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 Abstract—Internal decays in trees can rapidly escalate into a 

full decomposition of the inner structural layer, i.e., the 

“heartwood” layer, due to the action of aggressive diseases and 

fungal infections. This process leads to the formation of big cavities 

and hollows, which remain surrounded by the sapwood layer only. 

Estimating the thickness of the sapwood layer with a high degree 

of accuracy is therefore crucial for a correct assessment of the 

structural integrity of hollow trees, as well as an extremely 

challenging task. In this context, ground-penetrating radar (GPR) 

has proven effective in providing details of the internal structure 

of trees. Nevertheless, the existing GPR processing methods still 

offer limited information on their internal configuration. This 

study investigates the effectiveness of GPR enhanced by a 

microwave tomography inversion approach in the assessment of 

hollow trees. To this aim, a living hollow tree was investigated by 

performing a set of pseudo-circular scans along the bark 

perimeter with a hand-held common-offset GPR system. The tree 

was then felled, and sections were cut for testing purposes. A 

dedicated data processing framework was developed and tested 

through numerical simulations of hollow tree sections. The 

internal structure of the real trunk was therefore reconstructed 

via a tomographic imaging approach and the outcomes were 

quantitatively analysed by way of comparison with the real 

sections’ main geometric features. The tomographic approach has 

proven very accurate in locating the sapwood-cavity interface as 

well as in the evaluation of the sapwood layer thickness, with a 

centimetre prediction accuracy.  

 
Keywords — ground-penetrating radar (GPR); hollow trees; 

sapwood layer thickness; microwave tomography; non-destructive 

testing (NDT); tree health monitoring. 

I. INTRODUCTION 

Tree diseases affect the natural ecosystems governing the 

growth of forests and the coexistence of plants and pathogens 

is essential for both to survive. Although this is a natural process 

self-regulated by the environment, the amount and the 

incidence of invasive diseases are continuously increasing [1]. 

The effects of climate change with the progressive increase in 

temperatures have contributed to foster the spread and 

proliferation of bacteria and fungi, which are responsible for 

many diseases [2, 3]. Furthermore, anthropic activities 

including human population growth [4], worldwide travel [2] 
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and international plant [5] and timber trade [6] have contributed 

to breaking down environmental barriers for protection of 

ecosystems, altering the balance of natural habitats. In this 

regard, Anderson et al. [1] state that pathogens affecting new 

geographical areas have increased their impact, or they have 

evolved or recently been discovered and classified as emerging 

infectious diseases (EIDs). Due to the rise in the EIDs’ spread 

[7], entire forests are decaying, and several tree species are 

threatened with extinction [8]. 

Depending on the disease, different parts of a plant, such as 

the roots, the foliage, or the stem, can be affected. Overall, the 

structure of a tree trunk can be mainly divided into three main 

components, i.e., the bark, the sapwood and the heartwood [9]. 

The bark has the function to protect the tree from external 

agents [10], the sapwood is responsible for the transportation of 

water and minerals from the roots to the leaves [11] and the 

heartwood has the primary function to provide structural 

strength, as it is no longer involved in nutrition transport 

processes [11].  

Tree trunks are affected by various injuries and wounds [12, 

13]. Once damage occurs, fungi and bacteria can penetrate the 

bark, germinate within the wood tissues, and cause decay in the 

sapwood and the heartwood. Some fungi are associated with the 

heart rot disease [14, 15]. This pathology causes wood decay at 

the centre of the trunks or the branches and it can escalate into 

the heartwood decomposition. Consequently, the latter layer 

can soften and rot, leading to the formation of a tree hollow [16, 

17].  

Nevertheless, it is worth noting that tree hollows do not 

necessarily jeopardise the tree’s survival [12], as the dead 

tissues of the heartwood are not involved in the tree biological 

and physiological processes [11]. To this effect, it is important 

to note that a hollow tree can keep increasing in size [18], as the 

transportation and storage of nutrients take place in the living 

section of the wood, i.e., the sapwood [11]. Nevertheless, the 

decomposition of the heartwood, the primary purpose of which 

is to provide structural support [11], and the potential formation 

of hollows, may exert considerable influence on the tree’s 

stability. Strength of the stem is diminished by the formation of 
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cavities and hollows, making trees structurally unstable and 

more likely to fall under the effect of external forces, such as 

wind loads [19]. This is rather unsafe in urban environments, as 

trees’ structural instability can harm the safety of people, 

structures and infrastructures [19].  

As well as the early-stage signs of disease [20], it is crucial 

to assess the main characteristics of a hollow tree, such as the 

bark and the sapwood thicknesses and the presence of any 

transversal crack on the sapwood, to verify its structural 

integrity. Simple approaches based on the operator’s 

experience, such as locating decay by sounding the tree, are still 

commonly used. However, these techniques are not very 

accurate, as they can only determine the existence of decayed 

wood, whereas no information can be obtained on the size and 

stage of the decay [21]. Destructive techniques, such as the 

core-drilling method [22], are also frequently used for the 

evaluation of the internal tree structure. However, the 

effectiveness of these methods is limited by their invasiveness. 

In addition, they are time-consuming, laborious, and they often 

cause permanent damage to the tree itself by exposing it to 

further infection by pests or fungi [23, 24]. Furthermore, 

destructive testing methods provide information only at the 

time/space position of the sampling section and are thus useless 

for analysing decay processes.  

On the other hand, the use of non-destructive testing (NDT) 

methods in this application area is expanding rapidly due to 

their flexibility, versatility and the provision of accurate 

outcomes at relatively low costs. Usage of NDTs also allows 

for a routine-based monitoring and longer-term strategies for 

tree management. In this framework, use of NDT methods such 

as resistograph testing [25], electrical resistivity tomography 

(ERT) [26], ultrasound tomography [27], infrared 

thermography [28], X-ray tomography [29] and signal 

processing approaches, e.g., the microwave tomography [30], 

have been reported in this area of endeavour. 

