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1. INTRODUCTION

In natural systems, elements, boundary, and relationships exist independently of human control.
These can be observed from the growth behavior in plants that is influenced by environmental factors such as
water, temperature, humidity, and nutrients [1]-[3]. Natural systems are acknowledged as being complex and
non-linear [4]-[6]. In precision agriculture, also widely known as smart farming; growth quality, disease
management, farm resources management, and yield has been extensively studied [7]-[11]. These have led to
sustainable crop yield [12] which then contribute to the economic growth of the society [10], [13]-[15].
Water is a fundamental element [16] that is required by all living organisms. Studies have shown that 20% of
global usage of water is allocated for agriculture activities [17] and in some countries, the percentage keeps
on increasing [18]. Therefore, such resource must be managed efficiently. Water status is an important
indicator for assessing stress and growth of plant as it provides the best level of sensitivity [19], [20].
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To efficiently monitor and control resources, its water consumption characteristics will need to be
studied [21]. The aim is to determine optimum requirement for obtaining the best yield. Several studies have
been conducted in the past, each utilizing unique approach for measuring different parts of the plant. These
include assessing physical information from the roots, leaves, stems, and fruits [22]. Meanwhile, soil
moisture is consistently related to the water status in plants.

Such studies, however, are to be limited to terrestrial plants, and not epiphytes. The epiphytes, also
known as orchids, has generated considerable amount of revenue to countries such as Malaysia. Epiphytes
have been included in the national conservation policies since 1992 and continues through 2020. This study
presents an analysis on root and stem growth data from the monopodial orchid, Ascocenda Fuchs Harvest
Moon x (V. Chaophraya x Boots). The study focuses on the inter-dependence between the measured growth
in root and stem diameter, in response to temperature, and relative humidity. Generally, the water movement
theory has outlined that both independent variables are positively associated with water retention in plants
and thus, increased diameter in root and stem.

Three complementary methods are proposed to confirm the non-linearity of its behavior: 1)
mathematical proof through polynomial regression; 2) dependence test via scatter plots; and 3) correlation
tests. The findings serve as a fundamental validation of data in the development of non-linear growth model
for epiphytes. The rest of this paper is organized in the following sequence. Section 2 described the
theoretical background of the proving methods. This is then followed by research methods in section 3.
Subsequently, section 4 presents the results and discussion. Lastly, the concluding remarks is summarized in
section 5.

2. THEORETICAL BACKGROUND
2.1. Linearity test

A system is best represented by a model corresponding to its linearity behavior. Therefore, it is
important to ascertain its nature prior to selecting a system identification model. Generally, linear systems
must comply with the superposition principle where the net response caused by two or more inputs is the sum
of responses that would have been elicited by the individual input components. These are mathematically
expressed by additivity and homogeneity properties shown by (1), where xi1(n) and xz(n) each represents
inputs, a; and az are constants, and T is the transformation function.

Tla;x,(n) + a,x,(n)] = Tlayx, ()] + Tlazx, (n)] 1)

If the net response caused by two or more inputs is not proportional to the sum of responses elicited
by the individual input components, then the system is considered as non-linear [23].

2.2. Scatter plot

Inter-dependency between two variables can be illustrated using scatter plots. The method is
commonly used to show trends, patterns, and relationships for large and multivariate data [24], [25]. The
method is implemented prior to performing tests that quantifies the relationship between variables. Scatter
plots is drawn by mapping the locations on a two-dimensional cartesian mapping system. The x-axis is the
independent variable, and the y-axis is the dependent variable. Both variables are measured on fixed
intervals.

2.3. Correlation

The degree of inter-dependence between two variables can be evaluated using correlation test. The
method uses coefficients to measure the strength of linear association between these variables [26]. The value
of coefficients range between -1 which to 1 [27]. A coefficient of -1 indicates negative correlation, while a
value of 1 indicates positive relationship between the independent and dependent variables. If both variables
are not correlated, the coefficient is 0. The correlation coefficient, ryy, between independent variable x, and
dependent variable, y, is shown by (2).
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Note that Pearson correlation is only sensitive to linear correlation validation as compared to
Spearman and Kendall correlation. The two later methods are more suitable for non-linear correlation studies.
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3. RESEARCH METHOD
3.1. Data collection
The water uptake model in orchids is illustrated in Figure 1. Temperature and relative humidity are
the independent variables. Meanwhile, the change in root and stem diameter are the dependent variables.
Measurements for Ascocenda Fuchs Harvest Moon x (V. Chaophraya x Boots) is recorded from 4%
April 2020 to 20" June 2020. As shown in Figure 2, two Ecomatik dendrometers are attached to the roots and
the other two to the stem of the orchid plant. Note that stem 1 sensor is placed at the active growth zone of
the orchid. Meanwhile, stem 2 sensor is placed close to the root, and root 1 sensor is near to the base of the
stem. Root 2 sensor is placed further down the root.

