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Abstract

Unmanned Aircraft Systems (UAS), also known
as drones, are capable of autonomously
carrying out an increasing number of duties
with substantially greater efficiency compared
to human intervention. UAS researchers aim to
enhance the Ilevels of safety, mission
effectiveness and autonomy, as well as explore
additional capabilities. Crop health monitoring
is a very promising application of UAS as the
early detection of plant diseases can supplement
traditional crop monitoring techniques (such as
visual observation) to support timely mitigation,
thereby offering substantial benefits to crop
yield and quality. This paper presents new UAS
borne Electro-OpticdInfrared (EO/IR) systems
based on bistatic Light Detection and Ranging
(LIDAR) for early detection of crop diseases.
The proposed bistatic LIDAR system measures
over extended observation periods above the
crop canopy anomalies in carbon dioxide (CO,)
concentration  potentially associated with
disruptions in the plant photosynthesis. In
particular, this paper discusses the application
of the bistatic LIDAR to the early detection of
powdery mildew in strawberry crops and
presents the initial modelling and simulation
activities performed to predict the sensor
performance. Based on the results of this
analysis, a plan for future experimental
activitiesis also devel oped.

1. Introduction

variety of remote sensing technologies have
therefore been developed to characterise the
spatial and temporal evolution of diseases,
weeds and pests over wide areas. Remote
sensing is advantageous to conventional manual
assessment techniques as it does not require
physical proximity to the individual plants [1].
Modifications in pigment, nutrient, gas
exchange, water uptake, cell structure and
chemical concentrations are affected by the
presence of diseases and thus can potentially be
exploited for remote sensing. Current remote
sensing technologies can detect and evaluate
crop stress from variations in the spectral and
shape characteristics of canopy, which are
influenced by biotic and abiotic stress agents.
For instance, canopy reflectance variations can
be induced by pests and diseases, inducing
variances in colour and temperature of the
canopy which can be detected across the visible
and infrared spectrum [2].

The utilisation of remote sensing for
assessing crop diseases has been researched
since last century. Specifically, in the 1950’s,
the presence of certain cereal crop diseases was
detected using infrared photographs [3]. In the
1980s, crop conditions were also estimated by
aerial photography [4]. In these studies, broad
spectral bands were recorded by airborne
cameras on analogue films. Remote sensing
technology has evolved significantly ever since.
Plant pathogens have been observed and
guantified by many spectroscopic and imaging
techniques [5-8]. These sensors have been used

Agricultural crops are affected by a variety g igentify changes in plant physiology as early-
of plant diseases, weeds and pests that cause @etection of disease, i.e. visible (VIS)/multiband

remarkable yield loss and quality_ degradations. spectroscopy [9], multispectral or hyperspectral
Crops can be protected from diseases, Weedsimaging [10, 11], fluorescence spectroscopy

and pests by pesticides, which increase costs[12] infrared (IR) spectroscopy [13] and
and the risk of toxic residues in the products. A fj,orescence imaging [14]. Satellite platforms
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equipped with enhanced spectral and/or
radiometric detectors offer much greater
capabilities. Satellite remote sensing is however
costly and does not offer the sufficient time and
space resolution to timely detect small outbreak
areas. Therefore, a great opportunity
emerging for Unmanned Aircraft Systems
(UAS) to perform less-expensive and better-
resolution mapping.

The aim of this research is therefore to
develop UAS-borne remote sensing techniques
for early detection of crop diseases. To support

the sensor design and integration on a suitablePrOCESSES.

UAS, various numerical and experimental
activities are planned in controlled conditions to
identify the most suitable combination of
sensors/systems  for  specific  diseases.
Subsequent ground and flight test activities will

support a full system validation in real
conditions and test/training on actual
plantations.