Ground-Penetrating Radar (GPR) is acknowledged as a 

compelling non-destructive geophysical device for tree 

monitoring. Numerous experiments have been recently carried 

out on the effectiveness of GPR for large-scale forestry 

engineering investigations [31].  

A technique based on the interpretation of B-Scans in polar 

coordinates is described in [32, 33], a layer-based detection is 

presented in [34], a hyperbola fitting approach is discussed in 

[35] and a migration-based method is reported in [36]. 

Regardless of these signal processing approaches, tomographic 

techniques have proven effective in tree trunks monitoring in 

view of the closed surface configuration with a dense amount 

of measurement points. Here, we consider a microwave 

tomography approach as a data processing step to produce an 

image of the tree section. Microwave tomographic approaches 

have been designed and assessed for cylindrical structures in 

biomedical applications [37, 38], by resorting to inversion 

schemes mainly based on linear approximations of the 

electromagnetic scattering phenomenon [39-43]. Further 

examples of these implementation methods can be found in the 

imaging of other cylinder-like structures such as columns [44] 

and pillars [45].  

 
A similar method has been recently implemented for the 

assessment of the internal structure of tree trunks, with 

promising results [30, 35, 46]. Specifically, the imaging 

approach in [46] has been assessed through numerical models 

of tree trunks and controlled laboratory experiments based on 

dry tree logs with small cavities.  

In this study, a step forward is taken by the provision of GPR 

field tests on a living hollow tree. The main research scope is to 

characterise the thickness of the sapwood (structural) layer by 

the identification of the sapwood-cavity interface. To 

accomplish this aim, GPR data were collected on the tree and 

processed by a microwave tomographic approach, which 

exploits accurate information about the actual shape and 

measurement points along the tree section.  

To elaborate, following the data collection on site, the 

investigated tree was felled, and several sections were cut for 

testing purposes. This allowed to compare the microwave 

tomographic images with the ground-truth sections. It is 

important to note that the GPR inspection of living trees is still 

an open issue that poses some relevant technical challenges. 

First, the acquisition of good quality data can be hindered by 

the irregular shape of the tree and its surface roughness. 

Moreover, ringing effects caused by antenna mismatching 

dominate the early time response in the radargrams. Therefore, 

as it will be shown in this paper, a proper data processing 

framework is crucial to achieve reliable images of the tree 

cross-section.  

The paper is organised as follows. Section II reports a 

description of the test site and the analysis of the raw data. 

Section III discusses the proposed data processing framework 

and the results of the tomographic reconstructions follow in 

Sec. IV. Conclusions are reported in Sec. V. 

 

Fig. 1. Test site location at Gunnesbury Park, London, UK. An overview of the 

area (a) and an aerial view of the investigated “Acer Pseudoplatanus” tree (b). 
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II. MEASUREMENT SURVEY AND RAW DATA 

A. The Test Site 

The survey was performed at Gunnersbury Park, Ealing, 

London (United Kingdom) (see Fig. 1). The investigated 

sycamore (Acer Pseudoplatanus) tree was selected under the 

advice of the London Borough of Ealing's Tree Service. This 

tree was located along a tree-lined avenue inside the park, 

approximately 10 m distant from other adjacent trees. 

As reported by the registered charity "Friends of 

Gunnersbury Park and Museum" [47], the investigated tree had 

been monitored since 2010, when a large cavity was found in 

the stem [48]. Over the past decade, the tree conditions had 

deteriorated, as increasing rotting and decay had been reported. 

This created significant safety concerns to the public and, 

hence, it was decided to fell the tree. The GPR survey was 

planned before the scheduled tree felling to collect reference 

information on the trunk internal structure, including the size of 

the hollow and the thickness of the sapwood layer. In this way, 

the effectiveness of the GPR equipment and the viability of the 

proposed processing framework were assessed by comparing 

the reconstructed images with the evidence from the actual tree 

cross-sections. 

B. The GPR Equipment and the Surveying Technique 

The “Aladdin” 2-GHz hand-held antenna system, 

manufactured by IDS GeoRadar (Part of Hexagon), was 

deployed for testing purposes. The radargrams were collected 

with a time-step ∆𝑡=6.25·10-11 s and a spatial step ∆𝑠=1 cm 

between the traces. The survey methodology was based on 

pseudo-circular perimetric GPR acquisitions. Each 

measurement was accurately positioned based on the distance 

(calculated using the wheel encoder attached to the antenna) 

from a given reference starting point, using an arc length 

parameterisation approach, as described in [35]. 

A number of 14 scans encircling the tree were performed 

parallel to the ground, spaced 0.1 m each to one another. Hence, 

the investigated area was a “cylinder” of 1.3 m height (Fig. 2). 

 

The first scan was taken at the bottom of the tree (h = 0 m), 

whereas the final scan was collected at h =1.3 m. The average 

radius of the circle approximating the contour of the tree across 

the investigated section was estimated to be equal to 0.63 m. 

Following the GPR survey, the tree was felled, and the 

investigated section was cut into ~0.2 m thick slices, which 

were subsequently used for validation purposes. 

C. Raw Data Analysis 

To assess the effectiveness of GPR in detecting the tree 

cavity, geometric representations of the tree sections located at 

heights h = 0 m (P1), h = 0.6 m (P2) and h = 1.3 m (P3), 

respectively, were produced based on the visual information 

collected after the tree felling operation (see Fig. 3). These 

sections provide a comprehensive framework of the overall 

inspected volume of the trunk from bottom to top. 

