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ABSTRACT

Leaf Area index (LAI) is an important parameter used as input in many biological, ecological and
environmental modelling processes. As such , accurate estimation of LAl is a critical step in these process.
Estimation of LAI from gap fraction measurements using indirect methods is widely implemented at the
viewing zenith angle (VZA)57.5°, when it is independent of the leaf inclination angle. However accurate
estimation of this angle remained a problem leading to uncertainties in LAI estimation. The purpose of
this study was to evaluate the possibility of improving of LAI estimation by a measuring view zenith angle
(VZA) correctly and assessing whether the use of a smartphone motion sensor can be used to improve its
measurement. In-order to achieve this the smartphone motion sensor application was tested against a
digital inclinometer device to measure the attitude for capturing a maize canopy. The sensitivity of LAI
over varying VZA angles was also tested as well as the effect of removal of senescing canopy materials
from LAI measurements.

A platform fitted with a smartphone, camera measuring the maize canopy and inclinometer devices was
set up. All the devices were corrected to the GPS atomic time at an accuracy less than 0.5 for
synchronisation, using time and an identifier of individual VZA observations. The measurements were
taken in a video format using the top-looking-down method on a maize canopy approximately 1m tall.
Inclinometer VZA readings were also recorded in a video format. A tap was also made before and after
rolling the platform to introduce a motion blur on the video and acceleration peaks on the motion sensor
that were used to identify the start and end time of each video recording. Synchronisation was performed
manually in Total Commander (vs 8.01) software in a three tile graphical user interface (GUI), with excel
data from smartphone as reference. Image classification was performed using object based image analysis
method (OBIA) in eCognition and gap fraction extraction in CAN-EYE software. Validation of the
classification was performed using an independent student t-test. A ordinary least square regression model
was used to test the relationship between the smartphone and inclinometer VZA measurements, as well as
the sensitivity of LAI to the variation in the VZA. The uncertainty of LAI due to variation in the VZA
were compared to a theoretical root mean squatre error (RMSE) of 5% reported by Baret, e al, (2010).
Furthermore a student t-test was also used to assess the effect of removal of senescing canopy material on
LAI measurements.

The smartphone and inclinometer VZA measurements were strongly correlated (R2=0.998,
RMSE=1.081). We therefore failed to reject the null hypothesis and concluded that the two measurements
were different from each other. Conversely there was a weak correlation between LAI measurements and
VZA-Error for both smartphone (R? =0.0247, RMSE = 0.96). However RMSE for the sensitivity analysis
was not significantly different from the theoretical one of 5%. Furthermore the removal of senescence
significantly (P>0.05) reduce the LAI measurements assuming equality of variance ((P>0.05) for both
smartphone and inclinometer readings. In conclusion it was observed that even thought there are some
errors associated with obtaining the VZA correctly, these errors do not cause significant errors in the
estimation of LAI. However senescing canopy materials can significantly affect LAI estimation from gap
fraction measurements.
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1. INTRODUCTION

11. Background

The leaf is considered as one of the most important patt of vegetation canopies due to its functional role
in both biochemical and biophysical plant processes. Firstly, leaves are organs of exchange of materials
between the plant and the atmosphere such as radiation energy, water, carbon dioxide and oxygen. The
outward movement of water from the plant into the atmosphere enhances uptake of more water and
nutrients by the plant roots from the soil environment. These materials, are fundamental inputs for
photosynthesis, a process that drives plant growth and development. Secondly, the leaf exchange
processes also naturally modifies the plant micro-environment by changing the air quality and temperature
which enhances biodiversity. Hence leaf measurements play an important role in understanding temporal
and spatial states of the plant and its environment.

Leaf area index (LAI) is a dimensionless variable used to quantify the amount of leaves in vegetation
canopies. According to Watson (1947), it is defined as "the total one-sided surface area of
photosynthetically active leaf tissue per unit horizontal ground surface area expressed in m2/m?". LAT is
used an input parameter in modelling of ecological, environmental, climate and crop growth processes.
Therefore, accurate estimation of LAl of vegetation canopies is a critical step in these modelling
processes.

Different approaches employing direct and indirect methods can be used to estimate LAI. The former,
which involves manual measurement of individual canopy elements using planimeters is time consuming
and laborious. Hence it is applicable to small scale LAI measurements, and is normally used as reference
to the latter. In addition direct methods are destructive in nature, and therefore cannot be used for trees
which can take longer time to replace. Conversely, indirect methods which measures LAI non-
destructively from radiation transmission through the canopy, captured as gap fractions, are faster and less
labotious. Gap fraction is defined as "the size of hotizontal ground sutface area as seen from above the
canopy or size of the sky area as seen from below the canopy in the zenith and azimuth directions. (Bréda,
2003a; Weiss, ef al. 2004b) A wide range of instruments used to measure gap fraction include single
detector sensors e.g. TRAC and DEMON; ceptometers: SUNSCUN, ACCUPAR and Decagon (Chen &
Cihlar, 1995) and multidirectional sensors Hemispherical photography (Demarez e al., 2008) and LAI2000
(Nackaerts ez al., 2000). In addition, recently Baret ¢# @/, (2010) and Liu ez 2/ (2010), reported on the use of
digital photography with restricted field of view around zenith view angle 57.5°. Single sensor can be used
both under direct or diffuse light conditions while multidirectional sensors produce better results under
diffuse light conditions (Baret ¢z a/., 2010). These methods are capable of capturing measurements from
the whole canopy or a group of canopies instantaneously, and hence can be used for larger scales. For this
reason, indirect methods have become more popular than direct methods, and are widely used to measure
LAL

LAI can be estimated from gap fraction measurements using an exponential Poisson distribution model,
assuming a random distribution of leaves within the canopy architecture. This assumption is more
theoretical than reality, for most vegetation canopies, are naturally aggregated and dispersed at various
scales i.e. shoot, branches, plant in the case of forest and landscape level in row crops (Weiss ez a/., 2004a).
Hence LAI derived based on this assumption is called effective leaf area index (LAl.f). To account for this
non-random distribution of leaves, Nilson (1971) introduced a clumping index (Ag), which modified the
Poisson model. As a result a new term LAles, was defined as a function of clumping and true leaf area
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index (LAILiue)(IN.J. J. Bréda, 2003). Furthermore, gap fraction measurements are also influenced by a view
zenith direction, assuming an isotropic azimuth angle. Gap fraction is commonly measured at 57.5 view
zenith angle when LAI estimates are in insensitive to leaf angle distribution (Wilson, 1960). When this
directional configuration is perpendicular to the row, in the case of row crops, clumping is also minimized
(Baret et al., 2010). However the controversy of LAl estimation from gap fraction measurements is still
an on ongoing debate with several issues being addressed. The measurement of gap fraction does not only
account for green leaves, but also for stems, branches and flower parts which in some cases are also green
as it is with row crops. In addition, senescing vegetation elements are also an important factor, that
influences gap fraction measurements. Hence LAI can be referred to plant area index (PAI), when all
vegetation elements are included or green area index (GAI), when only green parts are taken into account.
Since the essence of LAI measurements is to quantify the green parts of the leaf, GAI has been viewed to
be an alternative to LAI and PAIL Baret ez a/, 2010 and Liu, 2010 have reported on the estimation of GAI
from gap fraction using digital photography.