1.1. Strawberry powdery mildew

Most of the literature on early detection of
plant diseases focusses on Multispectral and
Hyperspectral Imaging (MSI/HSI) techniques
due to technological maturity. These two
methods focus on the differences in the spectral
signatures of infected and healthy plant leaves.
However, there are a significant number of

major diseases that cannot be detected at earl;)N

stages due to the similarities of spectral
signatures. Powdery mildew (PM) is one of the
major diseases on strawberry crops in Australia,
which cannot be timely detected by MSI/HSI,
causing significant yield damage or extensive
spraying of fungicides. PM fungi is initially

located on the abaxial leave surface and takes

roughly 6 days after inoculation (DAI) to

completely cover the adaxial leave surface [15].
The photosynthesis process is carried out by
plants to produce food and energy for their
growth and cellular respiration. Photosynthesis
is carried out by chlorophyll, which is

responsible for the green colour of plants. In

infected plants, the green parts are damagedmethod

and/or faded, so that the plant reduces its
capability to uptake CO In the case of PM,
fungus filament may enter the stomata and

FOR EARLY-DETECTION OF PLANT DISEASES
FROM UNMANNED AIRCRAFT

block up the entrance of GOso photosynthesis
is reduced [15]. Therefore, by measuring ,CO
concentrations it is possible to early-detect
strawberry PM.

CO, up-take by plants

Sources and sinks of GOn a crop are
carefully taken into account in this project,
because they possibly indicate plants stress on
canopy, symptomatic of PM and other diseases.
CO, concentrations around the canopy are very
dynamic due to diffusion and turbulence
In field conditions, O
concentrations around the canopy are
significantly lower than the atmospheric sea-
level averages during photosynthetic activity
periods (sunlight) and usually higher than
average outside these (night-time) [16-20]. Leaf
Area Index (LAl) and foliage density impact
below-canopy C@profiles noticeably [21]. Soll
and vegetation respiration processes lead to
increase below-canopy GQconcentrations in
night-time [22]. Moreover, the air around the
canopy is regularly refilled with drier air during
night-time, reducing the water vapour below the
canopy. The complex interactions of the sail,
vegetation and boundary layer atmosphere are
the reason of dynamic and progressive changes
in CO,/H,0 concentrations within the canopy.

In Prueger et al. [22], average £@uxes
ere measured in three days within 30 minutes
over corn and soybean from three different
periods during the growing season (16 June, 17
July and 17 August 2002). Positive £fuxes
(away from the surface) normally happened
daily with two periods of time, i.e. from 0O to
about 700 CST and from 1700 to 2400 CST,
corresponding with night plant respiration.
Whereas, negative GQluxes occurred during
the remaining time of day relating with main
sinks.

2. Bistatic LIDAR system concept

Light detection and ranging (LIDAR)
systems have been proposed as a very viable
to remotely sense atmospheric
constituents because the characteristics of the
laser beam at the receiver can provide
information on the medium through which the
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laser passed. The Differential Absorption sources also affects the bistatic LIDAR Rx (Fig.
LIDAR (DIAL) measurement principle, 1). However, the DIAL principle allows
extensively used for remote sensing, exploits the neglecting these parasite factors as they affect
wavelength-selective absorption properties of both wavelengths used by the system.

molecular species [23, 24]. Most common In this project, only the Cconcentration
DIAL systems are monostatic, but these rGQUire is measured by the bistatic LIDAR. Gas
complex and expensive components to detect chromatography (GC) devices are used to
the very weak back-scatter by aerosol particles. measure the concentrations of other molecular
For this research, we therefore focus on the concentrations including oxygen £Q nitrogen
bistatic LIDAR developed in preViOUS research (NZ) and water vapour (;_lﬂ)) Experimental
[25, 26], which is a cost-effective solution that activities are conducted under different
can be integrated on small drones for early conditions (for example moisture) to build an
detection of crop diseases. However, the extensive database, as the particular variations
extension of this method to the agricultural in CO, concentrations associated with the PM
sector was not evaluated and in particular for gisease may be affected by other factors. The
measuring C@ concentrations associated with continuous monitoring by the UAS bistatic
photosynthesis and respiration. LIDAR allows to properly mitigate the
The proposed bistatic LIDAR system s variability in the field conditions due to
conceptually depicted in Fig. 1. The bistatic advection and turbulence processes, so to obtain
LIDAR has transmitter (Tx) and receiver (Rx) reliable measurements.