Table I lists the main geometric characteristics of the above-

mentioned sections. 𝑅𝑖 and 𝑟𝑖 denote the outer and inner radii 

of the cross-section at the ith inspection height; 𝑅̅ is the average 

radius of the trunk. 𝑅̅ − 𝑟̅ is the average thickness of the 

sapwood; max |𝑅𝑖 − 𝑟𝑖| is the maximum ith sapwood thickness; 

min |𝑅𝑖 − 𝑟𝑖| is the minimum ith sapwood thickness. Moreover, 

 is the percentage ratio expressing the sapwood area AS over 

the full cross-section area AT (i.e., the summation of the 

sapwood (AS) and the hollow areas (AH)); ρ is the percentage 

rate of sapwood thickness reduction considering the thickness 

at the base (i.e., section P1) as the reference. From the data listed 

in Tab. I, it is clear how the thickness of the sapwood drastically 

decreases from bottom to top, being ρ = 28.14% at middle 

section, and ρ = 44.98% at the top section inspected. The 

average sapwood thickness 𝑅̅ − 𝑟̅ is 20.17 cm (P1), 16.65 cm 

(P2) and 11.63 cm (P3), with local maximum and minimum 

thickness values consistent with the upward-decreasing trend. 

It is also interesting to note that the area occupied by the 

sapwood is relatively similar to the hollow area at sections P1 

and P2, whereas it decreases up to one third at section P3 (i.e.,  

= 33.83%). This behaviour is observed regardless from the fact 

that the full cross-section area decreases from the base to the 

middle section and increases from the middle to the top section. 

The raw radargrams (B-scans) collected at the considered 

sections are depicted in Fig. 4. The figures are displayed over a 

saturated colour scale and highlight a very similar behaviour 

despite the geometric differences observed for the tree cross-

sections (see Fig. 3). This claim is also supported by the curves 

plotted in Fig. 5, where the average traces along the 

measurement direction for the three scans are compared. Except 

for a time shift less than 1 ns, the average traces show a similar 

trend, especially over the first 5 ns of the time window. A major 

common trend observed across the radargrams is the presence 

of significant reflections occurring around same travel time 

instants from the first radar echo. These reflections are likely 

related to ringing effects within the antenna as a result of an 

increased mismatch due to the high dielectric permittivity of the 

investigated tree. Furthermore, it is worth to mention that the 

mismatch observed in Fig. 5 can be also partially related to non-

optimal continuous coupling conditions between the radar 

system and the bark, due to local surface irregularities.

  

Fig. 2 GPR measurement layout around the investigated “Acer 

Pseudoplatanus” tree. 
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Fig. 3. Plan view of the tree cross-sections at h = 0 m (a), h = 0.6m (b) and h = 1.3 m (c). The red dot denotes the initial measurement point and the arrow indicates 

the movement direction of the GPR antenna along the bark. 
 

TABLE I 

MAIN GEOMETRIC CHARACTERISTICS OF THE REAL CROSS-SECTIONS CUT FROM THE INVESTIGATED TREE TRUNK 

Section 
𝑅̅ 

[cm] 

𝑅̅ − 𝑟̅ 

[cm] 

max |𝑅𝑖 − 𝑟𝑖| 
[cm] 

min |𝑅𝑖 − 𝑟𝑖| 
[cm] 

Hollow Area 

AH 

[cm2] 

Sapwood Area 

AS 

[cm2] 

 

[%] 

𝜌 
[%] 

P1 (h = 0 m) 69.31 20.17 26.84 11.19 7585.85 7505.22 49.73 0 

P2 (h = 0.6 m) 59.88 16.65 22.08 9.10 5871.00 5393.52 47.88 28.14 

P3 (h = 1.3 m) 62.33 11.63 16.48 6.69 8075.95 4129.68 33.83 44.98 

 

 

Fig. 4. Raw radargrams collected at the considered tree sections. h = 0 m (a), h = 0.6 m (b) and h = 1.3 m (c). 

 

 
According to [50], the sapwood relative dielectric permittivity 

is the highest compared to the permittivity of the bark and the 

heartwood tissues, matching the premise of a higher water 

content due to its main function of being a water nutrient 

transportation layer. Due to the high permittivity of the 

sapwood, which can vary in the range 15-30 [49], a 

mismatching occurs between the GPR antenna impedance and 

the medium impedance. As a result, a significant ringing arises 

and overwhelms the response from buried targets. To cope with 

this problem, time-domain filtering operations [51, 52] are 

required to mitigate the clutter and achieve reliable information. 

This point will be discussed in more detail in the next section. 

III. PROCESSING STRATEGY: TIME DOMAIN FILTERING AND 

MICROWAVE TOMOGRAPHY APPROACH 

This section presents the GPR data processing approach with 

main steps reported in the block diagram of Fig. 6. The raw 

radargram is processed through several time-domain filtering 

operations. Following this, a reconstruction procedure, based 

on the implementation of a microwave tomographic approach 

and working in the frequency domain, is applied to produce a 

tomographic image of the tree sections as the final output. 

A. Time-Domain Processing 

As shown in Subsect. II C, the raw radargrams are collected 

in the time-domain and account for the total field, i.e., the direct 

coupling between the antennas, the reflection from the bark, and 

 
Fig. 5. Average traces of the radargrams collected at the tree sections at h=0, 

0.6, 1.3 m. 
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the field scattered by the inner anomalies. In more detail, the 

antenna coupling and the ringing effects cause a significant 

clutter that overwhelms the useful portion of weaker 

reflections/backscattering produced by the inner tree features. 

Therefore, a pre-processing is needed to mitigate the clutter 

before processing the data with the tomographic approach. 

