phone holder” needs to provide a low-cost, stable base
for a cell phone to detect reflected NIR signals and record ex-
periments. As such, it is built of plastic building bricks. It is
hollow in the middle, for holding and steadying the cell phone
to keep it in the same place while recording in different exper-
iments. The cell phone’s brightness is set to the minimum to
avoid emitting excess light.

Emitterbox Leaves Fruit °

940nm diode

Button Phone holder
Orchard box

Figure 3: Test apparatus (left) and the layout of diodes (right). On the left,
the test apparatus includes an “emitter” box for NIR signal generation, an
“orchard” box holding leaves and fruit, and a phone holder to support the
camera. On the right, there are 20 NIR diodes arranged in two concentric
circles to increase the signal intensity. As a result, the apparatus is efficient and
low-cost, and can be easily made from materials found around the household.

Data Analysis and Software:
About 1,600 lines of code (six codes) were programmed in

Arduino® and MATLAB®.

1. NIR signal modulated with PWM:

(Code 1) The Arduino® code is to instruct the diodes to
emit NIR signals modulated with PWM (6 seconds or 10
seconds, with 10 periods for each experiment). The signal is
turned on by pressing a button to sync signal generation with
video recording.

2. Data analysis tools:

(Code 2) Before the data analysis tools are applied, three
signals (fruit in and out NIR signals and the PWM reference
signal) should be synchronized. The data retrieval code ex-
tracts the RGB values of pixels and takes each frame’s average
RGB values, acting as an average filter.

(Code 3) The first data analysis method is the simple sub-
traction method, serving as the “control” group. This method
simply subtracts the image without a fruit from the image with
a fruit. Code 4 and Code 5 are for the LIA and the LIA with a
Butterworth LPE.*® Code 6 is to implement a dual LIA meth-
od with LPF, and interested readers can find how a dual LPF

works.?

Experiments:

1. Leaf and fruit optical properties experiment:

The optical property experiment was conducted at a Uni-
versity of Central Florida laboratory using an Evolution 220®
spectrophotometer following the procedure in Figure 4. Ac-
cording to the experiment results and following Eq. (3), the
940nm wavelength diodes were selected.
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times
conduct test
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step 6 four preparation and test apparatus
times conduct test setup

Figure 4: Procedure of leaf and fruit optical property experiment. The
procedure follows the guideline of the instrument, and experiments were
conducted to check the reflectivity and transmissivity of fruit and its
corresponding leaf. It was found that the 940nm wavelength diode would be
ideal, because (i) for leaves it has relatively low absorption and reflectability, and
high transmissivity, and (ii) for fruits it has low absorption and transmissivity
and high reflectability, in addition to being low-cost.

2. Experiments of detecting fully covered objects:

As shown in Figure 5, first, obtain enough leaves to cov-
er the front of the “orchard” box and a fruit. The leaves are
taped to the topmost string, and the fruit is placed on the plat-
form. Next, the “emitter”, “orchard”, and “phone holder” are
arranged properly, with 2.54 cm or 0 cm of distance between
the “emitter” and “orchard” boxes, with the “phone holder”
wedged between the two. The computer is then connected to
the Arduino, and the PWM signal period is set to either 6 or

10 seconds. Both the record button and the signal start button
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are pressed at the same time to start. Once 10 periods are over,
stop the phone recording. Now, remove the fruit and repeat the
process. Each experiment consists of two scenarios: one with
an object fully covered by leaves and the other without such an
object; and this is counted as one independent replicate.
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Figure 5: Experiment procedure of detecting fully occluded fruits. As shown
in the results below, the experiment procedure is effective at validating the
alternate hypotheses.

B Result and Discussion

Experiment Data:

A total of 178 experiments were conducted over 20 weeks,
and 356 videos were collected. However, not all of them were
used, as some were invalidated due to an experiment setup
error causing high amounts of ambient noise, while incorrect
types of leaves were used in other invalidated experiments. In
the end, 134 experiments and their 268 videos were used in
the data analysis.

Experiment Results:

Table 1 shows the number of experiments that fulfill the re-
quirements of AH1 (a), AH2 (b), and both (c), respectively, in
the format of (a, b, ¢). For example, (36, 37, 34) represents the
number of experiments using tomato fruit that validated AH1,
AH2, and both, respectively. In 107 out of 134 experiments,
both alternate hypotheses are validated (Table 1).