Smart phones are increasingly becoming popular in digital photography due to their versatile usage. They
are equipped with high quality camera sensors, increasing memory and fast computational capabilities
(Havlik & Schimak, 2014). In addition, their sizes featuring 3.5 to 4.3 inch LCD touch screens renders
them convenience of portability and functionality. Most users also enjoy the convenience that
smartphones offers when they take photographs and instantly store them in cloud databases or post them
on social networks such as instagram or facebook (Digital Imaging Reporter, 2011). These functionalities
have made them unique and more attractive to their users than dedicated digital cameras. Enhanced by
gapless wireless network environments, their usage have exponentially increased resulting their ready
availability even at low costs (Ebay, 2014). The question of picture resolution would appear pertinent yet
today's smartphone devices boast near professional performance with minimum of 5 MP up to 13 MP in
many modern cell phones. Although their usage seems to be more pronounced in the social networks, it is
indeed growing in the scientific fields, as indicated by development of many applications (apps.) for
research and development purposes (Cellina ez al., 2013, Confalonieri ez al., 2013, Francone,et al. 2014,
Havlik & Schimak, 2014).

More interestingly, smart phones have motion sensors, supported by an android platform that can
enhance their photographic functionalities. These inbuilt hardware are pertinent to accurate estimation of
view zenith angle (VZA) of the device whilst taking photographs. This gives them an edge over digital
cameras which requires a detached angle gauge alongside the device to measure its VZA. Smartphone
motion sensors include accelerometers, which provides gravity vector in relation to the phone's body;
magnetometer, which gives a direction with respect to the magnetic north and gyroscope which provides
angular rotation speeds to all the three sensors. The phone's motion such as the yaw, pitch and roll which
is usually a direct response of the user input, are measured by accelerometers and gyroscopes, while its
position by magnetometers. However, the output of these sensors are inaccurate when they are used
individually due to noisy orientation in accelerometer and magnetometer measurements, and gyro-drift in
gyroscopes. Gyro drift occurs when gyroscopes accumulate errors over time resulting in a general shift of
angular rotation speed measurements. In-order to avoid these inaccuracies, sensors can be fused together
via complimentary filters with a low pass filtering for accelerometer and magnetometer, and a high pass
filtering for gyroscopes (Android Developers). This ensures more accurate monitoring of the device's
position and movement. In a recent generic app, Pocket LAI (App-G and App-L) implementing
accelerometer and magnetometer sensor data only, an attempt was made to measure gap fraction at VZA
57.59, from both the top and bottom of the canopy directional configurations. Unfortunately, the precise
estimation of the angle remains a challenge leading to the uncertainty in the estimation of LAIL Novel
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gyroscope sensor fusion via a complementary filter with acceleration and magnetic sensor data could help
improve prospects for sampling LLAI by mobile devices.

1.2
1
=
¢
b
-3 0.8
=
-
g ®=90
§ o / w=67.5
by
w 0.5 Spherical
& — =45
: O 4 \
&
4
z x=22.5
0.2
=0
0
0 20 40 57.5 60 20 100
ViewZenith Angle (VZA)

Figure 2. Mean projections for different leaf distributions in the VZA direction.
(where «= average leaf inclination angle); sonrce: (Chen & Black, 1991)

1.2 Research Problem

The Wilson (1960)'s, inclined point quadrant method which demonstrates relative independence to leaf
inclination angle of LAI estimates taken at VZA 57.5¢, is a widely accepted concept used to extract gap
fraction measurements. As illustrated in (figure 1) above, the mean projection functions of unit foliage
(G-function) on a plane normal to the direction of the beam of light converge at this VZA, assuming a
spherical distribution of leaves. The G-function value at this point of convergence is 0.5. However
estimation of the VZA 57.5¢ still remains challenging leading to uncertainties in the estimation of LAI
estimation. For instance, the use of monopod and tripod stands have problems in estimation of the VZA
57.5¢ due to verticality of stands and observer errors in reading the inclinometer scale. These problems are
normally caused by field related factors like evenness of the ground and operational height for taking
photographs. Furthermore, an attempt to use smartphone sensors to estimate the VZA 57.5° was made in
a recent generic app: Pocket LAl (App-G and App-L), implementing accelerometer and magnetometer
sensor data only in both downward looking and upward looking directional configurations. Unfortunately,
the attitude measurements from these sensors alone are erroneous due to noisy orientation (Android
Developers). Hence the precise estimation of the VZA 57.5¢ using these smartphone apps. is still
problematic, leading to uncertainty in LAI measurements. The vatiation of the VZA around the 57.5° may
lead to an estimation of the G-function above or below G=0.5 (figure 1). Since the range of G is small,
from 0.3-0.8 for measured canopies (Myneni e al, 1989), the sensitivity of LAI due to the VZA
uncertainties has not been quantified.

The ability to separate green from senescing canopy materials is also another milestone towards accurate
estimation of LAI from gap fraction using photographic methods. Senescing canopy materials reduces the
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size of gaps through which light travels within the canopy leading to an overestimation of LAL
Conversely, absence of senescing canopy material leads to increase in gaps within the canopy, also leading
to a decrease in LAI estimation. Hence the more the amount of senescing materials the greater the impact
on LAI estimation. However, in most studies assumptions of uniformly green canopies are always made
through visual assessment of the field, when measuring gap fraction using photographic methods. Despite
the crop stage, these assumptions may not conform to realities of the state of plants as a result of spatial
and temporal variability of biophysical factors in a field causing stress on crops and leading to senescence.
The levels of stress may vary from wilting to pigment colour change and plant death as an extreme case.
Wilting and colour which are highly temporal in nature, may result in increased gaps between plants
leading to underestimation in LAIL It is however important to note that reduction in the green
pigmentation of the plant leads to increased gap fraction since LAl estimation accounts for the green
parts of the canopy only. This is normally called green gap fraction. Nevertheless, cell death is normally
irreversible and cause a permanent change in the gap fraction. In addition stress may also result in change
in the plant stamina, which directly influences the size of canopy elements: stem, leaf and flower. These
directly influences gap fraction. As a result, variation of plant state and condition in space and time may
lead to uncertainties in LAI estimations.

LAI estimation from gap fraction measurements is normally performed using the Poisson distribution
model or the adjusted form of the model, known as the Markov model to estimate LAl or LALguc
respectively. The difference between the two is the accounting for clumping index (4,) in the latter.
However the uncertainties of LAI estimation from gap fraction measurements have only been quantified
in a theoretical study using the Poisson model when the variation around the VZA 57.5¢ was less than 2°
(Baret ez al., 2010). In this case, clumping and senescing canopy elements were not accounted for in the
computation of the uncertainty. Furthermore, in a parallel study by the same author, a field of view of
around +5° around the VZA 57.5° was used. Although this method assumes that negative and positive
errors cancels each other, the uncertainties of in this assumption on LAI is known. This is because the
magnitude of either positive or negative errors around the VZA 57.5° may not be equally follow an
obvious pattern. In order to understand these uncertainties in LAI estimation, measurements should be
carried on wider VZA range, 50°-60¢°, when the G-function is close to 0.5 (Myneni et al., 1989; Ross, 1981)
and accounting clumping and senescing canopy elements.

1.3. Objectives

1.3.1. Overall Objective

The purpose of this study was to evaluate the possibility of improving of LAI estimation by measuring
VZA correctly and assessing whether the use of a smartphone motion sensor can improve in the its

measurement.

1.3.2. Specific objectives

Objective 1: To test the capability of motion sensor fusion technique to estimate the VZA.
Objective 2: To quantify the uncertainties of LAI estimates.

Objective 3: To evaluate the effect of removal of senescing canopy material on LAI estimation.
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14. Research Hypothesis

1.4.1. Hypothesis 1

Ho: The root mean square error (rmse) in determining the camera’s attitude, notably the (VZA), is greater
than zero at 95% confidence interval (rmse>0).

