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Abstract— The aggressive fungal attack is seriously 

threatening tree species in forests and woodlands in the UK and 

beyond. A lot has been said about the spread of disease and 

fungal attack on ash and oak trees in the United Kingdom and 

European countries. Within this context, Ground Penetrating 

Radar (GPR) has emerged as one of the most promising non-

destructive testing (NDT) methods for acquisition of 

information about the internal structure of trees in terms of 

defect and their root system architecture. Nevertheless, current 

research has shown that there exists limited information and in 

depth studies within this important area of endeavour. This 

review paper reports on the current advances made within the 

context of GPR applications in health monitoring and 

assessment of trees and tree roots. This paper also discusses and 

reports on new areas of development including, the reverse-time 

migration, the microwave tomography and the pattern-

recognition approaches within the signal processing and image 

analysis (interpretation) contexts.  
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I. INTRODUCTION  

Proper maintenance of the ecosystem and conservation of 
the overall climate conditions are strictly connected with the 
proper management, health monitoring and protection of 
forests [1]. To this effect, it is known that the actions of insects 
and diseases present a serious threat to tree health within 
European territories [2, 3] and may eventually lead to the 
complete extinction of certain tree species [4]. Within this 
context, the current greatest threats are undoubtedly the fungi 
provoking ash dieback and acute oak decline (AOD) [5], [6].  

First signs of the ash dieback disease in Europe date back 
to 1992, whereas it was first reported in the United Kingdom 
(UK) in 2012 [7]. Only a few ash species can resist to this 
disease, and it is predicted that the majority of these trees will 
die within the next two decades [8]. AOD is similarly very 
harmful in view of its rapid development within the UK area 
[6] and the level of aggressiveness that causes tree death 
within a short time frame, usually a few years [9].  

Within this context, an early-stage disease diagnosis is 
fundamental to identify decayed trees and provide timely 
remedial actions. A major challenge in this area of endeavour 
is that early decay can be located in the inner core of the tree 
without any visible signs of disease on the bark [10]. Tree 
decay usually develops internally along the stem as hollows or 
rotten woods and assume a cylindrical shape.  

In terms of available assessment methods for decay 
detection in trees, core-drilling is still the most used. However, 
the method is fully destructive and can induce further decay 
around the testing area [11]. To this effect, the use of non-
destructive testing (NDT) methods, such as resistograph 
testing [12], electrical resistivity tomography (ERT) [13], 
infrared thermography [14], ultrasound tomography [15, 16] 
and X-ray tomography [17] were reported in this area of 
endeavour. Within the available electromagnetic (EM) 
methods, microwave tomography has proven its viability [18]. 
Use of common offset GPR systems has been successfully 
proven for large-scale applications in forestry engineering, 
especially in regard to the monitoring of tree trunks [19]–[21] 
and root systems [22]–[26] (Fig. 1). 

A main constraint in terms of the application of GPR data 
processing techniques for tree trunk investigations is that 
traditional processing methods cannot be used due to the 
cylindrical-like configuration of the trunks and the internal 
anomalies. Also, it was questionable the full effectiveness of 
the available GPR processing techniques for the detection of 
decay in terms of type and location, such as early disease close 
to the bark, major decay within the tree core areas, bark 
inclusions etc. To this effect, this paper reports a review on the 
most recent advances achieved within the context of new data 
processing approaches in GPR for health monitoring of trees. 
In particular, the reverse-time (RT) migration approach, the 
microwave tomography approach and the pattern-recognition 
approach are discussed. In regard to the use of the RT and the 
microwave tomography approach in the present work, the case 
of a set of measurement profiles at a constant height and 
encircling the sections of the trunk is specifically considered. 
The pattern-recognition approach is instead discussed within 
the context of detecting root system architecture. 



 

 

Fig. 1. 2-D planar view (a) and 3-D rendering (b) of the root system 
architecture invesitgated in [27]. 

II. THE REVERSE TIME-MIGRATION APPROACH 

Reverse-time (RT) migration is based on the exploding 
reflector model. The latter assumes that subsurface targets can 
be approximated by equivalent sources that are triggered when 
reached by the incident field [28]. Consequently, propagating 
the received fields back in time -using the right 
electromagnetic velocity model- will force the fields to 
collapse at the location of potential scatterers [28]. 