separately at a certain distance. The Tx of the o

bistatic LIDAR normally emits a continuous 2-1. Measurement principle

wave or pulsed laser beam of precisely known The transmittance coefficient is affected by
power characteristics. The bistatic LIDAR Rx absorption and scattering of molecules and
measures the amount of laser energy thatgaerosols along the transmission path, and can be

reaches the RX, which is less than the emitted calculated based on the Beer-Lambert's law as
LIDAR  radiation  because  atmospheric given by:

molecular/aerosol concentrations absorb or p
scatter the radiation. = RX _ — [ y@az 1)
PTX
where Ry is the transmitted beam powegxHs
the received beam powey, is the attenuation
/ coefficient, 4 is the wavelength of the
transmitted beam ardis the distance along the
transmitted path. Assuming the superposition
principle,y(z, 1) can be expressed to separately
— . account for the attenuation effects of different

. ‘u.?g_f\ aerosol and molecular species, as:
X f —
YA = ) i) 1)
i

2
Atmospheric factors =—> [@

Fig. 1. Overview of the bistatic LIDAR system copte wherey; (1) 'S_the CrossfgeCt'on_aM(z) is the
and parasite irradiance contributions volume density of thel™ species. However,

(including background). measurements based on (2) assuming a
homogenous medium are inaccurate because
Generally, the power of a transmitted laser collision-induced absorption (CIA) and second-
beam is attenuated and scattered by theorder scattering effects introduce measurement
atmosphere before it is received by the detector. errors. Hence, it is essential to determine these
Direct and scattered light from the sun or other extra impacts to accurately measure the, CO
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concentrations. The equation is nonetheless molecular cross-section on wavelengths and
used for most of the system design activities. In temperature based on HITRAN data. The
particular, the DIAL technique is based on two maximum cross-section decreases linearly with
predefined wavelengths, selected based on theincreasing ambient temperatures.
response of measured atmospheric constituent.

The first wavelengthlon, is selected in relation i ==
to one major vibrational band of the molecular e
species being measured. The second - Spctttion
wavelengthorr, is selected in proximity to the

first, but outside the vibrational band of the
molecular species, in order to maximise the
difference in molecular cross-sectiofw) =
Y(don) —¥(Aprr). Therefore, the relation
between transmitted energy associated with the
on-transmissionzfy) and the off-transmission
line (torr) for determining the C© L TRSEEE R e s T R

concentration is [27]: Warsrgin )
Fig. 2. Cross-Sections of G@nd HO

12F

Cross-Section [cm?ﬂmobaculej

Ronjorr 2 Ton _ in the selected near-infrared range.
ToFF (3)
%1021
- e—[1/J(/'101\1)—1/J(/'101~‘1-*)]'fozTlco2 (2) dz 18 ' ————
. . 14 T=10"%| |
Hence, for an ON/OFF beam pair with the same T35 0

T=20%| |
T=25"

path lengthz and transmitted poweP;y, the
average C@ concentration IVCOZ) over the
beam column can be determined using the
following equation:

08|

0.6

N = —In[ton/TorF]
€02 " g [ (Aorr) — Y (Aon)]

4 02} ‘
_ In(zopr) — In(Ton) ) J/ ‘ ‘ \\

04

002 Cross-Section [cmz.’molecule]

VA Al/) 1592.656 1572.658 157‘2‘66 1572“662 1572.664 1572.666

Wavelength [nm]
Wher?‘/)(AOFF) andlp(’l_ON) are Se_leCted In th_e Fig. 3. Molecular cross-section as a function of
near-infrared band using the High Resolution wavelength at different ambient temperatures.