H1: The root mean square in determining the VZA is equal to zero at 95% confidence interval. (rmse =
0).

1.4.2. Hypothesis 2

HO: The sensitivity of LAI estimates to errors in the VZA is not more than 5% !

H1: The sensitivity of LAI estimates to errors in the VZA is more than 5%!

1.4.3. Hypothesis 3

HO: There is no significant decrease in LAI estimates due to the removal of senescing canopy material

H1: There is significant decrease in LAI estimates due to the removal of senescing canopy material

1.5. Research questions

1. What is the success rate of smartphone to estimate zenith view angle?

2.1 Are the uncertainties of LAI estimates greater than 5%?
2.2 What is the sensitivity of LAI at non-steady view zenith angle?

3. Is there a significant decrease in LAT due to senescing canopy material?

1.6. Research Assumptions

1. For this research, which focuses on the technical aspects of sampling LLAI by smartphone, operator-
related errors are assumed.

2. Clumping index was implicitly accounted for in LAI measurements from CAN-EYE software.

3. Digital photographs taken by a normal camera are assumed to be similar with the ones from a
smartphone.

4. Radiation transmission through the canopy assumes: black foliage (under 490nm); foliage elements
smaller than area of view of the sensor; foliage is azimuthally randomly oriented. Although no real canopy
exactly conforms to these assumptions the model still works (Weiss ez al., 2004).

1.7. Definition of terms

Sensitivity: refers to the degree of responsiveness of an output variable (LAl to change in the input
variable (VZA).

Uncertainty: refers lack or limited of knowledge about occurrence or state of an event, whereby a
probability can be assigned to it as a possible measurement.

15% is the root mean square error (RMSE) when clumping and non-green elements where not accounted for (Baret
et al., 2010)
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2. MATERIALS AND METHODS

21. LAl and Gap Fraction Theory

21.1. Definition of LAI

LAI is the integration of leaf area density per unit canopy volume / (m2?/m?3) and canopy height 4 (m), as

follows.
LAl e = [, I(R)dh Eq. 1
Acronym Definition
“LALirue The area index (m2?/m?) of all the green patts of the canopy including: leaves, stems e.t.c.
“LALse The area index (m?/m?) after accounting for clumping.
LATLcanopy The total area index (m2/m?) of the canopy inclusive of green and non-green.
LAILy The total area index for green leaves only
LAIL The total area index for stem only

Table 1 LAI definitions used in this study.
* Assumption of clumping applies

21.2. Gap fraction Theory

Light source
(Sun/sensor)
=
Vegetation canopy
Top of the canopy
Radiation
Leaf area
2 density !
’ 2/m3 ]
— Canopy 2 (m?/m \\ Gap size
height (m) | . i ol / distribution
. . U projection in the
(s /4 Clumping  ————3  direction (Ov, Leaf
34 2 index ] ) ov) —_ inclination
,~/ .I. @ angle
AL, . g
TS LAI of] o] i
(Eq.1) el : Radiation [ | Foliage parameters
(Ejl\ 6) U R ansmission Radiation parameters
i ! —> Foliage parameters linkages
3 =+ => Calculations
Gap faction Y Gap Radiation pathway
(Eq5) <-r-e-- > ~=.\ Incident Radiation
frequency . X
Ov, Zenith View Angle
Soil

Figure 3. The gap fraction conceptual diagram.
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The probability of a beam of light passing through the canopy and coming into contact with vegetative
patts in the zenith view direction (6,) assuming an isotropic azimuth angle( ¢,,), and at a canopy height
(H), is given as mean number of contacts [N(H, 6, ¢,)]as follows:

H G(H,0,,9,)I(h)
N(H,6,,9,) fo cosO,dn Eq.2

where G(0,, ¢, ) is the mean projection of a unit foliage area in the direction (8, @, ) and the inverse of
cos(Bv) is the path length through which radiation travels. When G (6, ¢, ) and leaf area density at a
particular height [(h) are independent of canopy height (H), then Eq. 2. simplifies to:

_ G (6,91 )1(h) _G (0,00 ) LAl e
Ny, py) = Cos@,dh Cos6, Eq.3

The fraction of light passing through the canopy to horizontal reference surface, is exponentially related to
contact frequency assuming a random turbid medium, according to the Lambertian law as follows:

_G(evKPv)LAIeff
Py(6,,¢,) = e NOvov) = o7 costy (Warren , 1959) Eq 4

where Py(8,, ¢,) is the gap fraction.

When non-random distribution of leaves in infinite layers within a canopy is assumed the Markov model
which accounts for conditional probability of radiation transmission within a canopy assuming zero or one
contact per layer is used (Weiss ez a/, 2004). The probability of contact in a layer depends on whether there
has been a contact in the previous layer (Jonckheere et al, 2004). Therefore, the Poisson distribution
model is modified as follows:

P(0y, ¢y) = _AOG(GgiZ,),LAI”ue (Nilson, 1971) Eq5

where Agis clumping index: the degree of aggregation or dispersion of leaves in infinite layers within a
canopy, whete (Ag < 1) for clumped canopies and (Ag > 1) for regular canopies.

21.3. From Gap Fraction to Effective LAI (LAle)

LAI,ff is a function of clumping index and LAl¢yye, hence is given by inversion of (Eq.5) as follows:

—cos6, In P,(6,,90y)
G(0y,9v)

LAlsr = Ao LAlyye = Eq6
There are two ways to derive LAl given that both gap fraction and clumping are known. Firstly by
solving Eq. 6 simultaneously for the projection function; G (6, ¢;), given that gap fractions are taken at a
range zenith view angles. Secondly, by computing the slope of the regression of LAl e . According to
Nilson (1971) and Ross (1981), extinction coefficient k(8),,, is a function of path length (cos@,, _1)) to
be travelled by radiation and mean projection of unit foliage area G (8,, ¢,,), in the zenith direction on a
plane perpendicular to the beam of light and is given by:

_ =G0y, 0v)
k(0)y =50y Eq7

Hence, by inversion of Eq. 6., k(6), is the slope of a regression of LAl and the value from the left
side when gap fraction and clumping are known and can presented as follows:
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w = k(6), LAlirye Pa-8
(]

2.2 Study Area

Data was collected data from a late-planted maize field at Rossum area in the Netherlands on the 26th and
27th of October 2014. At this time, the crop was at early flowering to maturity stage, hence varying levels
of senescence. Although the crop was planted on the same day, 15th June 2014, it exhibited different
heights due to varying soil types and water logging across the field. As a result three major height
categories: short (<1 m), medium (1-1.5m) and tall (above 1.5m) characterized the field. The short maize
category with approximately an area of 2000m2was subject to a combination of stress factors as a result of
poortly drained sandy loam soils. As the soil type gradient changed from sandy loam to black clays, plant
height also changed from short through medium to tall respectively. These three plant height categories
constituted homogenous units within the same maize field. However, in this study, only the short maize
category was considered for data collection so that the top-looking-down method can used because it
captures the whole canopy with rectilinear photographs.

Figure 4. The field from where data was collected.
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2.3. Data collection Methods
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Figure 5 The flow chart of methods used to collect and process data.
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24. Direct measurements

24.1. Field Measurements

A systematic point sampling approach was used to sample 50 plots of 6 x 4 m? size. Three plants were
selected per plot at 2m intervals for measurement of leaf area, 1/2 stem diameter and, stem length. Leaf
area measurements were performed using a LI3000 portable leaf area planimeter. The leaves were scanned
non-destructively and, cumulative green and non-green area were recorded separately per plant. Similarly,
length and diameter of stem was measured using a tape measure and pair of vernier callipers respectively
from the same plants. Plant stem length measurements were taken from the foot of the stem to the tip of
the tassel, while 1/2 stem diameter just above the ear. However, tassel structure was assumed to be a
single unit of the stem with all its spikelets', hence stem measurements were done inclusively. In addition
to plant canopy measurements, plant density was also measured by counting number of plants in 1m
transects. Three transects were selected diagonally across the plot. An average plant density was calculated
and recorded per plot.