Table 1: Successful experiments in validating the alternate hypotheses.
Experiments were conducted for four settings: PWM periods (6s or 10s) and
the distance between “emitter” and “orchard” (Ocm or 17 (2.54cm)). A total of
134 experiments are shown here. The number of experiments that can validate
AH1, AH2, and both are listed in the form of (a, b, ¢), respectively. Both AH1
and AH2 are supported because the percentages of the successful detections
are above 70%.

Experiments (AH1, AH2, Both)

Scenarios 1" 6s 1"10s 0" 6s 0" 10s Total
Tomato (11,11,10)| (8,8,8) |(10,10,9)| (7,8,7) |(36,37,34)
Tomato peduncle (6,6, 6) (6,6, 6) (4,6,4) (6,6,6) [(22,24,22)
Cucumber (9,10,7) |22, 15, 14) (12, 8, 8) [(14, 14, 14)|(57, 47, 43)
Cucumber peduncle (2,2,2) (2,2,2) | (2,2,2) 4,2,2) (10, 8, 8)

The following figures show the detailed experiment results
of different fruits and different experiment configurations. In
Figures 6 and 7, it is obvious that the LIA methods extracted
significantly higher signals as compared to the simple sub-
traction method when a fruit is there. However, the difference
between when peduncles are there or not is not obvious (Fig-
ure 8).
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Figure 6: % increase of reflected Figure 7: % increase of reflected NIR
NIR (2.54 cm distance, 6s period) (2.54 cm distance, 6s period) with a
with a tomato fruit. As compared cucumber. Similar findings are found
with the control group (using the as in Figure 6.

simple subtraction method), the

LIA methods have larger percentage

increases when there is a fully hidden

fruit.

Figures 9 and 10 show the overall detection rates of differ-
ent fruits and peduncles. The detection rate for tomatoes is
above 87% (Figure 10) as compared to above 48% in the con-
trol group (Figure 9), signifying that the proposed method is
more effective. In addition, since the peduncle detection rates
are below 20%, the proposed method can differentiate between
fruits and peduncles.

Statistical tools are used to analyze results. In Figures 11 and
12, the mean values in both the control and experiment groups
are positive and mostly above 1% when detecting hidden fruits,
meaning AH1 is supported. In addition, the mean value bars
are located higher when using the LIA method as opposed to
the simple subtraction method, supporting AH2. Those obser-
vations are not obvious when peduncles are used, meaning the
proposed method can tell the difference between fruits and pe-
duncles. The trend in standard deviation values in those figures
is similar for both control and experiment groups. However,
that is because in this custom designed experiment scenario,
the majority of noise is random noise, which is filtered out by
an average filter used in both SSM and LIA methods. Thus,
their standard deviation trends are similar. However, since the
LIA method can remove noise with frequencies different from
the reference signal, its results are slightly better, and thus AH2
is supported.
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Figure 8: % increase of reflected NIR (2.54 cm distance, 6s period) with
tomato peduncles. Null hypotheses are supported because the percentage
difference between the control group (the simple subtraction method) and the
proposed LIA method is not significant. However, this is as expected, since it
means that the method can differentiate between fruits and peduncles.
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Figure 9: The overall success rate of
the simple subtraction method. The
detection rate in hidden fruit cases
is significantly higher than those of
peduncle cases.
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Figure 11: Mean +/- standard
deviation percentage increase of
reflected NIR (simple subtraction).
The mean values of signal percentage
increases are 0.96% and 2.81%
for tomato and cucumber -cases,
respectively, meaning AH1 is
supported.
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Figure 10: The overall success rate
of the LIA method. The detection
rate when using the proposed LIA
method is much higher than those of
the simple subtraction method, which
validates alternate hypothesis 2.
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Figure 12: Mean +/- standard
deviation percentage increase of
reflected NIR (LIA). As compared
with the control group, the proposal
LIA method can achieve a much
higher signal percentage increase.

The following figures show the t-test between the simple
subtraction and LIA methods. In both Figure 13 and Figure
14, the t-stat is less than the negative t-critical two-tail, mean-
ing that LIA is better than the simple subtraction method,

rejecting N2 and supporting AH2.

