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Abstract. Trees play a critical role in creating green spaces in public areas such as streets, parks, schools,
offices. Over time, the trees often get pests and diseases, and then rotten trees can break. To care for and
conserve the trees, it is necessary to determine the condition inside the trunk, especially the possibility of
having a hollow or not. Wood decay, modifications of moisture and ion content, density due to biotic and
abiotic stress agents of water extremity, salinity, and infection strongly change (di-) electrical properties
of wood. Hence, we propose to use electrical impedance tomography to detect the change in electrical
properties inside the trees that can link to wood decay. In electrical impedance tomography, an array of
electrodes is attached around the tree trunk, and small alternating currents are injected via these electrodes,
so the resulting voltages are measured. Processing the data, we can construct the spatial distribution of
impedance (or resistivity) of the object. In this work, we will present the preliminary results of our group
research. We will show theoretical forward modeling results, followed by laboratory experiments and real
data application. The results illustrate that electrical impedance tomography can be useful to define several
decay scenarios inside the trees.
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1. Introduction

Trees play a very important role in creating green space in public areas such as streets, parks, schools,
and offices. Over time, trees often suffer from pests and diseases, becoming fragile and susceptible to falling
and causing accidents, especially in the rainy season. Thus, determine the tree trunks inside the condition
to suggest a suitable treatment plan and minimize damage while keeping the tree intact. In addition, trees
are also an important part of historical, cultural, and spiritual works. From 2010 to now, the Vietnam
Association for Conservation of Environment and Nature has recognized over 4,000 heritage trees across
the country [1]. Since these are perennial plants, a high possibility of having rotten cores inside hollow can
occur. A follow-up process is therefore required to care for and preserve these trees. Like people, doctors
need X-ray, CT, or nuclear magnetic resonance images to make decisions before treating or operating on
patients. Accordingly, we need to have the information of their trunk inside to evaluate the possibility of
the trunk being rotten or not. Therefore, it is necessary to apply geophysical techniques to research the tree
trunks. The geophysical methods based on electrical properties of the medium such as geoelectrical,
electrical resistivity tomography, and electrical impedance tomography are the most used.

The geoelectrical method has been intensively researched and developed both in instruments and data
processing [2-4]. This method is very effectively applied in geology, hydrogeology, and engineering [5-7],
the study of natural disasters such as landslides [8], research serving agriculture, research branches related
to soil [9]. Similarly, electrical tomography has been researched, developed, and applied in many different
fields, such as medicine [10, 11] or plant research [12-16].

Techniques similar to impedance tomography have been widely studied and applied in medical imaging
[10, 11, 17] and tree investigation [12, 13, 16, 18, 19]. Currently, in Vietnam, according to our research,
there is still no research on the application of tomography to determine the hollow capacity inside the trunk.
Therefore, our work is the first time in Vietnam focusing on applying geophysical methods to tree
investigation.

In the application of geoelectrical methods to image subsurface, the electrodes are usually located above
the ground (Fig. 1a). This is related to the boundary conditions between the ground and the air. For the
survey to investigate inside the trunk, the electrodes are arranged around the tree trunk (Fig. 1b). In this
case, the solution approach of the problem is different from the case of probing underground objects.
Therefore, it is necessary to have studies to change the transformation processes of measurement and data
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processing to suit the task of tree investigation.
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Fig. 1. Electrode’s configuration. Conventional configuration of array in geophysical survey on the
surface (a), the configuration around boundaries (b).

2. Theory background

In the Electrical impedance tomography (EIT) method, we inject known amounts of current into a
medium that produces current fluxes and induce potentials. We measure the potential electrical field at
points on the boundary of the medium (Fig. 1). The current fluxes and potential at the object boundary are
influenced by the object impedance. For example, the current conduction within a homogeneous domain
(Fig. 2a) differs from that in an inhomogeneous domain (Fig. 2b). As a result, the voltage profile of the
homogenous object will be different from the domain with inhomogeneity. It is similar at the boundary;
potential profiles will depend on the domain impedance distribution. In other words, we can obtain the
information of the impedance distribution of the object domain from the potential boundary data. Also, it
is possible to construct a map of the conductivity or resistivity of the region of the object domain.

Fig. 2. Variation in boundary data profiles for a homogeneous domain (a) and an inhomogeneous domain
(b). The red dash lines show electric current.
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a. The governing equations inside the object domain
In an inhomogeneous medium, Maxwell's equations are following:

0B
VXE = ~ 3 (1a)

VxH=]+%, (1b)
at
where E and H is electric and magnetic fields, respectively, B is magnetic induction, D is electric

displacement and J electric current density. Moreover, in linear isotropic medium the following relations
are valid:

D =¢E, (2a)
8= it (20)
J =0E, (2¢)

where ¢ and u are electrical and magnetic permittivity, respectively, and o is the conductivity of the medium.
Assuming that the injected currents are time-harmonic with frequency w, the electric and magnetic fields
are of the form (Eqgs. 3a and 3b).