24.2. Data Processing

All the direct measurements were recorded and aggregated to plot level in excel to compute the desired
canopy variables. On one hand green leaves index (LAly) was calculated as a product of plant density (m?)
and average green leaf area (m?), therefore exclusive of non-green leaf area. On the other hand, LAI
(m2/m?) was computed from stem lengths and 1/2 stem diameter (m?). LAIie was computed from the
summation of LAIy and LAIL (m2/m?). Similarly senescence was also computed by aggregating stem and
leaf area indexes. The equation below were illustrated using LAIy. calculations.

Area (cm)*D (plants/ m™2) LAL . = 1/25d(cm)*sl(cm)

LAl = =
gl 10000 gs 10 000

Eq 12-14
LAltyye = LAlg + LAlgg
where D is plant density in, SA is stem area, , Sd is stem diameter and , sl is stem length

2.5. In-direct Measurements

2.5.1. Smartphone motion sensor

The smartphone was equipped with a motion sensor application to provide angle data for measurement of
canopy VZA at an average accuracy of at least 1.1milliseconds (ms). Angle information was provided at
the rate 25 observations per second and at 40 (ms) intervals between observations. Data was downloaded
and accessed in a tabular form with variables observing the attitude of the smartphone i.e. pitch (VZA),
acceleration and timestamp as column names. The timestamp recorded the lapse of time during the
iterations while the start time was given as part of the file name code for easy identification as given below.

z -
1 Timcslamp(ms)::\ccelemlion Y-roll (VZA) Gyro
; 0.063000]  0227750]  50.750205  0.003084
0.082000]  0583040]  51.207071  0.001987
7 0.140000]  0.627663 51736991  0.002134
0.166000]  -1.181916] 52086923  0.003214
” 0214000]  1.453225|  52469126]  0.002480

Figure 6 a) Smartphone attitude (Y-roll) used as VZA and b) the data template .

10
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2.5.2. Digital Photography

Maize canopy was captured under cloudy conditions using a digital Canon EOS mark II 5D camera fitted
with a normal lens. A video footage was shot from top looking downwards at the highest possible
resolution of (5616 x 3744 pixels), normal exposure, and shortest focal length 35mm, as advised by Liu ¢
al., (2010). Furthermore the frame rate was set at 24 frames per second (fps) for efficient storage space
utilization. A digital inclinometer device and smartphone motion sensor were used to record the VZA at
which the canopy was captured. The inclinometer was paired with another camera device (Olympus Stylus
tough, 8010), to record its VZA. Nevertheless the smartphone automatically recorded VZA data from the
app and store it in the phone memory.

In order to harmonize measurements from all the equipments three steps were followed. Firstly a high
level of synchronicity of the canopy and VZA measurements on the same time scale was a requirement.
The device time of the instruments were set to the GPS atomic clock time via GPS atomic clock
application at accuracy of less than 0.5 seconds. Time synchronization was always checked every time the
devices were switched ON either from a sleep or a complete power-OFF mode. Secondly, the three
cameras and smartphone were set up on an aluminium platform fitted on a flexible and stable tripod head.
The tripod head was wide enough to balance the platform and had a handle long enough to ensure
smooth leverage of the platform weight. Lastly, the VZAmartphone and VZAindinometer 'Were set at zero
before the measurements were taken.

At this point the platform was raised 1m above the canopy in the perpendicular direction to the rows of
maize canopy. A series of routine steps were performed at each point measurement. Firstly, the devices
were switched on in series, followed by a small tap to vibrate the platform introducing a momentary
motion blur on the video recorded by the devices. Secondly the platform was then tilted forth and back
from top-looking-downwards direction to capture maize canopy video footage until VZA between 50°
and 60° were recorded by the two angle devices. Thirdly another tap was made to signal the end of one
point measurement. Lastly but not least, all the devices were switched again in series. In essence, two
canopy measurements were taken at the same time per sampling point ie. canopy at VZAsmarphone and
canopy at VZAindinometer- Although the measurements were taken at the same time, the attitude of the angle
devices were assumed to be reading differently as the platform was inclined back and forth.

Tap Platform

~N
Top-locking
[ Diown tilt

Tazp platform ‘

a) b)
Figure 6 a) An aluminium platform setup b) routine video recording steps.
(2) tripod head (3) android smartphone (4) EOS digital camera (5) digital inclinometer (6) Data Integration
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2.6. Data integration

The VZA at which each maize canopy frame in a video was taken was estimated by synchronizing each
video frame with event angles from VZAjndinometer ad VZAgmariphone On the same time scale. Integration of
canopy data and its VZA was done manually Total commander. The software has a graphical user
interface (GUI) with tiled windows for data input, visualization and output in one graphical display A pair
of data sets were synchronised at a time.

Canopy and VZAindinometer video data sets were first converted into .jpg frames at 24 fps and 30 fbs using
Free Video to JPG converter software (v 5.0.5.4 build 1215) (DVDVideoSoft). Frames for each video
were automatically numbered from the first frame to the last and also stored in separate folders through
the software internal automation during the conversion process. The frame number were considered an
equivalent of the frame index numbers of the video frames because they processed using the same
recording frame rate.

VZ Ataclinometer II
Vi

ideo (mvi)

I I

VZA smartphone

(csv)

Maize Canopy
Video (mvi

v
Video to JPG

conversion

/
290 > Read Data \

!

Synchronize

\4

Legend
v
Caleulate Multfile data
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Extraét Bin /7 Output

|
|
|
|
|
|
|
|
|
|
} Quantify Error
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Start-End Index

» /
\\ 4¢» ¢/
Canopy Maize Canopy
Image (jpg) Image (jpg)
WZAinrlinnmrn‘r] WZA -marmhum:l

Figure 7: Data integration step

2.6.1. Data Synchronization

The VZA of a particular canopy frame was estimated using a specific time at which the frame was taken.
A particular frame in a video was identified by a frame index code which defined a specific position of the
frame in a video footage. The VZAsmarphone data was used as reference to estimate the maize canopy and
VZ Ainclinometer data. Furthermore, acceleration data from the smartphone motion sensor was also included
to identify the imposed platform tap with its characteristic high peaks. Firstly, specific recording time for
each VZAsmarphone, Was given by Eq. 14 where (t) is the elapsed time from the initial time (To).

12
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TVZAsmartphone = TO +t Eq 14

Secondly the offset or error (E) between

the start time Towzasmarphoney a0d TocCanopy Was computed
through Eq. 15.

E = T(CanOPY) - TOVZAsmartphone Eq 15.

Thirdly, Teanopy for each canopy frame was then calculated with respect to the camera frame rate (FR) by
Eq 16. below.

TCanopy = TVZAsmartphone + E*FR Eq 16.

At this point, an excel sheet showing T¢anopy for each frame and the corresponding Tvzasmarphone for
each VZAsmarphone, Were opened in the same PC window interface with Total commander. The angles
between 50°-60° were displayed by hiding unwanted data, and the corresponding index files were
identified. Canopy images were identified with their angles through binning, where range of angles were
deliberately defined. All images within a bin were selected and stored in their respective bin folders. In this
way, the uncertainties introduced by the inconsistency in the recording rate of either VZAsmarphone OF

Canopy frames data were minimized by selecting the central video frames from each bin folder for
processing.