Hypothesized Mean Difference 0.01

Hypothesized Mean Difference 0.01]

t Stat -8.10701

t Stat -3.92496

t Critical two-tail 3.588363

t Critical two-tail 3.586372

t Stat < t Critical two-tail (negative),
soreject NULL

t Stat <t Critical two-tail (negative),
soreject NULL

Figure 13: T-test for the simple
subtraction and LIA methods
(tomato). Here, the t-stat value
(-8.10701) is less than -3.588363,
meaning N2 is rejected and AH2 is
supported.

Figure 14: T-test for the simple
subtraction and LIA methods
(cucumber). Here, the tstat number
(-3.92496) is less than the negative
t-critical two tail value (- 3.586372).
Therefore, AH2 is supported and
N2 is rejected.

The following two figures (Figure 15 and Figure 16) show

the ANOVA tests between different experiment configura-
tions: namely, 2.54 cm-6s,2.54 cm-10s,0 cm-6s,and 0 cm-10s,
for the simple subtraction and LIA methods. In both figures,
the F value is not larger than the F critical value, so there is no
statistical difference. This means that the small distances and
periods do not have a major effect on the performance of the

proposed method.

F-value Fcrit F-value F crit
0.664104 3.496675 3.333172 3.496675
0.466751 5.518999 2.345010 5.518999

Fvalue is not > F crit, so there is no
significant difference.

F value is not > F crit, so there is no
significant difference.

Figure 15: ANOVA test for the
differing distance and period for
simple subtraction. The results mean
that minor distances and differences
in the period of the PWM signal
do not have a major effect on the
accuracy in the control group.

Figure 16: ANOVA test for the
differing distance and period for the
LIA method. The results mean that
minor distances and differences in
the period of the PWM signal do not
have a major effect on the accuracy
in the proposed LIA method.

Discussions, Limitations, and Future Work:

According to the results, the reflected NIR signal in “Scenar-
io 17is higher than that of “Scenario 27, as the total difference
in percentage between them is 2.67%, so AH1 is validated. In
most experiments, the difference in the reflected NIR signals
is more prominent when using the LIA method as opposed to
the simple subtraction method, as the difference percentage
for the LIA method is 3.46% compared to the simple subtrac-
tion method of 1.88%, so AH2 is validated.

However, there are some limitations. (i) The “orchard” box
cannot completely imitate actual conditions. Future work in-
cludes adding more layers of leaves. In addition, fruits and
peduncles could be shown at the same time. (ii) In the current
experiment setup, ambient light is not fully blocked, which
may cause minor errors, which can be addressed by adding a
band-pass filter. (iii) Due to the sub-optimal quality of the
current camera, further investigation into a better NIR detec-
tor will be conducted. (iv) Three statistical analysis methods,
those being mean/standard deviation, t-test,and ANOVA test,
are used in this study. More statistical methods will be used for
comprehensive analyses in the future work. (v) In this study,
only the SSM method is considered in the control group; and
in the future, other information processing method could be
investigated and compared with the proposed LIA method.

B Conclusion

This research studies a combined NIR and LIA method to
detect fruits fully hidden behind leaves. A very low-cost test
apparatus was designed and built, using which 134 valid ex-
periments were conducted, yielding 268 videos. Both AH1
and AH2 are supported by experiment data. The t-test shows
that the proposed LIA method is effective in detecting ful-
ly occluded fruits than the SSM method. This research can
significantly enhance farming operations’ efficiency, such as in
harvesting and yield prediction.
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® Appendix A
The LIA equations relating to a sinusoid reference signal
can be easily found in literatures.” The procedure in obtain-
ing the LIA equation with a PWM reference signal is briefly
explained here. As shown in Figure 2 (the custom designed
experiment testbed), the signal A; (with noise) goes through an
average filter to remove random noise, which becomes S;. Then
it is multiplied by a reference signal R (PWM) as
So =Sk = {4, Zl]ﬁsin[(zi — Dot + ] + N,}{Z:;lﬁsin[(zi ~ Dat]} (A1)

4 o o 1 " 4 o 1.
= O E155, Dierns,. sin(not) sin(mat) + 2N (6) ey g5 2 sinmt
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In Eq. (A1), the second term will be removed by a low pass
filter to obtain its DC component Sp;. This DC component is
the same as the reflected signal without noise, meaning 4=8¢;.
This result is well known; however, the detailed derivation
seems not readily available in open literature. Interested readers
may reach out to the author for the detailed derivation.

Note 1: The constant coeflicient in A=8,; does not affect the
arguments in the Section of “Results and Discussion,” as the
results are based solely on the ratio.
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