The first operation is the zero-time setting, in order to set 

the zero of the fast-time axis at the air-tree bark interface. 

Afterwards, a time-gating operation is performed by enforcing 

to zero the part of the signal where direct coupling and ringing 

occurrences are dominant. Time-gating is followed by a 

background removal to eliminate residual coupling and ringing 

components, which can be considered as spatially constant 

signal. In terms of the background removal, any individual 

radar trace (A-scan) is replaced with the difference between its 

value and the average of all the traces in the ungated part of the 

radargram. To highlight the effectiveness of the proposed data 

processing framework, radargrams achieved after the 

application of the full steps in the time-domain processing (Fig. 

7) are first represented and compared with the radargrams 

obtained by a partial application of the time-domain processing 

(Fig. 8).  

The filtered radargrams are obtained for the tree sections by 

setting the zero-time at 2.3 ns, the gating-time at 5 ns and by the 

application of the background removal, see Fig. 7. To 

demonstrate the effectiveness of the proposed time-domain 

processing framework, the radargrams processed by the 

application of the background removal only are reported in the 

upper panels of Fig. 8 (i.e., Figs. 8a-c), whereas the radargrams 

achieved by the application of the time-gating only are reported 

in the bottom panels of Fig. 8 (i.e., Figs. 8d-e). The filtered 

radargrams in Figs. 7 and 8 are displayed over the time window 

0-12.7 ns since, as mentioned before, the zero time on the raw 

data has been set equal to 2.3 ns. Differently from those in Fig. 

4, all sets of radargrams in Fig. 8 are free from the horizontally 

constant clutter due to the antenna coupling, although they are 

still affected by a strong residual clutter. Specifically, the 

radargrams in the upper panels (Figs. 8a-c) are affected by 

strong amplitude residual clutter in the early time response (up 

to about 3 ns), which is not fully removed by the background 

removal, likely related to the effects of non-optimal surface 

regularity conditions across the full perimeter of the bark. 

Conversely, those in the bottom panels (Figs. 8d-f) are 

affected by a constant clutter occurring over the entire 

observation time window, with an amplitude comparable with 

that of the useful signals. Hence, time-gating and background 

removal are both required to eliminate the residual clutter (see 

Fig. 7). Of course, since time gating enforces to zero the 

radargrams up to 5 ns, i.e. in the interval 0-2.7 ns once setting 

the zero time, it is not possible to achieve any information about 

the shallower part of the sapwood. On the other hand, 

background removal attenuates the signals due to the sapwood-

cavity interface occurring at the same travel time.  

Regarding the estimation of a reference average value of the 

tree dielectric permittivity, it is fair to observe that this is a 

rather challenging task. In fact, the lack of clear diffraction 

hyperbolas in the radargrams as well as of any reflection from 

the opposite side of the trunk did not allow to estimate the 

velocity of the electromagnetic wave from the available data.  

  
Therefore, here we assume a relative permittivity of the 

hollow tree in the range 15-25, based on the available literature 

data [49, 50].  

Accordingly, the “blind” zone in the sapwood due to time-

gating operation extends from the bark up to a reference depth 

in the range 8-10 cm. In view of the above, the filtered 

radargrams in Fig. 7 are the datasets used for the imaging in the 

present paper. As it is shown in Fig. 6, the radargrams are first 

transformed in the frequency domain by the application of a 

Fourier transform and, finally, they are processed using the 

microwave tomographic approach, as discussed in the 

following section. 

B. The Microwave Tomography Approach 

The GPR imaging is performed by means of the microwave 

tomography inversion approach presented in [46]. The 

approach exploits a linear model of the electromagnetic 

scattering based on the Born approximation [39, 40]. This 

inverse modelling allows to achieve a qualitative reconstruction 

of the buried targets in terms of their location and size 

estimation [54].  

In more detail, considering the scenario under investigation 

and the deployed GPR system, we assume a 2D geometry with 

a multi-monostatic/multi-frequency configuration. The 2D 

geometry considers the cross-section of the tree trunk at the 

height where the measurement points 𝒓𝑚  are located, as the 

investigation domain D. Therefore, D is a trunk section at a 

constant height and a homogeneous medium with a constant 

relative dielectric permittivity 𝜀𝑏 is assumed as the reference 

scenario. 

According to the above, the measured scattered field 𝐸𝑠  at 

each measurement point 𝒓𝑚 (antenna location) and angular 

frequency ω is given by: 

 

       𝐸𝑠(𝒓𝑚, 𝜔) = 𝑘𝑏 
2 ∬ 𝑔𝑒(𝒓𝑚, 𝒓, 𝜔)𝐸𝑖𝑛𝑐(𝒓, 𝜔)𝜒(𝒓)𝑑𝒓

𝐷
 (1) 

 

 
 

Fig. 6. Block diagram of the proposed GPR data processing framework. 
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Fig. 7 Radargrams achieved after the application of the zero-time setting, time-gating and background removal. h = 0 m (a), h = 0.6 m (b) and h = 1.3 m (c). 

 

Fig. 8 Radargrams achieved after the application of the zero-time setting with background removal only (upper panels) and with time-gating only (bottom panels). 

h = 0 m (a) (d), h = 0.6 m (b), (e), and h = 1.3 m (c), (f). 

where the contrast function 𝜒 accounts for the difference 

between the targets’ permittivity and the permittivity of the 

background medium. 𝑘𝑏 is the wavenumber of the medium, 

𝐸𝑖𝑛𝑐 is the incident field (i.e. the field in absence of targets) in 

D and 𝑔𝑒 is the external Green’s function accounting for the 

radiation at 𝒓𝑚 by an elementary source located at 𝒓. A 

transverse magnetic (TM) polarisation is considered where the 

source radiating the incident field is assumed as a filamentary 

electric current orthogonal to the investigation domain. 