Temperature ———» Water uptake — Root diameter
system in

Relative monopodial orchid —— Stem diameter

humidity

Figure 1. System input-output

Figure 2. Displacement sensor for, (a) root, (b) stem measurements

Measurements from temperature, relative humidity and dendrometer sensors are logged at 15
minutes interval using HOBO data logger. From 11" April 2020 to 3™ June 2020, the orchid is watered twice
daily and placed under rain protective area with 75% to 85% sunlight during daytime. The roots of
vandaceous orchid are not implanted in any form of media but exposed to the surroundings. Therefore, the
plant captures water from being supplied directly and humid air through its intricate root network. From 4™
June 2020 onwards, watering of the orchid is halted to elicit water stress condition.

3.2. Linearity tests using regression fitting and scatter plot

The main aim of this experiment is to prove whether the water uptake system to be modelled is indeed
non-linear. After data collection has been completed, the time-series information is then plotted to observe
parameter variations with time. Then, equations that best fits the behavior of root and stem changes are derived.
Subsequently, these are tested using regression fitting. To further confirm this, scatter plots are also used to
demonstrate the relationship between the dependent variables with each of the independent variables.

3.3. Cross-correlation function tests

To conclude earlier observations from regression analysis and scatter plots, the study also
implements cross-correlation function tests. Generally, cross-correlation is a measure of similarity of two
series as a function of the displacement of one relative to the other. The sample cross-correlation is defined as
the set of sample correlations between x (n+k) and y(n) for k=+1, +2, £3 and so on. A negative value for k is a
correlation between x at a time before n and y at time n. For both dependent and independent to be correlated,
the coefficients at all lags must fall within the 95% confidence interval. The intervals, A, are influenced by
the number of samples, N, in the dataset. The relationship between both parameters is expressed by (3).
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Should the coefficient values be less than £0.3, however, the correlation is considered weak, and the
system still exhibits a high degree of non-linearity.

A=

4. RESULTS AND DISCUSSION
4.1. Linearity tests using regression fitting and stem plot

The root and stem diameter changes over time is shown in Figure 3. The smaller daily fluctuations can
be observed from the root and stem diameter data. Stem 1 sensor is placed at the active growth zone of the
orchid. Meanwhile, stem 2 sensor is placed close to the root, and root 1 sensor is near to the base of the stem.
Root 2 sensor is placed further down the towards the root. The varying sensor distances allow observation of
water stress at different parts of the plant.

From 11 April 2020 to 3 June 2020, the orchid is watered twice daily using mist spraying method.
However, the reduction in diameters for root 1, root 2, and stem 2 indicate that the watering practice is inadequate.
This initiated the water stress response. The diameter change is most severe at root 2. From the results, water is
transported by the root network and stem towards the active growth zone, resulting in increased diameter at stem 1.
From 4% June 2020 onwards, water stress is not only observable at root 1, root 2, and stem 2, but also stem 1. The
best-fitting polynomial curves for different degrees were estimated and their fit to the original data are presented in
Table 1. The estimated curves appear to be in good agreement with the original data, exhibiting R? above 0.8.

Diameter changes Vs Time
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Figure 3. Root and stem response with time

Table 1. Regression coefficient and different polynomials
Polynomial R?
Rootl Root2 Steml Stem2
0.8642 0.8712 0.8513 0.9105
0.8913 0.9524 0.8439 0.9110
0.8914 09552 0.8443  0.9202
0.9043 0.9663 0.8657 0.9396
0.9043 0.9663 0.8899  0.9430
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Despite the improvements in regression value for 6"-order polynomial, the 3'-order equations
appear to be the best at generalizing the trend line. The derived equation already revealed its non-linearity.
To test the superposition principle, the polynomial which describes the behavior of root 2 is assumed to take
the form of (4) and (5).

y1=(-2x10"%)x3 + 0.003x? — 1.1837x; — 85.906 4)

¥y, = (=2 x1078)x3 + 0.003x% — 1.1837x, — 85.906 (5)
In (6) is then obtained by summing up the two preceding equations.

ys = (2% 107 (x} + x3) + 0.003(x? + x3) — 1.1837(x; + x,) — 171.812 (6)

Vs = (—2x1078)(x; + x,)° + 0.003(x; + x,)? — 1.1837(x; + x,) — 85.906 )

From the derived equations, the output y; do not yield the same expression as ya. Therefore, the
superposition principle is not followed, and the system is non-linear. The dependent variables can also be
mapped to the independent variables through scatter plots. From this point, only results for root 1 and Stem 2 is
used as examples. Figure 4 shows the effects of temperature on the root and stem diameter changes in orchid.