E = Eje'@t, (32)

B = Byel®t. (3b)

Using the relations (Egs. 2a, 2b and 2c), we can rewrite electric and magnetic fields (egs. 1a and 1b) as
follow:
VXE = —iwuH, (4a)
VX H =]+ iweE. (4b)

The quasi-static approximation usually employed in EIT is to assume wuH is negligible, thus from
equation (4a) we have V X E = 0 and hence
E =-Vo, (%)

where @ is scalar potential.

In EIT, the total current is J = Jo + Jswhere Js is source current, it is typically zero at frequency w, and
ohmic current Jo = oE. We assume that o > iwe, the equation (4b) can be rewritten:
VxH = 0E. (6)

Substituting E in equation 5 in equation 6 and taking the divergence on both sides, we achieve Laplace's
equation (6).
V- (V@) = 0. (7)

The current density on the boundary is
j=-Js'n=0V0 -n, (8)

where n is the outward unit normal to boundary 9Q, where j is the negative normal component of the
injected current density Js. Laplace's equation (7) and the boundary conditions (8) is used to build a
mathematical model of the EIT method [20].

b. Modeling and inversion

In this work, we use a model of 16 electrodes (Fig. 3). This is the best number to reconstruct the lungs
image [21]. The electric resistivity of the wood varies with tree species (Tab. 1), and it is mostly influenced
by the water content, chemical elements, which change according to the status of wood and cell structure.
Reaction wood does have different resistivity compared to “normal wood”. The models (Fig. 3) represent
three scenarios of the trunk: (1) normal status the trunk is homogeneous (Fig. 3a); there is an area inside
the trunk, the wood is decayed and contains saline water causing high conductive abnormal (Fig. 3b); and
there is an area inside the trunk, the wood is decayed and contains air causing low conductive anomaly (Fig.
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3c). In this work, we use an open-source software suite for image reconstruction in electrical impedance
tomography and diffuse optical tomography EIDORS [18] for forward and inversion of the data.

Fig. 3. Model of the tree trunk with homogeneous impedance distribution (a), there is a conductive
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abnormal area (b), and there is a resistive abnormal area (c). Color bars show relative conductivity of the
domain, and dark blue represents more conductive, dark red illustrates more conductive domain. The
green arrows show electric current flow; longer arrows represent larger currents.

Tab. 1. Electrical resistivity (ER) parameters (mean = SE, minimum and maximum) for tomograms
performed at different temperatures (Temp.). For each tree, the stem diameter (Diam.) at measurement
height is given [16].

Tree species ERmean (Qm) ERmax (2m) ERmin (Qm)
B. pendula 136.34 £ 1.36 755.33 8.66
F. sylvatica 265.08 £ 4.60 1007.48 8.07
P. nigra 80.22 £ 0.94 177.82 8.97
L. decidua 276.53£5.18 1279.42 22.04
P. abies 314.89 £5.19 975.58 25.65

The synthetic data generated from the models in Fig. 3b and c are added 5% Gaussian noise and running
inversion process using an approach of Adler and Guardo [22]. The results are shown in Fig. 4. The
constructed images show that we can well define the location of decay areas for both models; however, the

images of the inverted model are larger than the true areas of the models. Further works of the inversion
process are needed to improve the reconstructed images in the future.
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Fig. 4. Inversion results of synthetic data generated by using the conductive model (Fig. 3a) (a) and the
resistive model (Fig. 3b) (b). The white polygons mark the true models.
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Fig. 5. Experiment models. We use a cylindrical plastic container of sand as the homogeneous model (a),
an empty bottle is buried in the center of the cylindrical plastic container represent resistive model (b),
and a cubic iron is a conductive model (c).

3. Laboratory experiment
a. Designing experiment models

We use a cylindrical plastic container bottle to make an experiment model (Fig. 5). Copper electrodes
are fixed around this cylindrical plastic container. Inside the container, we fill it with moist clean sand to
build the homogenous model (Fig. 5a). In one case, we want to build a model with a high resistivity anomaly
region, and we use an empty plastic bottle placed in the center of the model (Fig. 5b). In the opposite case,
if we want to have a model with a good conductive region, we use iron in the middle of the model (Fig. 5¢).