Transmission (HITRAN) database 2012 edition,
which was also used to determine the cross- 2.2. Uncertainty analysis

sections of other atmospheric constituents, the 5, analysis was conducted to determine the
most important of which is water vapour,®). effect of various design parameters g, ,
2

The selected wavelengths are shown in Fig. 2, . ) . ;
g g which dictates the maximum achievable

wherel,y is depicted as a blue line ahgly is . .
indicated by an orange line. At typical resolution of the systenw,, is dependant on

atmospheric concentrations, the cross-section of the accuracy of the receiver; is dependant on
H;O (green lines) is considerably smaller than the accuracy of the navigation system and
CO, one (red lines). In addition, the spectral range-finder/distance measuring equipment on-
bandwidth of the laser source (black dash-dotted board the UAS; ando,y, is dependant on
line) must be narrow enough to cover lambda fluctuations in ambient temperature, as shown in
loy and A,z Separately and any excess in Fig. 3 above. Based on this figure, a linear
bandwidth is to be considered a measurementrelationship was assumed betweft,, and
error. Fig. 3 shows the dependence of,CO temperature T (in degrees Celsius), given by:
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Ao, = £6.135- 10728 - AT (5) ad —
: , _ . v L e o
Therefore, given a range of sigma T, sigma psi M3 x o, lom] =04
can be determined from (5). There is also  =sr: R e
inverse relationship between these two 3p .
parameters. Based on Eq. (4), the uncertainty in ¥ | &
the measured Groncentratiowy,, Is: E |
S 20 -
1 & A .
z " Mo (6) AR
-JA% + B2 + (2 + D2 o el
0545 g g
where 100 e |
A _ 1 l 100 200 300 400 500 600 700 800 900 1000
- O-TOFF : TOFF - n(TON) z [em]
1 Fig. 4. Uncertainty in C@concentration as a function of
B = o, (ln(TOFF) - 1:_> laser beam length and accuracy of the range finder.
ON

) In(ton) — In(toFr)

C=o, 3. Modédling and smulation
z
In(ton) — In(Topr) Further analysis was performed to determine the
D = opy - a9 effectiveness of the DIAL technique to

o o o o 5. and ... are differentiate between healthy and powdery
Neop' “Ton® TTorrr TPrxr Tz T FAUG 9 mildew-infected strawberry plants. For a
uncertainties in C@ concentration, recelveq healthy plant, the rate of photosynthesis can be
power, beam column length and absorption yeiermined from the COflux as a function of
coefficient cross-section, respectively. We photon irradiance and ambient €O
assume that the receiver characteristics do Nnot.,,centration. Based on curve fitting of the data

vary ~among the two narrowly-spaced i, 1og] the rate of photosynthesis is given by:
wavelengths, so thatop, on = Opy, oFF = ¢ = exp[p, + p, 10g(E) + ps log(C)

Opg,- Moreovero.  ando. . are: + p, log(E)? ©)
o _ GPRx ’ + _ UPTx,On ' Peron z (7) + pS log(E)zlog(C)
ToN PTx,On PTx,On + p6 lOg(C) ]

> . > 5 where C is the CQ flux (umolm=2s71), C is
Cegpp = J("L) N (_M> (8) the ambient C@concentrationymol), E is the

Preoss  Preoyy ~ photon flux density gmolm=2s~1') and
The uncertainty analysis highlights that there is py = —5.49, p,=0739, p;=112, p,=

an inverse relationship betweeny,, and —0.0923, pc =0.149, p,=—0.136. The

(z - AY;), which implies that a larger difference maximum solar irradiance varies as a function

in molecular cross-section between ON/OFF of the time of day, and can be approximated

beams and a longer beam both contribute with a generalized bell function using data from

towards reducing uncertainties in the measured [29]:

CO, concentration. Generally, as depicted in _ e

Fig. 4, a good precision in G@oncentrations TOD — q5|*% (10)

measurements can be achieved by increasing the 1+ |T|

laser beam length while maintaining a where TOD is the time of day ang = 5.33,

sufficiently high precision of the on-board UAS ¢, = 4.65, q; = 12.7, q, = 2052. Due to the

range-finding system. effect of cloudiness and haze, the field
experiments will rely on an in situ measurement
of the solar irradiance. In addition, based on
[15], it is assumed that the rate of
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photosynthesis of infected plants follows the of 411 ppmV [30], Fig. 5 shows the simulated

linear relation given by: CO; flux for healthy and inoculated plants. As

Cinfected _ seen from the figure, significant differences in

n=F = min(r; - DAl +1,1)  (11) CO, fluxes can be seen three to four DAI. The
healthy

technique provides more rapid detection
compared to other techniques, which are
typically able to pick up symptoms of the
disease from 6 DAI.

where n is the ratio between the rate of
photosynthesis of inoculated plants relative to
healthy plants, DAI refers to the number of days
after inoculation andr; = —0.0392, r, =
1.066. Assuming an ambient G@oncentration

35
e = = =5 =y
Nr.n 30 r ||' || i II {____\ (,—_ \ m | m| | Ir_\ll
= | | || || J 'I \|| ||." '_'“‘]|| .l || || || | || I|
SN ol || | | | I ! I' ||II \|I| ['F___\| ||If__ \ | |
| i |
g [ | | | l ’ || | I '|,| |f \”
= | | | | \I |‘ ‘I |
® 15 | | | J a 'Il I|
g1 |
S 1w - |
E e ]
B 4L || I| ! ' ‘ Healthy
h: | | |'I I| | l'. |'I [ Innoculated
o /l \yJ ll‘al/J Ay Wi L I | I Nt \
] 1 2 3 4 i) i T g 9 10

Days after innoculation

Fig. 5. Expected C&Xluxes for healthy and inoculated plants as ationoof the number of days after inoculation.

4. System development and verification the variations at day and night, in order to

The bistatic LIDAR system is designed in order confirm the greenhouse results.

to measure C@Oconcentration with a resolution
of 0.1ppmV over strawberry canopies in the
field for detecting PM disease. Initially, . o
laboratory experiments are carried out to Initially, lab activities are conducted to
calibrate and determine the resolution of the characterise the bistatic LIDAR system, which
system. This activity is carried out in 0.122m Shall achieve a resolution of 0.1 ppmV in the
long sealed sample cell using mixture of £O intended  operational  environment (i.e.,
and N only as this allows determining the CIA strawberry field). Vanous. Cg)concentrat_lons
effects between these two gasses theoretically.aré needed to characterise the resolution and

experiments in the greenhouse with one or under controlled conditions. An adequate ;,CO

multiple plants in a real but controlled diluti.on process  was therefore desigqed to
atmosphere. The activites of lab and obtal_n different sub-ppmV CQOconcentrations
greenhouse are made under controlled fanging from  350ppmV  to  450ppmV
temperature, humidity and pressure conditions. (corresponding to typical atmospheric values)
The bistatic LIDAR is successively integrated from & 1000 ppmV reference. .

on the UAS for field activities with designed The Tx emits specific wavelength (ranging from
mission profiles. The final development 1572.38 nm to 1572.98 nm) with a preselected
activities are undertaken in the field during Pulse repetition frequency towards the

are aligned on both sides of gas cell that is

4.1. Laboratory calibration and sensitivity
analysis
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0.122m long and is equipped with Sodium Measurement Units (IMU), Global Navigation
Chloride (NaCl) windows with very high Satellite Systems (GNSS) with altitude and
transparency in the infrared. The laboratory airspeed, baro-altimeter, airspeed sensors,
experiment is used to determine the resolution atmospheric humidity and temperature sensors.
of the system by lab-cell-detector system. The The system diagram is illustrated in Fig. 6. A
parameters that are considered in the gas cell aregimbal supports the Tx onto the UAS with pitch
isolated mixture of C®and N, in which the and yaw steering of the laser beam towards the
attenuation coefficients include absorption Rx. The bistatic LIDAR Tx emits laser pulses
cross-section of COand N and CIA of CQ with fixed repetition rate, alternating between
and N as calculated from [31]. The bistatic on and off-absorption wavelengths.