The solution to the integral equation in (1) has been largely 

discussed in the literature (e.g. see [39, 40]). Notably, the 

inverse problem in eq. (1) is ill-posed and a regularised solution 

is found by resorting to the Truncated Singular Value 

Decomposition (TSVD) scheme [53]:  

 𝜒(𝑥, 𝑧) = ∑
〈𝐸𝑠,𝑢𝑛〉

𝜎𝑛

𝑁𝑡
𝑛=1 𝑣𝑛 (2)  

In Eq. (2), the symbol 〈 , 〉 is the scalar product in the data 

space, {𝜎𝑛, 𝑢𝑛, 𝑣𝑛}𝑛=1
∞  is the singular spectrum of the operator 

𝐿, where the singular values 𝜎𝑛 are sorted in a descending order, 

{𝑢𝑛}𝑛=1
∞   and {𝑣𝑛}𝑛=1

∞  are orthonormal basis functions for the 

data and unknown spaces, respectively. 𝑁𝑡 is the regularisation 

parameter set to find a trade-off between accuracy and stability 

of the solution. The modulus of the regularised contrast 

function 𝜒 is a spatial map referred to as the tomographic image. 

C. Numerical Results 

Before dealing with the processing of the experimental data, 

we perform a numerical analysis to test the capabilities of the 

microwave tomographic approach in providing useful insights 

for a reliable interpretation of the tomographic reconstructions 

in real-life scenarios. Main goals in this Section are i) to identify 

the presence of an inner cavity and the geometry of the sapwood 

(structural) layer, and ii) to verify the effects of errors in the 

assumption of permittivity by model compared to the actual 

(true) permittivity value for reconstructions with the microwave 

tomographic approach. 
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1) Detection of tree internal geometric features 

Regarding the detection of the internal geometric features of 

a hollow tree, it is worthy to recall the filtering properties of the 

linear inverse operator in eq. (1), under the reflection 

configuration here considered. To elaborate, a low-pass 

filtering along the direction of movement of the antenna and a 

band-pass filtering along the depth arise (see the discussion in 

[45]). Therefore, the tomographic images achieved by inverting 

eq. (1) will be able to reconstruct the fast variations of the 

contrast function along the depth.  

In the case at hand, significant and fast variations of the 

relative dielectric permittivity occur at the interface between the 

sapwood and the cavity (i.e., the transition between the high 

permittivity of the sapwood and the free-space permittivity). 

Accordingly, the microwave tomography can detect and 

geometrically estimate the interface between the sapwood and 

the inner cavity.  

The above considerations are clarified by the reconstruction 

performed on the simulated tree geometry represented in Fig .9. 

In this case scenario, the tree has a circular section with a radius 

of 0.8 m and contains a cavity with an irregular shape (dark 

brown area in Fig. 9). The sapwood region (yellow area in Fig. 

9) is homogeneous with a relative permittivity 𝜀𝑏=20 and an 

electric conductivity 𝜎𝑏=0.05 S/m. The tree is probed by an 

electric line current operating in the band [500, 2000] MHz and 

moving along the tree perimeter with a spacing of 1.1 cm. A 

simulated radargram (Fig. 10a) was generated by means of the 

numerical solver GPRmax2D [54]. This was processed in the 

time-domain by setting the zero-time at 0.7 ns and applying a 

time-gating up to 1 ns, followed by a background removal. The 

filtered radargram was transformed in the frequency domain 

over the operating band [500, 2000] MHz at steps of 25 MHz. 

A background scenario made of a homogeneous medium with 

relative dielectric permittivity equal to 20 has been considered 

for data inversion purposes. The tomographic reconstruction is 

achieved via TSVD with a threshold level at -30 dB.  

The tomographic image is depicted in Fig. 10b and shows a 

reliable reconstruction of the interface corresponding to the 

transition between the sapwood and the cavity. The resolution 

achievable at the interface sections is related to the bandwidth 

of the signal and the permittivity assumed in the inverse model 

[51]; in the case at hand, the resolution along the depth is about 

2 cm. 

2) Sensitivity analysis  

This Section aims at assessing how the internal 

reconstruction of a typical hollow tree configuration by the 

tomographic inversion approach depends on the input 

permittivity value and changes according to its model value.  

To elaborate, we verify the scale and distribution of 

prediction errors linked with the assumption of permittivity in 

the model in relationship to the actual (true) permittivity value 

for reconstructions achieved through the microwave 

tomography inversion approach. The sensitivity analysis 

considers the depth position of the sapwood-cavity interface as 

the reference parameter for the evaluation of the model errors. 

 

 
To this purpose, reconstructions were performed in reference to 

the simulated tree section in Fig. 9, where combinations of three 

different values of relative dielectric permittivity, i.e., 𝜀 = 15, 

20, 25, have been considered as true permittivity 𝜀𝑏 and model 

permittivity 𝜀𝑚, case by case. These permittivity values were 

selected in line with the outcomes obtained in [49]. It is worth 

mentioning that the effect of a relative dielectric permittivity 

model assumption error of ± 5 has been investigated in this 

sensitivity analysis. This is to effectively represent variations in 

water content within the sapwood layer relevant to early-stage 

decay conditions. 

 

Fig. 9 Simulated tree section with an inner cavity (dark brown region). 

The sapwood is the region in yellow. 

