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“gprMax is a full-wave numerical modelling software package
that is based on the finite-difference time-domain method for
solving Maxwell's equations. It was initially developed to
simulate the complex responses of ground penetrating radar
systems. "

“gpr” from “ground penetrating radar” and "“Max” from

“Maxwell"

https://www.gprmax.c https://github.com/gprmax/g http://docs.gprmax.com/en/lat
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What is GPR?

" ... aterm that describes both a piece of equipment - an Ultra Wide Band
Radar - and a method to investigate into opague objects and gather useful
information about their composition..”
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A short history of gprMax
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GPRMAx2D/3D USER’S MANUAL

GPRMAX2D,Ver.1.0(beta)
A. Giannopoulos, 1997
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« Input file commands
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v.3.0.0 (Bowmore)

This is the v.3.0.0, codenamed Bowmore, release of gprMax.
Compare ~ Version 3 of gprMax has many powerful and advanced features such as:

Anisotropic material modelling

2015

Dispersive material modelling (with multi-pole Debye, Lorenz or Drude formulations)

Modelling of soils with realistic dielectric and geometric properties
Building of heterogeneous objects
Building of objects with rough surfaces

Built-in libraries of antenna models
All of these features and more are described in detail in the User Guide (http:/
Please report any bugs with code via Issues on GitHub.

For general help and questions about using gprMax visit our Google Group forum (ht

» Assets

rum.shtml)
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Open source

Python

gprMax is open source software that simulates electromagnetic wave propagation, using the Finite-
Difference Time-Domain (FDTD) method, for the numerical modelling of Ground Penetrating Radar (GPR).
gprMax was originally developed in 1996 when numerical modelling using the FDTD method and, in
general, the numerical modelling of GPR were in their infancy. Current computing resources offer the
opportunity to build detailed and complex FDTD models of GPR to an extent that was not previously
possible. To enable these types of simulations to be more easily realised, and also to facilitate the addition
of more advanced features, gprMax has been redeveloped and significantly modernised. The original
C-based code has been completely rewritten using a combination of Python and Cython programming
languages. Standard and robust file formats have been chosen for geometry and field output files. New
advanced modelling features have been added including: an unsplit implementation of higher order
Perfectly Matched Layers (PMLs) using a recursive integration approach; diagonally anisotropic materials;
dispersive media using multi-pole Debye, Drude or Lorenz expressions; soil modelling using a semi-
empirical formulation for dielectric properties and fractals for geometric characteristics; rough surface
generation; and the ability to embed complex transducers and targets.
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Free Software

Free as in Freedom
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<ANVIDIA.

CUDA.

TITAN RTX

J;n‘1'9, 2,0,17,» v.3.1.0 (Big Smoke)

This is the v.3.1.0, codenamed Big Smoke, release of gprMax.

Compare ~ It continues our whisky-based naming, and is also a reference to the cities of Edinburgh (Scotland) and San Francisco
(USA). Why? Because the development of v.3.1.0 was funded, through a research project, by Google.

The most significant feature of this release is the ability for simulations to utilise general-purpose computing using
graphics processing units (GPGPU). We have used NVIDIA's Compute-Unified Device Architecture (CUDA). Our
testing on both consumer and data centre NVIDIA GPU cards has shown dramatic performance increases over our
parallelised CPU (OpenMP) implementation.

You can read about how to use the GPU functionality and find all the features of gprMax described in detail in the User
Guide (http://docs.gprmax.com)

Please report any bugs with code via Issues on GitHub.

For general help and questions about using gprMax visit our Google Group forum (http://www.gprmax.com/forum.shtml)

» Assets
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2 x Intel(R) Xeon(R) E5-2640 v4 (2.4 GHz, 20 cores)
NVIDIA Tesla K40c

NVIDIA Tesla K80

NVIDIA GeForce GTX 1080 Ti
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NVIDIA Tesla P100

3600

314
3355

3200

2800

2400

2000 4

1600

Performance [Mcells/s]

1200 1

800 1

400 4

150 200 300 400
Side length of cubic domain [cells]

Free Software

Free as in Freedom
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Publications

Cite gprMax

If you use gprMax and publish your work we would be grateful if you could cite our work!

The principal reference for gprMax is [1] which describes the new version of the software and its main features. If you have used specific elements of the software you might also like to cite: [2] - GPU accelerated solver, [3] - soil modelling, rough surfaces; [4] -

dispersive materials; [5] - advanced features of the RIPML; [6, 7] - GPR antenna models. If you wish to reference the development history of gprMax you can also cite [8].