LIDAR Tx and Rx are set up as close as

possible to the sample cell windows with fixed Gimbal (UDAR Tx ) Lasor beam
distances. The tank with the#O, mixture Navigation | Location ‘
(350ppmV, 351ppmV, 352ppmV,...450ppmV) Atzsc:se;:eric
is connected to one valve of the gas cell, the \| sensors [0 gy

—— o —————

other valve of the gas cell is free to release the UAS ——— (TIDARR)
purged gas from the gas cell to the environment. remperature rocessing to
Initially, nitrogen-only is used to flush the gas Humidity Determine CO,
cell and its reading (concentration) is measured and pressure concentration

by the bistatic LIDAR system.

Ground-station

4.2. Greenhouse experiments Fig. 6. UAS system diagram.

A custom chamber is designed Wit_h SPECIfic The YAS mission is planned for a maximum of
dimensions and components, according 10 [32]. oy flight path and a cruise speed of 2-5 mis.
Two uncoated fused Silica broadband windows o JAS will be operated at three altitudes (0.2,

are aligned and sealed on both_ §ides of the1 and 2 m) above the strawberry canopy. The
chamber. A temperature and humidity sensor is optimal flight pattern depends on the number of
used to track the current temperature and g, nd-based bistatic LIDAR receivers and a
humidity during the experiments. Two three- gagicated study will be performed to ensure that
ways stopcocks are sealed on the top of the g reqired spatial and temporal resolution of
chamber. A syringe, a needle and a glass vial o monitoring are achieved. Fig. 7 depicts the
are used to collect the gas sample. A CompUterperimeter pattern that can be flown around a
fan is activated to mix the air in the chamber. single ground-based receiver, which however

The length (width) of the chamber is: z=0.6m qeq not allow inferring the 2D location of a PM
(from emitter to detector), and the volume is g yreak.

242.4 L. The chamber covers a pot of healthy or
inoculated plant to measure g€oncentrations
above canopy in extended period of time from 1
DAI to 10 DAI in day and night-time. The plant
disease can be early detected by tracking CO
concentration during this period.

4.3. UASintegration and flight testing

The selected UAS is a hexacopter custom-
designed and assembled by RMIT, with
capabilities of automatic take-off, landing and
flight with a user-based set of flight patterns.
The maximum payload is roughly 2.5 kg Fig. 7. Proposed strawberry field monitoring patter
yielding 20 minutes of continuous operation.

The UAS is also equipped with Inertial
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The main tasks during each UAS flight are:
flight pattern selection, take-off, path following
and data acquisition, landing, data downlink and [3]
post-processing. Time, 3D position and attitude
angles as well as atmospheric conditions
(humidity, temperature and pressure) are
recorded by the on-board computer system.

[4]

Conclusions

[5]
The article presented the initial design and error
budgeting activities carried out in relation to a
novel bistatic LIDAR system for early plant
disease detection. Compared to multispectral
and hyperspectral imaging techniques, the
bistatic LIDAR system enables the detection of
anomalies in the gaseous concentrations around[z)
the plants, symptomatic of the presence of a
disease. The uncertainty analysis and the
modelling and simulation activities presented in
this paper demonstrate that the required sub-
ppmV resolution can be achieved in a variety of [8]
realistic  environmental and  operational
conditions. Further work will address the
experimental characterisation and calibration of
the system in the lab and in a custom built
chamber, as well as ground and flight tests in a
strawberry field. Lab tests will be carried out
using mixtures of C® and N to allow
determining the resolution and sensitivity of the
system and an accurate calibration of all
components. Successively, experiments will be
carried out with a custom built chamber
covering healthy and inoculated plants. Finally,
a UAS platform integrating the bistatic LIDAR
transmitter, air temperature and humidity
sensors and a low-cost, weight and volume
navigation and guidance systems (NGS) based
on Differential GNSS Time-and-Space-
Position-Information (TSPI) [33Will be flight
tested in a strawberry field in different
atmospheric conditions.

[6]

[9]
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