- \
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Figure 8. The binning process of frames in Total commander
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Elapsed Time VZAgr. Canopy Frames VZA-Framesi, spomersr
(sec) VZ A rmanphone (float)|  (integer) (integars) (integer)
4 228 50 1
4 258 501 1
4 328 50.17915016 2
4 361 50.5676191 2
4,493 51.57721698 =
4525 51.46527482 =
4561 51.64854488 =
6.286 58.08550301 10
6.329 5825929859 10

Figure 9. Reference excel data from VZAsmarphone-

2.17. Data File Management

The data management system implemented in manual and matlab is worthwhile to elaborate because of
the volumes of data that was managed. A three tile GUI was created in Total commander via the "switch
through tree panel" option which enables creation of a customized GUI. Hence the input file directory
was opened in the left window and files were dragged into the centre visualization window, where images
were identified by their index numbers. A group images for a particular bin were then dragged into the
right window where the output directory was located. The scroll bars in all the windows facilitated quick
navigation to file directories and images duting synchronization. Other tools like "multi-renaming” helped
to increase the efficiency on processing of the images. In this way, thousands of images were quickly
processed in a short space of time. The syntax below show pathways the out file directories

Output File:[camera_vendor]_[dd]/[mm]/[yyyy]_[hh:mm:ss]_[angle
Example: ..\"OLYMP_12-10-2014_09432906_51.53.jpg"

Output Directory:  [Drive]_[Database]_[Canopy-strata]_[Photographic-Method]_[storage-destination]_
[Motion-sensor]_[Bin]_|[PlotID]_[ReplicateI D]

Example: H:\Research_data\TL\DHP\Data_out\accgy\ 50-51\plt_1\Rep1\...

14
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28.
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Figure 10. Image Classification Flow chart.

Colour space models have been used in several studies to classify image objects, and in several cases

vegetation canopies from their background objects. The traditional red, green and blue (RGB) colour

space has been used in combination with thresholding methods to provide good classification results.

Several indices have been reported, however the most widely are the greenness (Eq. 17) index because of
its ability to separate green vegetation elements from other scene elements like soil and non-green

elements (Liu ¢f a/., 2010). The equation for greenness is given as follows.

2xG—R—-B

Eq.17

In order to separate senescing material from the soil background another RGB colour indices, degree of

artificiality (DoA) in combination with IHS colour space indices have been reportedly yielded some good

results. The IHS detects all living vegetation (Laliberte ez a/. 2007).

G-R

G+R

DoA =

Eq. 18

In this study a combination of RGB and IHS was integrated in membership classification to separate the

whole canopy architecture from residue and soil background.
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2.8.1. Segmentation

Prior to classification, maize canopy images were partitioned into homogeneous subunits using the multi-
resolution segmentation process in eCognition. The algorithm employs a bottom-up approach which
classifies images from pixel to object level and merges them up as long as the local thresholds of
homogeneity are not exceeded (Timble, 2014). The thresholds are based on three parameters namely scale,
shape and compactness of the image. On one hand, scale parameter determines the relative size of the
segmented image object, hence imposing control its maximum allowable heterogeneity. On the other hand
shape has a linear relationship with colour, decreasing it increases the weight of influence of spectral
values on the image. Nevertheless compactness distinguishes compact object in the neighbourhood of less
compact ones. In light of the above, an optimum scale of 23 was computed using the ESP tool, to
determine the size of image objects to be segmented (Drdgut ez al, 2010). A shape value of 0.1 to
maximize on the spectral values of the canopy elements whilst compactness was set at 0.5, to maintain
balance between with smoothness (Laliberte ef a/., 2007).

ESP - Evimution of Scale Paramwter
e T W el L

—— ey ————— e S 1

23

Locel Varmnce

Rate of Ohangs

Figure 11. Image segmentation process.
a) calenlation of an appropriate scale b) image segmentation using the scale
2.8.2. Membership Classification

Membership classification is based on fuzzy logic theory and user defined rules ( Benz ez a/, 2004, Bauer &
Strauss, 2014), hence it was used for more easier classifications of images into shadow, maizge canopy and soil-
backgronnd. These out classes can be defined using both geometric and spectral characteristics of image
objects. The method involves setting rules and thresholds using the "Feature View" tool to define an
image object class.

Starting by classifying highly contrasting and unique classes is an easy approach to solve the puzzle of
allocating image objects into homogenous groups. In this view, the shadow class, defined by a brightness
threshold of less than fifty (<55) was classified first. This was followed by classifying the maize canopy
that had a higher level of homogeneity due to the dominant green colour. The degree of artificiality
(DoA>0), which tested positive for all living green canopy elements was used along with IHS colour space
values: I>=0.6 and §>0.4 which also tested positive to senescing canopy elements, together making the
maize canopy class. However this combination of rules misclassified partly misclassified some dry tree leaf
residues on the soil surface. A combination of the hue, which tested less positive for dry tree, leaves
(H<0.055), and a geometric parameter of leaves, length to width ratio, which is lower in round tree leaves
(LW<2.5), than lengthy maize leaves. At this point the bulky of the remaining unclassified image objects
were soil and residue, which was classified as soil background. However, to assess the level of uncertainty
in the classification, a rule set was defined for soil background class that tested more positive in the blue
channel (b>=0.25) of the RGB than the maize canopy elements class.

16
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» Claszes

-0 Maize Canopy

.4 Uncertainity

Figure 12. Maize canopy separated from soil background

2.8.3. Separation of Green and Senescing Canopy Elements

After the separation of maize canopy from soil background, a customized object feature was created
using Eq. 17 from the single RBG channels in the feature view space. A greenness threshold was defined
at (>0.05) with its inverted direction used as a threshold for senescing canopy elements. As a result two
separate classes, green and senescing were created as shown in Figure 12 below. These two classes were

exported separately as (jpg) files with all other classes merged together into one (Figure 8).
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Figure 13. Green canopy separated from senescing canopy elements.

2.9. Binarisation

The binarisation process was completed in CAN-EYE (Weiss, 2013) which can be obtained from
http://www6.paca.inta.fr/can-eye (last accessed: 9th September 2013). to extract gap fraction, LAI e, and
LAlLgs.. The green and senescing images were exported in .jpg format separately with other combined into

one classes as gap Figure 8. The extraction of canopy parameters was accomplished using the RGB-
downward option for images taken above the canopy as prescribed in the CAN-EYE manual (Weiss,
2012). It allows processing of already classified and unbinarised images, i.e. classified images with their

original size.

) Senescing Canopy Elerments

1
F 2 ;‘ﬁ [ 1 .} ; E. Maize Canepy
By NP > e. ) 6‘3 v ] ~..{_) Green Canopy Elements

Figure 14 Green and Senescing images used in CAN-EYE.
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210.  Data Analysis Methods

210.1.  Data Exploration methods

Data exploration was performed to determine an appropriate statistical method to use: parametric or
nonparametric analysis. A Shapiro Wilkins' test was used to quantitatively tested data for normality whilst
normal probability plots (Q-Q) were used to qualitatively check for linearity. Nevertheless homogeneity of
variance test were used to test for equality of variance whenever an ANNOVA or student's ~test was
used. However outliers were identified using the box plots and corrected using the winsorizing method.

210.2.  Testing Smartphone VZA estimation

The VZAsmarphone Was tested against the VZAindinomeer using Ordinary Least Square Regression (OLSR)
model in SPSS (v.16). Fifty synchronised observations between the VZA 50° to 60° were selected from
four randomly selected excel files each and averaged . Therefore, each excel file represented a replicate of
each observation selected. An ordinary least square regression (OLSR) model was then used to compute
the residuals to calculate RMSE from Eq 19 below.