As an example, in the paper proposed by [29], the received 
fields are propagated back in time using the Finite-Difference 
Time-Domain (FDTD) method. A 2D configuration has been 
chosen in order to reduce the computational requirements. The 
employed spatial step equals with  while 
the time-step was chosen based on the Courant limit [29]. The 
boundaries of the grid are truncated using the time-
synchronised convolutional perfectly matched layer [30] with 
ten layers thickness. The velocity is assumed to be 
homogenous within the trunk and is estimated indirectly based 
on focusing criteria [28]. In particular, a criterion exploiting 
the entropy of the retrieved image is used in order to choose 
what is the most focussed reconstructed image on dependence 
of the dielectric permittivity of the homogeneous background 
[28]. To compensate the two-way travel time, the simulated 
velocity should be half the actual one. Therefore, the 
implemented permittivity has to be four times higher than the 
estimated bulk permittivity of the trunk [31].  

The FDTD grid is excited by multiple sources that are 
placed at the position of the measurements. The waveforms of 
the sources are the received signals reversed in time after 
applying time-zero correction, time-varying gain and a 

singular value decomposition filter [31]. Notice that the 
reversed received field should be interpolated in order to be 
synchronous with the time-step of the employed FDTD [31].  

Finally, the migrated image is subject to a post-processing 
scheme in order to remove migration artefacts and 
furthermore increase the overall signal-to-clutter ratio. The 
focussed fields are initially squared and subsequently 
smoothed using a Gaussian blur filter [31]. 

RT migration has been successfully validated using both 
numerical and experimental data (Fig. 2). Artificially created 
decay of various sizes were successfully detected regardless 
of their position [31]. Larger decay were more clearly 
detectable while smaller decay required a more exhaustive 
pre-processing in order to remove the ringing noise due to the 
layered nature of the trunk [31]. 

III. THE MICROWAVE TOMOGRAPY APPROACH 

The microwave tomography approach used within the 
context of tree health monitoring is based on a linearised 
model of the EM scattering exploiting the Born 
Approximation (BA) [32]. It is known that BA allows for a 
quantitative reconstruction of the targets only in the case of 
anomalies with a weak electromagnetic contrast compared to 
the host medium. In case the assumption of weak scattering 
does not hold, an inverse scattering approach based on BA can 
be still used to detect, locate and gain an estimation of the 
geometrical shape of the targets [33].  

In the research presented in [34] and [35], an inverse 
scattering approach exploiting a multi-monostatic/multi-
frequency configuration (which is the typical configuration 
for a GPR survey) is adopted. A 2D geometry is considered 
where the measurement points are located on a domain at a 
constant height and encircling the slice of the trunk under 
investigation. The host medium (inside of the trunk) is 
assumed as homogeneous and characterised by an equivalent 
dielectric permittivity. 

The unknown of the problem is the contrast function 
accounting for the relative difference in the dielectric 
properties of the targets [32, 33]. More specifically, solution 
is given under the form of a spatial map (image) of the contrast 
function for the inner region of the trunk. Information about 
the location and the geometry of the targets are retrieved at the 
areas of the trunk with the highest values of the amplitude of 
the contrast function. 

 

Fig. 2. Two tree samples and their corresponding reconstructed internal 
structure using reverse-time (RT) migration. The artificially created 
decay are highligted with circles [31]. 



In regard to the results presented in [34] and [35], the raw 
data are collected in the time domain whereas the input data 
to the inverse scattering approach are given in the frequency 
domain. To this effect, a pre-processing stage on raw data (in 
time domain) is required to achieve the input data (in 
frequency domain) to the inverse scattering approach. The 
pre-processing accounts for the following steps: 

• zero timing; 

• time-gating;  

• background removal; 

• linear gain versus time (depth); 

• Fourier transform of the filtered raw data. 

The tomographic inversion is performed after the pre-
processing stage. More in detail, a Truncated Singular Value 
Decomposition (TSVD) is applied to make the linear 
inversion, as a regularisation scheme in order to obtain a 
robust and physically meaningful solution [32, 33]. Results 
have proven effective in identifying and locating all the 
targets. Specifically, it was observed that reflections from 
targets closer to the bark are stronger than the reflections from 
targets located more internally in the cross-section [35]. 