Based on the visual observation, there were no discernable pattern present in both plots, suggesting that
there are strong non-linear associations between both variables. Meanwhile, the scatter plots for relative humidity
against root and stem diameter change are shown in Figure 5. Similarly with the influence of temperature on the
root diameter change in the orchid plant, no distinct pattern has been observed in both scatter plots. These also
imply a strong non-linear relationship between relative humidity with root and stem diameter changes.
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Figure 4. Scatter plots for; (a) temperature vs root diameter change, (b) temperature vs stem diameter change
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Figure 5. Scatter plots for; (a) relative humidity vs root diameter change, (b) relative humidity vs stem
diameter change
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4.2. Cross-correlation function tests

Thus far, data on the water uptake system has demonstrated non-linear behavior. For further
confirmation, the relationship between the studied variables is examined through the cross-correlation
function tests. Figure 6 shows the cross-correlation between temperature and the physical changes of the
orchid plant. Based on the sample cross-correlation plots, the root and stem diameter changes are positively
associated with temperature as the coefficients consistently exceeded 95% confidence interval for all lags.
These suggest that water retention is higher in both root and stem with increased temperature.
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Figure 6. Cross-correlation function test between temperature and; (a) root diameter change, (b) stem
diameter change

The cross-correlation plot has also revealed the pattern of water uptake system behavior at different lags.
Albeit insignificant, the correlation increases from lag -20 to lag 20. This indicates that changes to root and stem
diameters in response to temperature is not immediate but delayed. The change in diameter is picked up at the root
first, followed by the stem. The delay reflects the processes involved absorption and transportation of water.

Meanwhile, Figure 7 shows the correlation between relative humidity and the diameter changes in
root and stem. The sample cross-correlation plots revealed that the root and stem diameter changes are
negatively correlated with relative humidity as the coefficients are outside of the 95% confidence interval for
majority of the lags. These suggest that the plant retains less moisture even though the surrounding relative
humidity is high. Such findings contradict the transpiration theory which states that water retention is
proportional to relative humidity. However, by re-considering the experimental setup and the selected orchid
genus, it appears that such behavior is attributed to the nature of the plant that needs to be watered more
frequently. Therefore, the stress condition is observed despite the adopted watering practices.
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Figure 7. Cross-correlation function test between relative humidity and, (a) root diameter change, (b) stem
diameter change
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The sample cross-correlation also shows the pattern of water uptake system behavior at different
lags. Although minute, the correlation increases from lag -20 to lag 20. Similarly with temperature, the root
and stem diameters changes are not immediate but delayed. The change is observed at the root first, followed
by the stem. The delay reflects water stress in the orchid plant. Despite the relationship shown between the
independent variables and the physical changes, the coefficients revealed weak correlations. As illustrated in
Table 2, the coefficients at lag 0 for all input-output combinations are within the range of -0.3 and 0.3.

Table 2. Correlation coefficient at lag 0

Input-output combination Coefficient
Temperature-root diameter 0.267
Temperature-stem diameter 0.169

Relative humidity-root diameter ~ -0.218
Relative humidity-stem diameter  -0.109

5. CONCLUSION

The study has investigated the behavior of root and stem diameter in monopodial orchid in response
to changes in temperature and relative humidity. Measurements were made using experimental setup that is
suitable for the exposed root network of vandaceous orchid. To prove that the water uptake system is indeed
non-linear, three methods of linearity tests have been proposed: 1) regression fitting; 2) scatter plots, and 3)
cross-correlation function tests. Based on the obtained data, polynomial equations derived for root diameter
and stem diameter changes have shown strong regression fitting. The non-linear behavior is further
confirmed by the scatter plots where no linear associations are present between the independent and
dependent variables. Subsequently, the cross-correlation function tests conducted on temperature-root
diameter, temperature-stem diameter, relative humidity-root diameter, and relative humidity-stem diameter
combinations suggest that the data is non-linear and correlated with each other. There are limitations to the
measurement setup of this study. Despite being watered twice daily using mist spray, the plant continuous to
demonstrate characteristics of water stress. The only exception is the active growth zone further up the stem.
In future experiments involving vandaceous orchid species, it is recommended that the watering be increased
so that the physical change behavior can be characterized accurately. Generally, the results presented in this
study would assist in guiding the selection of system identification model that can accurately represent the
behavior. Specifically, the water uptake model in monopodial orchid is better suited for non-linear structures
as it accurately represents of the system being studied. In the future, similar observations can also be
extended to sympodial orchid species.
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