We use a Digigeska electrical instrument made by Geophysical Division, Vietnam, to measure. This is
a conventional electrical instrument for four electrodes measurement, a pair of current electrodes, and a
pair of potential electrodes. We have a total of 16 electrodes. We have to manually change electrodes at
each measurement. First, the current is applied through electrodes 1 and 2 (Fig. 2). The voltage is measured
successively with potential electrode pairs 3-4, 4-5, . . . 15-16. Thus, we get 13 voltage measurements. And
then, we change the pair of current electrodes to 2 and 3 and measure the voltage of the remaining 13 pairs
of electrodes. We continue to change the current electrodes to 16. In total, we obtained 208 measurements.

The data is put in the inversion process, and the results are shown in Fig. 6. We can see that
reconstructed images illustrate the models. In the case of the homogeneous model, the container is filled
with moist clean sand only. The relative conductivity of the model (Fig. 6b) varies around zero. In the case
of the resistive model (Fig. 6a) and conductive model (Fig. 6c), the negative and positive abnormal show
the location of the empty bottle and cubic iron, respectively. However, the constructed images do not show
the locations and areas of the two objects perfectly, and we can see some artifacts. These may be caused by
the highly noisy measured data and the inversion with smooth constraints.

b. Testing on the real wood in the laboratory

We found a solid trunk, which can be seen as a healthy trunk, free from pests and diseases (Fig. 7a).
First, we carried out the measurement as described in the experimental model section. We then used a
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hollow chisel in the middle to make a model of the hollow trunk (Fig. 7b). Finally, we filled the hollow
with hydrated sand to simulate a hollow tree trunk containing water (Fig. 7¢). The measurement process is
similar to the first case.
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Fig. 6. The inversion results of the experiment data. The constructed image of the resistive model (a),
homogeneous model (b), and conductive model (c). The color bars show the relative conductivity of the
models; blue and red represent resistive and conductive mediums, respectively.

The inversion process is also applied as similar to the experiment models. The results are shown in Fig.
8. We can see that reconstructed images illustrate the wood models. In the case of the homogeneous model
(healthy trunk), the relative conductivity of the model (Fig. 8b) varies around zero. In the case of the
resistive model (Fig. 8a) and conductive model (Fig. 8c), the negative and positive anomalies show the
locations of the empty hollow and hydrated sand, respectively. The issue is like the container models above;
the constructed images do not show areas of the two abnormal areas perfectly. These may be caused by the
highly noisy measured data and the inversion with smooth constraints.

Fig. 7. The wooden models. We have a homogeneous trunk (a), we hollowed out the trunk of the tree to
make the model of a hollow trunk containing air (b) and finally we put sand and water inside the hole to
make the conductive model of the trunk.
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Fig. 8. The inversion results of the experiment data. The constructed image of the resistive model (a),
homogeneous model (b) and conductive model (c). The color bars show relative conductivity of the
models, blue and red represent resistive and conductive medium, respectively.

4. Real data

The data were measured on two perennial mango trees, planted next to each other and about the same
age, about 350 years old. One tree has broken branches due to hollow trunks (Fig. 9). The question is when
the remaining tree will break in the future.

The measurement and inversion approaches are similar in the laboratory. We use 16 electrodes and
measure the pattern in succession between two electrodes next to each other (Fig. 10a). The constructed
image (Fig. 10b) clearly shows the low conductivity part related to the hollow part of the trunk. We made
similar measurements on the remainder tree (Fig. 11a) and the results also indicated that there is a hollow

in the middle part of the trunk (Fig. 11b).

Fig. 9. The hollow tree is the cause of the broken branches (a). Zoom in on the broken branch due to the
hollow inside (b). Image of the hollow inside the tree (c).
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Fig. 10. Measurement of the broken tree (2). The inversion image shows clearly resistive area (blue color)
that illustrates the hollow inside the tree (b). The color bar shows relative conductivity of the models.
Blue and red represent resistive and conductive media, respectively.

(b)
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Fig. 11. Measurement of the tree is located near the broken tree (a). The inversion image clearly shows
the resistive area (blue color) that may illustrate the hollow inside the tree (b). The color bar shows the
relative conductivity of the models; blue and red represent resistive and conductive mediums,
respectively.
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5. Conclusion

We present the application of the electrical impedance tomography (EIT) method to investigate the
inside of trees in Vietnam. The biggest advantage of this method is the non-destructive sample, i.e., the
method can be applied to investigate the trees with no damage to them. We have built theoretical models
and laboratory experiments and then test in real cases. Our preliminary results demonstrate that the EIT
method is robust to investigate the trees. However, the results are not yet perfect, and we believe that further
research can improve the results. In the future, a better instrument to acquire data and an improved inversion
process to construct the tree image can enhance the robustness of the EIT method.
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