 
(a) 

 
(b) 

Fig. 10 Simulated radargram (a) and tomographic reconstruction (b) for the 

scenario depicted in Fig. 9. 
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Fig. 11 Tomographic reconstructions for the scenario depicted in Fig. 9 achieved through different combinations of model and true permittivity values. 𝜀𝑏 =15 and 

𝜀𝑚 =15 (a). 𝜀𝑏 =20 and 𝜀𝑚 =20 (b). 𝜀𝑏 =25 and 𝜀𝑚 =25 (c). 𝜀𝑏 =20 and 𝜀𝑚 =15 (d). 𝜀𝑏 =20 and 𝜀𝑚 =20 (e). 𝜀𝑏 =20 and 𝜀𝑚 =25 (f). 

 

In detail, the two following scenarios have been simulated 

and tomographic reconstructions were produced accordingly 

(Fig. 11), i.e., i) true permittivity 𝜀𝑏 matching the model 

permittivity 𝜀𝑚 (Figs. 11a-c) and ii) true permittivity (𝜀𝑏 = 20 

assumed as the benchmark) different from the model 

permittivity (𝜀𝑏 = 15, 25) (Figs. 11d-f). Figures 11a-c show that 

when 𝜀𝑚 =  𝜀𝑏, the reconstructed contrast function perfectly 

matches the sapwood-cavity interface geometry, with 

enhancements in the image resolution observed in case of 

higher permittivity values. Conversely, when permittivity 

values assumed in the inverse model differ from the true 

permittivity, an error occurs in the prediction of the true depth 

position of the sapwood-cavity interface. This is shown in Fig. 

11d and Fig. 11f, where the true permittivity 𝜀𝑏 = 20 is 

underestimated and overestimated, respectively, as opposed to 

the image reconstruction in Fig. 11e (𝜀𝑚 =  𝜀𝑏 = 20), where no 

prediction errors occur. 

To quantify the model prediction errors on the sapwood-

cavity interface in Figs. 11d-f, the theory discussed in [55] is 

here used. To elaborate, when the assumed (model) permittivity 

𝜀𝑚 is smaller (or larger) than the actual (true) value of the 

permittivity 𝜀𝑏, the modelled target depth 𝑧𝑚 is larger (or 

smaller) than the true depth 𝑧𝑏, according to the following 

equation: 

𝑧𝑚 = √
𝜀𝑏

𝜀𝑚
𝑧𝑏   (3) 

The model error ψ can be therefore worked out from eq. (3) 

as the absolute difference between the estimated target depth 

𝑧𝑚 and the true depth 𝑧𝑏, as follows: 

𝜒 = |𝑧𝑚 − 𝑧𝑏| = |1 − √
𝜀𝑏

𝜀𝑚
| 𝑧𝑏  (4) 

Figure 12 reports the distribution of the model errors along 

the actual air-sapwood interface in reference to the tomographic 

reconstructions in Figs. 11d-f.  

Being constant the difference between model and true 

permittivity for the combinations 𝜀𝑏 =20 and 𝜀𝑚 =15 (Fig. 

11d), 𝜀𝑏 =20 and 𝜀𝑚 =25 (Fig. 11f), it is observed that the scale 

of the errors is higher when the true permittivity is 

underestimated. This behaviour is consistent with eq. (4) that 

indicates how the model error depends on the ratio between the 

true and the model permittivity. Underestimation of the true 

permittivity is also confirmed by the statistics reported in Table 

II, where the absolute mean error 𝜓̅ for 𝜀𝑚 =15 and 𝜀𝑚 =25 is 

0.96 cm and 0.66 cm, respectively. In addition, it is important 

to observe that a maximum error ~ 3 cm is expected in case 

similar permittivity values are considered for the estimation of 

the sapwood-cavity interface position in hollow trees. 

 

 

Fig. 12 Error distribution along the sapwood-cavity interface for the 

tomographic reconstructions in Figs. 11d-f. 
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TABLE II 

MAIN STATISTICS FOR THE DISTRIBUTION OF THE MODEL ERROR ALONG THE 

SAPWOOD-CAVITY INTERFACE IN FIGS. 11D-F 

 

Model Permittivity 

𝜀𝑚 [-] 

𝜓̅ 

[cm] 

max 𝜓 

[cm] 

min 𝜓 

[cm]  

15 0.96 3.16 0.11 

20 0 0 0 

25 0.66 2.16 0.07 

IV. REAL RECONSTRUCTIONS: RESULTS AND DISCUSSION  

In this Section, we show the reconstruction results of the real 

tree sections in Fig. 3 achieved by the application of the data 

processing framework represented in Fig. 6. To this end, the 

filtered radargrams in Fig. 7 are transformed into the frequency 

domain over the interval 500-2000 MHz with steps of 25 MHz. 

For the data inversion, the measurement points are defined to 

account for the exact positions of the antenna along the tree 

trunk perimeter. These positions are determined using the arc 

length parameterisation approach, as described in [35]. The 

shape of the trunk is initially discretised {𝑥, 𝑦 ∈ ℝ |𝑥, 𝑦 > 0}, 

where the vectors 𝐱 ∈ ℝ𝐧 and 𝐲 ∈ ℝn contain the n distinct 

coordinates around the investigated trunk. Subsequently, the 

vector θ ∈  ℝn is defined with n equidistant points from zero to 

one. A spline interpolation is used to map both x and y with 

respect to θ i.e., 𝐅 = 〈P(θ), Q(θ)〉, where P(θ) and Q(θ) are the 

continuous representation of the x, y coordinates respectively.  

The arc length of the curve F is then evaluated using                          

𝑠(𝜏) =  ∫ ‖
𝑑𝐅

𝑑𝜃
‖

𝜏

0
𝑑𝜃. The latter integral is calculated 

numerically for different τ. The values of τ are then expressed 

analytically with respect to 𝑠(𝜏) using a spline interpolation. 