2
RMSE = /276 Eq 19

where @ is the residual or error at the 7% observation and n is the total number of observations in the VZA
direction per sample.

210.3. LAl Sensitivity Analysis

A sensitivity test was preformed across the VZA bins. The mean LAy values were computed for 50
observations per bin assuming normal distribution of data. Scatter plots were then plotted from these
average values to qualitatively assess the sensitivity of LAl with varying VZA. Furthermore, sensitivity
analysis index for LAI (LAIg) was also computed using the Ordinary Least Square Regression (OLSR)
method and the general linear model is given below.

y = b, + bix Eq 20

where yis the average LAl for each bin, x is the VZA intercept and by the gradient of the model. The
variation in LAl in the VZA direction was then tested using the, coefficient of determination (R2) and
the root mean square error (RMSE) of the averages assuming normally distributed data. The sensitivity
of LA due to the variation in errors in the VZA was then evaluated using the equation below:

LAI, = —=

—— (Gonsamo & Pellikka, 2012; Cao ¢z al.., 2014). Eq 21
RMSE

where LAI of the #h observation is equal to ¢ the student #test statistic.

2.10.4. Senescence effect on LAl

The LAlwe and senescing canopy indices were added together to give LAlcgnopy. An independent
student #test was then used to compare between the means of LAl gpnopy and LAy, to test whether
there is a significance difference between the two. In essence, gap fraction theory increases when
senescing material is removed from the LAlgnopy , leading to a decrease in LAluwe, assuming canopy
elements are black foliage. The testing of equality of variances was done a prior to determine appropriate
degrees of freedom for the #test

18
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2.10.5. Validation of Classification

Image classification was validated using an independent student #test. The mean of a total of 500
observations from classified images were tested against the mean of 50 observations from direct
measurements at 95% significance level, for both LAl . and senescence.
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3. RESULTS AND DISCUSSION

3.1 Sample characteristics

A Shapiro-Wilk's test (p>0.05), skewness between -0.35 and -0.03 ('std error = 0.34) and kurtosis between
-0.79 to -0.28 ( std error = 0.66) for both VZAsmarphone and VZAinclinometer, showed that all the variables
approximated normal distribution. Furthermore, a visual inspection of their histograms, normal Q-Q plots
and box plots supported these outcomes.

3.2. Estimating VZA using Smartphone

3.2.1. Testing smartphone on a platform
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Figure 15a) A linear regression model, b) Boxplots for VZAmarphone VS VZ Ainclinometer.

A regression model of 50 VZA observations averaged over 4 replicates from both smartphone and
inclinometer were plotted. There was a high correlation (R2 = 0.998, RMSE = 1.081) between the two
measurements (figure 15a). We therefore failed to reject the null hypothesis and concluded that the
RMSE between VZAsmarphone a0d VZAindinometer 15 greater zero (RMSE>0). The large RMSE was due to
offsets that were observed at the start of the model, around 50° to. This was caused by the instability of
the platform due to the deceleration of speed (m/s) around this region (figure 8). The measurements that
were recorded at the start and end of this region had noise pattern of peaks and drops that resulted a in
large RMSE. However a good fit was observed starting from the VZA 53¢, when the speed was more
stable. The noise around 60° was reduced due a continuous steady constant speed that was maintain
before rolling back the platform to the starting position. Interestingly, the VZAindinometer Observations were
at least 1° less than VZ Asmarphone at the start of the recording as shown in (figure 15b). This also explains
noise of the data at the initial VZA bins. It can be clearly seen that eventually these offsets of the start
VZA bins resulted in the differences the two measurements.

The high coefficient of determination (R? = 0.998) between the two measurements explicitly reveals the
success rate of the synchronisation process. An Independent student t test confirmed that there was no
significance difference (P>0.05) between the VZAsmarphone and VZ Ainclinometer assuming equality of variance
(P>0.05). The success rate of the synchronisation process which used time as an identifier of individual
VZA observations, was firstly accomplished through proper device time correction using the GPS time
application from (plav.google.com/store/apps), as the first line of accuracy (figure 16). The time
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difference of less than five seconds (<0.5 sec), ensured that all the VZA measurements were brought to
the same time scale for a synchronisation with 100% overlap of the region of interest (ROI).

VZAinclinometer VZAsmartphone
t-statistic 0.536 1.064
DF 248 248
P(T<=t) 0.593 0.288

Figure 16. Smartphone device time correction.  Table 2. Validation of synchronisation

Lastly, comparability between the measurements was made possible through the degree of accuracy of the
VZA devices: digital inclinometer, resolution of 0.1° and accuracy of +0.2¢ (http://www.wixev.com) and

smartphone motion sensor as illustrated in (figure 5a).

3.2.2. Testing smartphone by hand

From the result in figure 15b, which shows that a smartphone motion sensor is more reliable than
inclinometer, an attempt was made to test the accuracy of a smartphone by estimating the VZA 57.5¢
separately. A sample size of 300 observations were recorded five times and average VZA were computed
(table 3). The standard errors from 0.012 to 0.023 were due to the instability of the hand during
recording. It is important to note that smartphone motion sensor is highly sensitive to very small external
forces exerted on the phone resulting the deviations from the target VZA. The highest range was 0.71 in
the first test and lowest 0.59 in the third test. This demonstrated that a smartphone can estimate the VZA
with minimum errors. Hence the source of errors introduced in previous section could be from the
platform or inclinometer.
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Figure 17. Box plot for estimation of VZA 57.5¢ Table 3. Summary statistics for estimation of VZA 57.5¢

3.3. LAI Sensitivity

Average LAl values were computed from 50 normally distributed observations for ten bins each. A
sensitivity analysis of LAl to unsteady VZA was performed using OLSR model and scatter plots of the
means. A strong correlation between LAl and VZA- Error was observed for VZAsmarphone (R?2=0.96,
RMSE=0.01). However, the RMSE (0.01) was below 5% reported by Baret ¢z a/, (2010) from a Poisson
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distribution model only at 57.5°© VZA (Eq 4). This result was least expected since in this study since
varying VZA was supposed to increase error in the estimation of LAl Instead the errors remained the
same as reported from the theoretical study performed at 57.5°. This can be explained by the relationship
between the LAl and the G-function which also varies with VZA, as described in (Eq 6). The G-
function in the VZA 50°-60° region is close to 0.5 and invariant at 57.7° (G = 0.5). At the same time cos
0, which describes the path length through which light pass in a canopy decrease marginally with
increasing VZA. As a result, there is a very small change in LAl with respect to varying VZA. This can
also support the idea of restricted field of view of 10° (+ 5°) when taking photographs around the VZA
57.5° reported by Baret ¢z al., 2010; and Liu e al, (2013b). This method has been so attractive not only in
getting the VZA angle correct but also is increasing the resolution of the photographs which helps to
distinguish green from senescence.