IV. THE PATTERN-RECOGNITION APPROACH 

Tree roots in GPR images are usually represented by 
hyperbolic patterns, comparable to other linear objects such as 
pipes and cables. Methods for automatic recognition of these 
mainly linear objects in GPR images can be classified mainly 
into three types: machine learning based methods, clustering 
based methods, and Hough transform (HT)-based methods 
[36]. Machine learning approaches usually require a training 
process, and the accuracy of recognition results depends on 
the quality and quantity of the training data [37]-[39], which 
limits the application. Traditional clustering methods usually 
require prior knowledge on the number of the clusters, and are 
not able to detect noisy and interfering hyperbolas. The 
authors in [40], [41] developed an algorithm named GamRec 
to handle these problems. However, it was only tested in 
synthetic radargrams, its application accuracy in practical 
radargrams is still unknown. Conversely, the HT is a typical 
algorithm to detect hyperbolic patterns in GPR images. The 
HT algorithm was first proposed in 1962 by Hough for 
detecting imperfect curves with certain shapes [42], [43]. It is 
based on the transformation from a variable-space to the 
parameter-space. The randomized Hough transform (RHT), as 
one of the popular variants of the Hough transform [44]-[46], 
applies random sampling and converging mapping strategy to 
overcome the drawbacks of Hough transform regarding 
computational cost, detection accuracy, and resistance to noise 
[45], [46]. As a result, the RHT has been applied widely in 
actual automatic recognition of landmines and pipelines in 
GPR images [47]-[50]. 

Although the Hough transform class method has been 
applied successfully for the automatic recognition of objects 
such as buried pipes and cables in GPR images, few works 
have been done to evaluate this method in the identification of 
underground root systems [51]. Thus far, the influence of root 
system features on the pattern recognition on GPR images 
remains unclear. Although a single root and a single pipe share 
similar hyperbolic pattern on GPR image, root systems 
possess more complex characteristics than underground pipes 
or cables: (i) the size and depth of roots are uncertain; (ii) the 

directions and angles of root stretching are variable; (iii) the 
distribution range of root systems is not certain; and (iv) the 
soil environment where roots grow is more complex. These 
factors render the automatic identification of root systems 
more difficult than pipes in GPR images. Nonetheless, the 
work in [52] applies the RHT for the automatic recognition of 
root signals in GPR images in both controlled and in situ 
experiments. The results show acceptable accuracy for most 
of the datasets with a recognition rate of approximately 80% 
and a false alarm rate of less than 1.5/m. More recently, the 
research in [53] represents the first study that combines direct 
measurements of permittivity and GPR forward modelling 
techniques. Harvesting and measurement of tree root 
permittivity is possible, though the process is time-consuming 
and must be done carefully. The contact between root segment 
and probe remains a potentially problematic issue, although 
this can be overcome by collecting a large number of 
measurements and removing any potential outlier. Future 
research should focus on including correlations between GPR 
signals characteristics (e.g. time delays, amplitudes, frequency 
peaks) and trees and root trees conditions. 

V. CONCLUSIONS AND FUTURE PROSPECTS 

This paper reports a review on the current advances made 
within the context of GPR applications in health monitoring 
and assessment of trees and tree roots. This paper also 
discusses and reports on new areas of development including, 
the reverse-time (RT) migration, the microwave tomography 
and the pattern-recognition approaches within the signal 
processing and image analysis (interpretation) contexts.  

In particular, the RT migration approach and the 
microwave tomography approach have proven to be viable to 
detect decay of various size and at different locations within 
the trunk cross-section. The pattern-recognition approach 
discussed in this paper is potentially deployable for improving 
state-of-the-art research within the context of mapping tree 
root system architecture. 

ACKNOWLEDGMENTS  

This paper is dedicated to the memory of Jonathan West; 
a friend, a colleague, a forester, a conservationist and an 
environmentalist, who died following an accident in the 
woodland that he loved.  

The authors would like to express their sincere thanks and 
gratitude to the following trusts, charities, organisations and 
individuals for their generosity in supporting this project: Lord 
Faringdon Charitable Trust, The Schroder Foundation, 
Cazenove Charitable Trust, Ernest Cook Trust, Sir Henry 
Keswick, Ian Bond, P. F. Charitable Trust, Prospect 
Investment Management Limited, The Adrian Swire 
Charitable Trust, The John Swire 1989 Charitable Trust, The 
Sackler Trust, The Tanlaw Foundation, and The Wyfold 
Charitable Trust. 

REFERENCES 

[1] Y. Pan, R. A. Birdsey, J. Fang, R. Houghton, P. E. Kauppi, W. A., 
Kurz, [...] D. Hayes, “A large and persistent carbon sink in the world’s 
forests,” Science, vol. 19, pp. 988–993, 2011. 