Therefore, for a given distance 𝑠(𝜏) we can derive the 

parametric variable τ. Knowing the parametric variable τ 

associated with a specific distance, allow us to calculate the 

coordinates 𝐅 = 〈P(𝜏), Q(τ)〉 subject to the distance measured 

using the wheel-measuring device available in most 

commercial GPR systems.  

The investigation domain matches with the actual tree cross-

section and it is discretised into square image pixels with size 1 

cm. The reconstruction results presented in this paper are 

achieved by considering three different values of relative 

dielectric permittivity, i.e., 𝜀𝑏 = 15, 20, 25, for the cross-section 

reference scenarios at h = 0 m (Fig. 13), h = 0.6 m (Fig. 14) and 

h = 1.3m (Fig. 14), for consistency with the permittivity values 

used in the numerical simulations and in line with the outcomes 

obtained in [49]. 

To allow a quantitative analysis of the viability of the 

microwave tomography inversion approach in estimating the 

thickness of the sapwood structural layer, the tomographic 

reconstructions in Figs. 13-15 were converted into binary 

images, and subsequently a spline interpolation was applied to 

reconstruct the inner sapwood-cavity interface in a continuous 

manner (Fig. 16). The main outcomes from the evaluation of 

the sapwood-cavity interface in the binary tomographic images 

are listed in Table III in terms of the average thickness of the 

sapwood 𝑅̅ − 𝑟̅, the hollow area AH and the sapwood area AS. 

These are reported by considering the three values of relative 

dielectric permittivity, i.e., 𝜀𝑏 = 15, 20, 25 for all the three 

cross-section reference scenarios at h = 0 m, h = 0.6m and h = 

1.3m. For comparison purposes, the absolute errors Δ between 

reconstructed and real scenarios and the absolute percentage 

errors ξ,  and ς are reported for 𝑅̅ − 𝑟̅, AH and AS, respectively.  

Regarding the bottom cross-section at h = 0 m, the 

tomographic images displayed in the top panels of Fig. 13 show 

that the sapwood-cavity interface is clearly identified in all the 

three cases of considered background relative dielectric 

permittivity. This agrees with the tomographic reconstruction 

obtained in the simulated scenario (Fig. 10). Moreover, higher 

reference permittivity values produce a slight resolution 

enhancement in the tomographic images and the reconstruction 

of the interface is closer to the outer surface due to the smaller 

propagation velocity in the assumed model, as observed in Fig. 

11d.  

The bottom panels of Fig. 13 show the tomographic images 

with the actual cross-sections superimposed. It can be noted that 

the use of 𝜀𝑏 = 25 allows to achieve the best reconstruction of 

the sapwood-cavity interface in terms of accuracy of the 

localisation and the spatial resolution. This claim is confirmed 

by the analysis of the corresponding binary images at cross-

section h = 0 m in Figs. 16a-c, where the best interface 

reconstruction is achieved for 𝜀𝑏=25, despite of slightly lower 

percentage errors ξ,  and ς obtained when 𝜀𝑏=20. Predictions 

from the application of the tomographic inversion approach 

return an average sapwood thickness of 20.95 cm and 19.10 cm 

when 𝜀𝑏=20 and 𝜀𝑏=25, respectively, compared to the real-truth 

thickness of 20.17 cm.  

The tomographic images in Fig. 14 refer to the cross-section 

at h = 0.6 m. The interface between the sapwood and the cavity 

is clearly visible, and the permittivity value 𝜀𝑏= 25 provides the 

best reconstruction in terms of localisation accuracy and the 

resolution of the sapwood-cavity interface. This can be verified 

from the corresponding binary images in Figs. 16d-f (cross-

section h = 0.60 m), where the best matching is again observed 

when 𝜀𝑏=25. The accuracy of the algorithm in the case of the 

highest background permittivity is further confirmed by the 

very high prediction accuracy in absolute values for the 

sapwood thickness (i.e., 16.50 cm against 16.65 cm for the 

ground-truth value), the hollow area AH (5912.08 cm2 against a 

ground-truth reference of 5871 cm2), and the sapwood area AS 

(5352.44 cm2 against a ground-truth reference of 5393.52 cm2). 

These values return the lowest percentage errors (< 1%) 

observed across the three analysed parameters, as opposed to 

the predictions achieved when 𝜀𝑏=15 and 𝜀𝑏=20 (Table III).  

Figure 15 displays the tomographic images relevant to the 

top section at h = 1.3m. In this scenario, the permittivity values 

𝜀𝑏=20 and 𝜀𝑏=25 provide a similar qualitative reconstruction of 

the interface in terms of the accuracy of the location, whereas 

an improved resolution is reached when 𝜀𝑏=25. However, the 

analysis of the corresponding binary images in Figs. 16g-i 

(cross-section h = 1.30 m) shows that the best localisation of 

the interface is again achieved with a medium permittivity 

𝜀𝑏=25.  
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Fig. 13. Tomographic images (upper panels) and tomographic images with the actual cross-sections superimposed (lower panels) for the tree section at h=0m and 

three increasing values (from left to right) of the background relative dielectric permittivity. 𝜀𝑏 =15 (a). 𝜀𝑏 =20 (b). 𝜀𝑏 =25 (c). Colour scale [0.1, 0.8]. 

 

 

 

 

Fig. 14. Tomographic images (upper panels) and tomographic images with the actual cross-sections superimposed (lower panels) for the tree section at h=0.6m 

and three increasing values (from left to right) of the background relative dielectric permittivity. 𝜀𝑏 =15 (a). 𝜀𝑏 =20 (b). 𝜀𝑏 =25 (c). Colour scale [0.1, 0.8]. 
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Fig. 15. Tomographic images (upper panels) and tomographic images with the actual cross-sections superimposed (lower panels) for the tree section h=1.3m and 

three increasing values (from left to right) of the background relative dielectric permittivity. 𝜀𝑏 =15 (a). 𝜀𝑏 =20 (b). 𝜀𝑏 =25 (c). Colour scale [0.1, 0.8]. 