1 -
_ 0.8 | N 10
(o]
& —e RMSE 0.01
N 0.6 -
g b 0.017
g 0.4 -
St
= LAIL 1.72
3 0.2 -
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r T T T O 1
-8 6 4 2 0 2 R2 0.96
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Table 4. Sensitivity analysis statistics
for smartphone
Figure 18. The sensitivity analysis line scatter plot for smartphone

The sensitivity (LAL) were evaluated using Eq. 21 and the results are shown in table 3. below. This result
shows that sensitivity of LAl (LAL = -1.72) was significant to the variation in VZA (LAIL>-13.95) for
the smartphone. The magnitude of the sensitivity is partly caused by both a less steep slope of the
regression model (b1 = -0.017). The bigger the slope the more sensitive the LAl and vice versa. The size
and direction of the slope is explained by the relationship between the G-function (G) and VZA as shown
in (figure 1). The G-function is in turn directly depended on the average leaf angle (ALA) distribution of
the canopy in a direction perpendicular to the normal plane (Wilson, 1963; Chen & Black, 1991).
However, the ALA of the canopy is also influenced by the crop phenological stage (Monteith, 1969). Leaf
angle distributions functions tend to converge at 57.5°, when G=0.5. When G>0.5 the gradient of the leaf
angle distributions tend to be negative whilst when G<0.5 the gradient is positive (Myneni e# a/., 1989;
Ross, 1981). Hence prior knowledge of the G-function of a particular canopy archetype helps to explain
the direction of sensitivity of that canopy with varying VZA.

The G-function of maize was measured by (Fang, 2015), in parallel study and the results are given in
(figure 19) below (in broken line). It can be seen that the G-function of maize is above G = 0.5 and hence
it has a negative gradient which agrees with regression model result in table 4. More interestingly, Liu ez
al., (2013) also reported an average ALA for corn of 48.2° + 8° over two growing seasons which is greater
than ALA for spherical distribution (ALA =45°), hence G>0.5.
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Figure 19. The sensitivity of the G-function with varying VZA
(source Fang, 2015)

34. Effect of Senescing Canopy Material on LAI

3.4.1. Sample characteristics for LAltrue,

N Mean Std Deviation Std Error Mean
LAI 1 esmartphone 500 1.228 0.397 0.018
Senescencesmartphone 500 0.249 0.035 0.002
LAIg50pysmartphone 500 1.47 0.403 0.018

Table 5. Summary of smartphone canopy variables, LAltye, Senescence and LAl qnopy-

A total of 500 observations across VZA bins was used to calculate LAl qpopy Vvalues for smartphone
measurements. LAlcqnopy values were calculated by adding green and senescing canopy elements
measurements together. A student t-test was then used to test for equality of means between LAlgnopy
anLAl; e to assess the effect of removal of senescing material from LAInopy A summary table below

describes all the variables that were used to computed LAl qn0py values.

3.4.2. Test for Equality of between Means LAl ;4y,0py and LAl

Test for Equality of Variances t-test for Equality of Means
F significance t-test df P(T<=t)
Smartphone 0.089 0.765 15.203 498 p<0.001

Table 6. Testing for equality of means between LAty and LAl gp0pyfor smartphone

The test for equality of variances showed that there is a significance difference (P<0.001) between the
means of LAl and LAl oiq;. We therefore rejected the null hypothesis in favour of the alternative
hypothesis and concluded that there was a significant decrease in the LAl when senescing canopy
material is removed from LAl y¢q; assuming has black canopy foliage. This is because gap fraction
measurements from which LAI was estimated (Eq 4.) are very sensitive to green and non-green canopy
materials (Baret ¢z al, 2010). The effect of senescing elements on LAI estimation using LAI 2000 was
reported by Liu, (2010). The instrument tends to overestimate LAI because it measure both green and
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senescence. In another study by Liu ez a/, (2013), the effect of non-green due to stem elongation in wheat
resulted in a very week correlation when compared to direct measurements. Conversely other crops like
maize and soya beans which had completely green canopies had a strong correlation with direct

measurements.

When the proportion of senescing elements were quantified, it was observed that the canopy had only
16.95% from both smartphone measurements. More interestingly the minimum threshold of non-green
elements which can result in significant decrease can be lower than these observed values. It is therefore
important to note that separation of green from senescing elements is also a very important step towards

accurate estimation of LAl from gap fraction measurements.

100 ~ 3 -
90

& 25 -

S 80 -

] 2

O 70

S5 60 - 315

g g 50 B Senescincing 1 -

= 7

83}

% 40 - m Green 05 -

Sl

o]

3 30 0 . .
20 - 0 0.5 1
10 - Gap Fraction

0 -

Figure 20 a. The percent proportions of canopy elements b) sensitivity of LAI to gap fraction.

3.5. Validation of Classification

The accuracy of classification method was tested using an independent student t-test method. Validation
was done for LAl and senescence variables which were classified in eCognition and the results are given

below.

Test of Equality of Variance t-test of equality of means

F sig df Mean square P(T<=t)Sig
LAI 16 1ndinometer 2.794 0.097 548 0.052 0.853  0.936
LA 16 smartphone 2.752 0.098 548 0.049 0.918 0.982
Senescenceinclinometer 6.073 0.014 84.6  0.001 0.676  0.725
Senescenceindinometer 5.360 0.021 778  0.004 0.528 0.045

Table 7. Validation of image classification

There was no significant difference (P>= 0.05) between the direct measurements and estimated
measurements from photographic methods assuming equality of variance (P>=0.05) for LAlye
measurements and no equality of variance for senescence measurements (P<=0.05). The LAlyye
measurements had better agreement with the direct measurements because the green canopy material was
much easier to distinguish and separate from other classes. Greenness of the canopy was classified using
Eq 17. which exhibits high spectral contrast between reflected radiation of green leaves and other
surrounding elements like soil and senescing material (Liu ez 2/, 2010). Classification of shadow was done
a priori to avoid the confusion of misclassification between senescing canopy material and green (Bauer &
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Strauss, 2014). Unfortunately some of the green elements under the shade were misclassified as shadow
due to their brightness levels below threshold. This problem caused a lot of impact on the classification of
senescing because most of the non-green canopy material were in the shade. That is why the p-values for
senescing canopy were lower than for green which had its greater proportion of the outside the shade.
Nevertheless the senescing canopy material were also significant because of the combination of IHS with
RGB colour spaces. The two colour spaces are more effective than RGB alone, because of the high
correlation between the G and R channels which makes it difficult to distinguish green and senescing
canopy material (Laliberte ef 4/, 2007). The intensity and saturation effectively isolated all canopy elements.
Although some non-green residuals on the soil surface were also classified, geometric membership
functions were used to isolate them from the canopy elements. This was effective because the senescing
maize elements were slander in shape and longer in size when compared to the dry tree leaves which more
circular in shape.
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4. CONCLUSIONS AND RECOMMENDATION

The purpose of this study was to evaluate the possibility of improving of LAI estimation by a measuring
view zenith angle (VZA) correctly and assessing whether the use of a smartphone motion sensor can be
used to improve its estimation. In-order to accomplish this, the study therefore tested the capability of a
smartphone motion sensor technique against a digital inclinometer device on VZA measurements. The
smartphone and inclinometer VZA measurements were strongly correlated (R?=0.998, RMSE=1.081).
Although the null hypothesis could not be rejected, there was only a small difference (RMSE = 1.081°)
between smartphone and inclinometer VZA measurements. The measurements were done on the same
platform for easy comparability, there were uncertainties at every step of measurement as described in the
methods. Unfortunately the cumulative effect of these uncertainties at each step increased the error
margin between the two measurements. However, when the smartphone motion sensor was tested by
hand the average VZA was 57.5¢ in four out five test with small standard errors ranging from 0.012 to
0.023. Therefore the source of the errors between the smartphone and inclinometer VZA measurements
could be from the platform of inclinometer.