[2] R. J. Mitchell, J. K. Beaton, P. E., Bellamy, A. Broome, J. Chetcutti, S. 
Eaton [...], S. woodward, “Ash dieback in the UK: A review of the 
ecological and conservation implications and potential management 
options,” Biological Conservation, ovl. 175, pp. 95–109. 

[3] Green Paper on Forest Protection and Information in the EU: Preparing 
forests for climate change, SEC, 2010. 



[4] C. Potter, T. Harwood, J. Knight, I. Tomlinson, “Learning from history, 
predicting the future: the UK Dutch elm disease outbreak in relation to 
contemporary disease threats,” Philosophical Transactions of The 
Royal Society, vol. 366, pp. 1966–1974, 2011. 

[5] M. McMullan, M. Rafiqi, G. Kaithakottil, D. J., Clavijo, L. Bilham, E. 
Orton [...], M. D. Clark, “The ash dieback invasion of Europe was 
founded by two genetically divergent individuals,” Nature Ecology and 
Evolution, vol. 2, pp. 1000-1008, 2018. 

[6] N. Brown, D. J.G. Inward, M. Jeger and S. Denman, ”A review of 
Agrilus biguttatus in UK forests and its relationship with acute oak 
decline,” Forestry: An International Journal of Forest Research, vol. 
88, no. 1, pp. 53-63, 2015. 

[7] S. Papic, R. Longauer, I. Milenkovic, J. Rozsypalek, “Genetic 
predispositions of common ash to the ash dieback caused by ash 
dieback fungus,” GENETIKA, vol. 25, no. 1, pp. 221-229, 2018. 

[8] R. Worrell, An Assesment of The Potential Impacts of Ash Dieback in 
Scotland, Commisioned by Forestry Commission Scotland, 2013. 

[9] N. Brown, Epidemiology of acute oak decline in Great Britain, PhD 
thesis submitted at Imperial College London, 2014. 

[10] S. Denman, N. Brown, S. Kirk, M. Jeger and J. Webber, ”A description 
of the symptoms of Acute Oak Decline in Britain and a comparative 
review on causes of similar disorders on oak in Europe,” Forestry: An 
International Journal of Forest Research, vol. 87, no. 4, pp. 535-551, 
2014. 

[11] W. C. Shortle, K. R. Dudzik, Wood Decay in Living and Dead Trees: 
A Pictorial Overview, U.S. FOREST SERVICE, 2012. 

[12] L. Costello and S. Quarles, ”Detection of wood decay in blue gum and 
elm: An evaluation of the Resistograph and the portable drill,” Journal 
of Arboriculture, vol. 25, pp. 311–317, 1999. 

[13] S. A., Hagrey, ”Electrical resistivity imaging of tree trunks,” Near 
Surface Geophysics, vol. 4, pp. 179–187, 2006. 

[14] A. Catena, ”Thermography shows damaged tissue and cavities present 
in trees,” Nondestructive Characterization of Materials, vol. 11, pp. 
515– 522. 

[15] L. V. Socco, L. Sambuelli, R. Martinis, E. Comino, G. Nicolotti, 
“Feasibility of ultrasonic tomography for nondestructive testing of 
decay on living trees,” Research in Nondestructive Evaluation, vol. 15, 
no. 1, pp. 31-54, 2004. 

[16] A. M. Alani, J. Chambers, P. Melarange, L. Lantini, F. Tosti, “The Use 
of Ultrasonic Tomography for the Non-destructive Assessment of Tree 
Trunks,” EGU General Assembly, EGU2020-20872. 

[17] Q. Wei, B. Leblon, and L. A. Rocque, ”On the use of X-ray computed 
tomography for determining wood properties: a review,” Can. J. For. 
Res. vol. 41. pp. 2120-2140, 2001. 

[18] F. Boero, A. Fedeli, M. Lanini, M. Maffongelli, R. Monleone, M. 
Pastorino, A. Randazzo, A. Slvade and A. Sansalone, ”Microwave 
Tomography for the Inspection of Wood Materials: Imaging System 
and Experimental Results,” IEEE Transactions on Microwave Theory 
and Techniques, vol. 66, no. 7, pp. 3497-3510, July 2018. 

[19] G. Nicolotti, L.V. Socco, R. Martinis, A. Godio, and L. Sambuelli, 
”Application and comparison of three tomographic techniques for 
detection decay in trees”, J. Arboric. vol. 29, pp. 66–78, 2003. 

[20] H. Lorenzo, V. Prez-Gracia, A. Novo, and J. Armesto, ”Forestry 
applications of ground-penetrating radar,” For. Syst., vol. 19, pp. 5–17, 
2010. 