 
Fig. 16. Binary images converted from the tomographic images in Figs. 13-15 with reconstructed sapwood-cavity interface (dashed internal line) for three increasing 

values (from left to right) of the background relative dielectric permittivity. Tree section h=0m (𝜀𝑏 =15 (a). 𝜀𝑏 =20 (b). 𝜀𝑏 =25 (c)). Tree section h=0.6m (𝜀𝑏 =15 

(d). 𝜀𝑏 =20 (e). 𝜀𝑏 =25 (f)). Tree section h=1.3m (𝜀𝑏 =15 (g). 𝜀𝑏 =20 (h). 𝜀𝑏 =25 (i)). The yellow solid line internal to the tree sections represents the actual (true) 

sapwood-cavity interface. 
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TABLE III 

REAL VS PERMITTIVITY-BASED MODELLED VALUES OF MAIN TREE GEOMETRIC PARAMETERS FROM THE INVESTIGATED CROSS-SECTIONS AND ABSOLUTE AND 

PERCENTAGE PREDICTION ERRORS BASED ON DATA ANALYSIS OF THE BINARY TOMOGRAPHIC IMAGES IN FIG. 16. REAL PARAMETER VALUES ARE IN BOLD 

Section 

 
𝑅̅ 

[cm] 

𝑅̅ − 𝑟̅ 

[cm] 

Δ 

[cm] 
ξ  

[%] 

Hollow Area 

AH 

[cm2] 

Δ 

[cm2] 
  

[%] 

Sapwood Area 

AS 

[cm2] 

Δ 

[cm2] 

Σ  

[%] 

P1  

(h = 0 m) 

Real 

69.31 

20.17 - - 7585.85 - - 7505.22 - - 

ε = 15 28.22 8.05 39.91 5304.07 2281.78 30.08 9787.00 2281.78 30.40 

ε = 20 20.95 0.78 3.87 7347.00 238.85 3.15 7744.07 238.85 3.18 

ε = 25 19.10 1.07 5.32 7920.91 335.06 4.42 7170.16 335.06 4.46 

P2 

(h = 0.6 m) 

Real 

59.88 

16.65 - - 5871.00  - 5393.52 - - 

ε = 15 23.51 6.86 41.18 4156.26 1714.74 29.21 7108.26 1714.74 31.79 

ε = 20 22.59 5.94 35.68 4368.41 1502.59 25.59 6896.11 1502.59 27.86 

ε = 25 16.50 0.15 0.91 5912.08 41.08 0.70 5352.44 41.08 0.76 

P3 

(h = 1.3 m) 

Real 

62.33 

11.63 - - 8075.95 - - 4129.68 - - 

ε = 15 17.84 6.21 53.38 6219.48 1856.47 22.99 5986.15 1856.47 44.95 

ε = 20 14.21 2.58 22.15 7276.22 799.73 9.90 4929.41 799.73 19.37 

ε = 25 11.09 0.54 4.64 8248.63 172.68 2.14 3957.00 172.68 4.18 

This is further confirmed by the very close prediction in the 

absolute value of the average sapwood thickness for this cross-

section (i.e., 11.09 cm) compared to the ground-truth evidence 

of 11.63 cm. In general, the model percentage errors in Table 

III indicate that a medium permittivity 𝜀𝑏=25 provides the 

lowest errors (< 5%) against the real values of the three 

analysed parameters, compared to 𝜀𝑏=15 and 𝜀𝑏=20. 

V. CONCLUSIONS AND FUTURE PROSPECTS 

This study reports a demonstration of the GPR capability 

enhanced by a microwave tomographic inversion approach in 

detecting hollows and cavities in tree trunks. The data 

collection methodology as well as the hand-held GPR antenna 

system and the central frequency (2 GHz) used for the 

measurements on a living tree have proven viable for the 

inspection of hollow trees. The application of a tomographic 

inversion approach has demonstrated to be effective in 

detecting the main structural features of a hollow tree, in terms 

of the sapwood-cavity interface location, the sapwood layer 

thickness and its cross-section surface, with a centimetre 

prediction accuracy. However, it is observed that the provision 

of a dedicated data processing framework and, more 

specifically, clutter mitigation strategies are crucial to achieve 

reliable tree section images in hollow trees.  

Future research could task itself on the use of reflection-

based methods for the estimation of the tree permittivity, to 

address lack of source of information such as clear reflection 

hyperbolas and localised targets, i.e., a very common condition 

in hollow trees. In addition, an investigation into the use of 

multi-frequency GPR data collected on different species and 

size of hollow tree trunks could allow to explore the 

significance of using a higher amount of information, in terms 

of both the GPR datasets and the physical configuration of the 

trees. Studying these factors can contribute to expand the 

application of the proposed methodology to other hollow tree 

types. Moreover, the use of a GPR antenna system designed on 

purpose for the investigation of high dielectric media, such as 

the internal layers of living trees, may allow for the collection 

of data with minimum ringing effects due to the antenna 

mismatch with the bark surface. 

Additional future developments could be focused on the use 

of integrated non-destructive testing (NDT) methods, such as 

laser scanners, GPS and accelerometers, to allow for accurate 

and automatic reconstructions of the tree trunk outer surface.  

Finally, the investigation of new data collection and processing 

strategies can be explored with the aim to achieve pseudo or full 

3D representations of the internal structure of trees following 

the approaches presented in [56, 57]. 
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