In-order to put the applicability of a smartphone into context, the study also tested the sensitivity of
LALwe (LAL) to varying VZA given that LAls is equal to the #test statistic (Eq. 21) The sensitivity of
LAILie (LAL = -1.72) to varying VZA was significant (LAIs > -13.95). The RMSE of LAl due varying
VZA was also compared against a theoretical value of 5% when VZA errors are smaller than 2¢ around
the 57.5°, as reported by Baret ¢ af., (2010). Surprisingly the RMSE for estimating LA Was in agreement
with the theoretical one (R?=0.96 RMSE<0.05), with the variation around the VZA 57.5¢ was less than 2.
It was noted that, perhaps this was due to the proximity of the G-function in the VZA 50° to 60° to (G =
0.5). The same explanation also applied for low sensitivity of LAl Furthermore, the negative gradient
of the sensitivity was attributed to the leaf angle distribution of maize whose G-function (G>0.5), hence
converges at VZA 57.5¢ with a negative gradient. As a result a conclusion was drawn that the sensitivity of
LAILie. to varying VZA is negative and small as reported in eatlier studies (Myneni ¢z a/., 1989; Ross, 1981).

Furthermore, the study also examined the sensitivity of LAliw. to the removal of senescing canopy
material. A new variable LAIcinopy Was computed by inferring from LAl and senescence. The study
demonstrated that there was a significant difference (P<0.001) between LAlcinopy and LA, which
explains the effect of removal of senescing material assuming that the canopy is a black foliage. Hence it
was concluded that removal of senescing canopy elements can play an important role in accurate
estimation of LAIw.. However, the results were going to be more informative if data for different crop
stages were collected using both bottom-looking-up and top-looking-down approaches. The canopy
elements at the bottom are usually difficult to capture using the top-looking-down approach because they
are covered and usually under shade. This resulted in underestimation of the senescing canopy elements.
However the top-looking-up approach tends to capture the whole canopy from the bottom to the top.
Hence, implementing the two methods together will therefore help to adequately answer the question on
both sensitivity of LAI to varying VZA and removal of senescence from total canopy elements.

The accuracy of the classification of images was validated against direct measurements using an
independent student #test. A good agreement (P>0.05) between LAl measurements and the direct
measurements was confirmed assuming equality of variance (P>0.05) of individual observations. This was
attributed to a more accurate classification of green canopy elements class. However the senescing canopy
elements class demonstrated a good agreement (P>0.05) with direct measurements but assuming unequal
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variances (P<0.05). This was explained by misclassification errors on senescing canopy materials to the
effect of shade on the bottom canopy elements.

41.1. Recommendations

Smartphone motion sensor fusion is quite promising to measure the attitude information of a smartphone.
LAI from gap fraction measurements. However their full potential can only be realized when all its
accessories relevant for improving photographic measurements are exploited via a application (app.).
Hence an application implementing a camera sensor to capture the canopy, GUI to control the camera
sensot, and increased memory to store the data should be developed and tested against the conventional
photographic methods. VZA obtained through MSF can therefore be considered a suitable trigger to fire
the camera sensor in an effort to minimize operator-related errors in obtaining canopy photos at 57.5¢.
Furthermore, the app. should also have a self-contained image processing functionality implementing both
thresholds methods and RGB colour space to enable users to instantly and accurately obtain LAI
measurements. The software GUI can be enhance to control the processing functionality embedded in the
app, as such images are acquired and processed at the same time. In addition, images can be brought to
scale by measuring and object of a known scale by the same application. This helps to minimize
accumulation of errors that are obtained when a chain of methods and software are used to acquire and
process images as the case of this study.

With regards to senescence, a similar study should also be undertaken with crops at different levels of
senescence using both top-looking-down and bottom-looking-up approach. In this study data was
collected from a crop at one level of senescence by virtue of its crops stage. Use of different levels of
senescence helps to reveal the extent to which removal of senescence has on LAI estimation. In some
studies canopies with very low amounts of senescing elements are assumed to be green, yet the critical
threshold amount of senescing material is not known. I such cases, the estimation of LAI may be
erroneous when a homogeneously green canopy is assumed.
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5. ANNEXES

5.1. The process tree for image classification

= = Separation of Canopy Elements into Green &5enescing
- Segmentation
== 23 [shape:0.1 compct.:0.5] creating 'Levell’

Membership Classification
ML, unclassified with Brightness < 50 at Levell: Shadow
2L unclassified with DoA = 0 at Levell: Maize Canopy
ML, unclassified with HS| Transformation Intensity(R=Layer 1,G=Layer 2.B=Layer 3) >= 0.6 at Levell: Maize Canopy
ML unclassified with HS| Transformation Saturation(R=Layer 1,G=Layer 2, B=Layer 3) = 0.4 at Levell: Maize Canopy
kL, Maize Canopy with H5| Transformation Hue(R="Layer 1',G="Layer 2',B="Layer 3') < 0.05 and Length\Width < 2 at Levell: unclassified
ML unclassified with b == 0.25 at Levell: Soil
...kl unclassified at Levell: Uncertainity
—- = Classification of Green and Mon-green
Y. w 2*G-R-B
. L Maize Canopy with ExG > 0.05 at Levell: Green Canopy Elements
kL Maize Canopy with ExiG < 0.05 at Levell: Senescing canopy Elements
—- = Export Image Objects
i By all at Levell: export object statistics

5.2. The Shapiro Wilkins Test for Normality

Variable View Zenith Angle
30 51 52 53 54 55 56 57 58 50
TATVZA, . 044 031 042 0.33 071 0.37 021 055 072 0.10
LAT VZA, giene 072 032 042 0.35 0.72 0.37 0.20 0.54 054 0.14
Senescence VZ A, ... 0.46 022 0.40 032 0.11 0.29 039 0.83 0.10 0.46
Senescence VZA, e 0.50 0.29 0.17 0.26 0.11 0.20 033 0.54 0.14 0335
5.3. Skeweness Test for Normality
Variable View Zenith Angle
50 51 52 53 54 55 56 57 58 509
LATVZA o 021 015 -022|  -008]  -pa12| -080|  -0BOD 0353 -074|  -125
LAIVZA, e 012 015 -023| 009 -pa2|  -o80| -0B2 0.52 052 -1.02
Senescence VZ Ay v 027 -003 0.00 0.40 094 072 0.79 000l -125 0.27
Senescence VZA e 0.05 0.34 0.07 0.29 080l  -082 0.69 052 -102]  -009
5.4, Kurtosis Test for Normality
Variable View Zenith Angle
50 51 52 53 54 55 36 57 58 50
LATVZA . -118|  -0.86|  -1.19]  -033| -044) -076|  -1.13|  -045]  -D42|  -D46
LAIVZA, .., 047 -084| -119]  -033| 047 -073|  -1.13|  -047|  -047|  -0D39
Senescence VZAu e 077 -128| -032| -068 083 -102| -043|  -036] D46 077
Senescence VZA i 065 -107| -136| -076| -101| -113| -054] -047| 059 033
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5.5. LAl¢ye Box Plots
Inclinometer Smartphone
2.5+ 1.2
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5.6. Senescence Box Plots
Inclinometer Smartphone
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5.7. Probability Plot for smartphone LAl
Normal Q-Q Plot of VZA 50-51 Normal Q-(Q) Plot of VZA 51-52 Normal Q-0 Plot of VZA ‘2-53
4 4 ' 4
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Normal (Q-Q) Plot of VZA 56-57

_‘ -
=
g 2 P
S
VARl
ii_ : ,‘/
-2
T
00 053 10 LA 20 25
Observed Value
Normal Q- Plot of VZA 59-60
_‘ - |
=
7 U /
[- 5N
4L . .
g 05 10 LY 20
Observed Value

5.8.

Normal Q-Q Plot of VZA 50-51
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Normal Q- Plot of VZA 59-60
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