[21] J. Jezova, L. Mertens and S. Lambot, ”Ground-penetrating radar for 
observing tree trunks and other cylindrical objects,” Constraction and 
Building Materials, vol. 123, pp. 214-225, 2016. 

[22] S. A. Al Hagrey, ”Geophysical imaging of root-zone, trunk, and 
moisture heterogeneity,” J. Exp. Bot. vol. 58, pp. 839–854, 2007. 

[23] A.M. Alani, L. Bianchini Ciampoli, L. Lantini, F. Tosti, and A. 
Benedetto, “Mapping the root system of matured trees using ground 
penetrating radar”, 17th International Conference on Ground 
Penetrating Radar, 18-21 Jun 2018, Rapperswil, Switzerland. 

[24] F. Tosti, L. Bianchini Ciampoli, M. G. Brancadoro, and A. Alani, 
“GPR applications in mapping the subsurface root system of street trees 
with road safety-critical implications”, Advances in transportation 
studies, vol. 44, 2018. 

[25] L. Lantini, R. Holleworth, D. Egyir, I. Giannakis, F. Tosti, and A. M. 
Alani, ”Use of ground penetrating radar for assessing interconnections 
between root systems of different matured tree species,” in Proc. 
MetroArchaeo, 2018, Italy. 

[26] J. Jezova, J. Harou and S. Lambot, ”Reflection waveforms occurring in 
bistatic radar testing of columns and tree trunks,” Construction and 
Building Materials, vol. 174, pp. 388-400, 2018. 

[27] L. Lantini, F. Tosti, I. Giannakis, D. Egyir, A. Benedetto, and A. M. 
Alani, ”A Novel Processing Framework for Tree Root Mapping and 
Density Estimation using Ground Penetrating Radar,” Conference 
Proceedings, 10th International Workshop on Advanced Ground 
Penetrating Radar, Sep 2019, Volume 2019, p.1 – 6. 

[28] C. J. Leuschen and R. G. Plumb, “A matched-filter-based reverse-time 
migration algorithm for ground-penetrating radar data,” IEEE 
Transactions on Geoscience and Remote Sensing, vol. 39, no. 5, pp. 
929-936, 2001. 

[29] A. Taflove and S. C. Hagness, Computational Electrodynamics: The 
Finite-Difference Time-Domain Method, 2nd ed. Norwood, MA, USA: 
Artech House, 2000. 

[30] I. Giannakis and A. Giannopoulos, “Time-synchronized convolutional 
perfectly matehced layer for improved absorbing perfromance in 
FDTD,” IEEE Antennas and Wireless Propagation Letters, vol. 14, pp. 
690-693, 2015. 

[31] I. Giannakis, F. Tosti, L. Lantini and A. M. Alani, “Diagnosing 
Emerging Infectious Diseases of Tress Using Ground Penetrating 
Radar,” IEEE Transactions on Geoscience and Remote Sensing, vol. 
58, no. 2, pp. 1146-1155, 2020. 

[32] R. Solimene, I. Catapano, G. Gennarelli, A. Cuccaro, A. 
Dell'Aversano, and F. Soldovieri, "SAR imaging algorithms and some 
unconventional applications," IEEE Signal Process. Mag., vol. 31, no. 
4, pp. 90-98, 2014. 

[33] I. Catapano, G. Gennarelli, G. Ludeno, R. Persico, and F. Soldovieri, 
“Ground Penetrating Radar: Operation Principle and Data Processing”, 
in J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics 
Engineering, 2019 John Wiley & Sons, Inc. DOI: 
10.1002/047134608X.W8383. 

[34] A.M. Alani, F. Soldovieri, G. Gennarelli, I. Giannakis, I. Catapano, L. 
Lantini, G. Ludeno and F. Tosti, “A Tomographic Inversion Approach 
for the Detection of Decay and Cavities in Tree Trunks using Ground 
Penetrating Radar”, 10th International Workshop on Advanced Ground 
Penetrating Radar, Sep 2019, Volume 2019, p.1 – 6. 

[35] A.M. Alani, F. Soldovieri, I. Catapano, Giannakis, I. G. Gennarelli, L. 
Lantini, G. Ludeno and F. Tosti, “The Use of Ground Penetrating 
Radar and Microwave Tomography for the Detection of Decay and 
Cavities in Tree Trunks”, Remote Sens. 2019, 11, 2073. 

[36] H. Chen, and A. Cohn, Probabilistic robust hyperbola mixture model 
for interpreting ground penetrating radar data. In Proceedings of the 
International Joint Conference on Neural Networks (IJCNN), 
Shanghai, China, 6–9 June 2010; pp. 1–8. 

[37] E. Pasolli, F. Melgani, and M. Donelli, Automatic Analysis of GPR 
Images: A Pattern-Recognition Approach. IEEE Trans. Geosci. 
Remote Sens. 2009, 47, 2206–2217.  

[38] C. Maas, and J. Schmalzl, Using pattern recognition to automatically 
localize reflection hyperbolas in data from ground penetrating radar. 
Comput. Geosci. 2013, 58, 116–125.  

[39] S. Birkenfeld, Automatic detection of reflexion hyperbolas in GPR data 
with neural networks. In Proceedings of the 2010 World Automation 
Congress, Kobe, Japan, 19–23 September 2010; pp. 1189–1194. 

[40] R. Janning, A. Busche, T. Horváth, and L. Schmidt-Thieme, Buried 
pipe localization using an iterative geometric clustering on GPR data. 
Artif. Intell. Rev. 2014, 42, 403–425.  

[41] R. Janning, T. Horváth, A. Busche, and L. Schmidt-Thieme, GamRec: 
A Clustering Method Using Geometrical Background Knowledge for 
GPR Data Preprocessing. In Proceedings of the Artificial Intelligence 
Applications and Innovations, Halkidiki, Greece, 27–30 September 
2012; pp. 347–356. 

[42] R.O. Duda, and P.E. Hart, Use of the Hough transformation to detect 
lines and curves in pictures. Commun. ACM 1972, 15, 11–15.  

[43] C.H. Paul, Method and Means for Recognizing Complex Patterns. U.S. 
Patent 3,069,654, 18 December 1962. 

[44] L. Xu, and E. Oja, P. Kultanen, A new curve detection method 
Randomized Hough transform (RHT). Pattern Recognit. Lett. 1990, 11, 
331–338.  

[45] L. Xu, A5 problem solving paradigm: A unified perspective and new 
results on RHT computing, mixture based learning, and evidence 
combination. In Proceedings of the 2005 IEEE International 
Conference on Granular Computing, Beijing, China, 25–27 July 2005; 
pp. 70–77. 



[46] L. Xu, and E. Oja, Randomized Hough transform (RHT): Basic 
mechanisms, algorithms, and complexities. CVGIP Image Underst. 
1993, 57, 131–154.  

[47] A. Simi, S. Bracciali, and G. Manacorda, Hough transform based 
automatic pipe detection for array GPR: Algorithm development and 
on-site tests. In Proceedings of the Radar Conference, Rome, Italy, 26–
30 May 2008; pp. 1–6. 

[48] G. Borgioli, L. Capineri, P.L. Falorni, S. Matucci, and C.G. Windsor, 
The Detection of Buried Pipes From Time-of-Flight Radar Data. IEEE 
Trans. Geosci. Remote Sens. 2008, 46, 2254–2266 

[49] C. Windsor, L. Capineri, P. Falorni, S. Matucci, and G. Borgioli, The 
estimation of buried pipe diameters using ground penetrating radar. 
Insight-Non-Destr. Test. Cond. Monit. 2005, 47, 394–399 

[50] P. Falorni, L. Capineri, L. Masotti, and G.Pinelli, 3-D radar imaging of 
buried utilities by features estimation of hyperbolic diffraction patterns 
in radar scans. In Proceedings of the Tenth International Conference on 
Ground Penetrating Radar, Delft, The Netherlands, 21–24 June 2004; 
pp. 403–406. 

[51] W.L. Song, X. Yang, L.I. Ke-Xin, H.M. Jia, Tree root GPR target 
detection based on the gradient magnitude and modified Hough 
transform. J. For. Univ. 2013, 35, 108–112. 

[52] W. Li, X. Cui, L. Guo, J. Chen, Xu. Chen and X. Cao, “Tree Root 
Automatic Recognition in Ground Penetrating Radar Profiles Based on 
Randomized Hough Transform”, Remote Sens., 8(5), 430, 2016.  

[53] A. E. Mihai, A. G. Gerea, G. Curioni, P. Atkins, and F. Hayati, “Direct 
measurements of tree root relative permittivity for the aid of GPR 
forward models and site surveys”, Near Surface Geophysics, 17 (3), 
pp. 299-310, 2019. 