1
2.

5
6.
7.
8.

Warren, C., Giannopoulos, A., & Giannakis, I. (2016). gprMax: Open source software to simulate electromagnetic wave propagation for Ground Penetrating Radar, Computer Physics Communications, 209, 163-170, 10.1016/}.cpc.2016.08.020.

Warren, C., Giannopoulos, A., Gray, A., Giannakis, |., Patterson, A., Wetter, L., & Hamrah, A. (2018). A CUDA-based GPU engine for gprMax: Open source FDTD electromagnetic simulation software, Computer Physics Communications, 237, 208-218,
10.1016/j.cpc.2018.11.007.

. Giannakis, |., Glannopoulos, A., Warren, C. (2016). A Realistic FDTD Numerical Modeling Framework of Ground Penetrating Radar for Landmine Detection. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 1), 37-51,

10.1109/JSTARS.2015.2468597.

. Giannakis, |., Giannopoulos, A. (2014). A Novel Piecewise Linear Recursive Convolution Approach for Dispersive Media Using the Finite-Difference Time-Domain Method. [EEE Transactions on Antennas and Propagation, 62(5), 2669-2678,

10.1109/TAP.2014.2308549.

. Giannopoulos, A. (2012). Unsplit Implementation of Higher Order PMLs. [EEF Transactions on Antennas and Propagation, 60(3), 1479-1485, 10.1109/TAP.2011.2180344.
. Warren, C., Giannopoulos, A. (2011). Creating finite-difference time-domain models of commercial ground-penetrating radar antennas using Taguchi's optimization method. Geophysics, 76(2), G37-G47, 10.1190/1.3548506.

Giannakis, |., Giannopoulos, A., Warren, C. (2018). Realistic FDTD GPR antenna models optimised using a novel linear/non-linear Full Waveform Inversion. /EEE Transactions on Geoscience & Remote Sensing, 2073), 1768-1778, 10.1109/TGRS5.2018.2869027.

. Giannopoulos, A. (2005). Modelling ground penetrating radar by GprMax, Construction and Building Materials, 1910), 755-762, 10.1014/].conbuildmat.2005.06.007,

You can also get references and links to the PhD theses of the development team.

Research using gprMax

gprMax has been successfully used for a diverse range of applications in academia and industry, from fields including engineering, geophysics, archaeology, and medicine. The following table lists publications (extracted from Scopus on 23-11-2025) that have cited
references [1], [2] and [8] excluding any self-citations of the authors.

Publications per Year by Type
200
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Our own Recursive integration perfectly matched layer (PML) implementation
for higher order and multipole PMLs

IEEE TRANSACTIONS ON ANTENNAS AND PROEAGATION, VOL. 60, N0, 3, MARCH 2012 s

Unsplit Implementation of Higher Order PMLs

Antonios Giannopoulos

mnwwmmdw«mwﬁﬂr

presented. The Mmum-mmm
dinse ststchng of space,  dereoped for 3 geners complex fs-
quency-shifted stretching function but is applicable to PMLs em-
ploying the standard streiching function or a misture of either

types.
mulae that could be used to easily generate PML correction equa-
tions for any PML order. Numerical results from finite-difference

presented validity of the

approach.
Index Terms—Absorbing boundary condition (ABC), finite-dif-
ference time-domain (FDTD), perfectly matched kayer (PML).

L INTRODUCTION

HE perfectly matched layer (PML) absorbing boundary
condition has been the primary technique of choice in fer-
minating finite-difference time-domain (FDTD) (1], 2] compu-
tational grids since its introduction by Berenger in 1994 [3]. A
number of different interpretations and implementations of the
PML [4]-{7) have been presemted over the years and the uppli-

function, The final result is o develop twa general formulae
that can be used to easily generate any order of a PML that is
required. Numerical results from 2-D) and 3-D FDTD medels
are presented to illustrate the effectiveness of the approach. Al-
though, much higher order PMLs are easy to obtain, using the
general formulae in this paper, the increased complexity of the
resulting stretching function makes their optimization a rather
arduous task. Therefore, unless the benefits are significant, the
computational cost most likely will not justify the use of higher
order PMLs than the second, This paper does nat address. this
issue of optimization of higher order PMLs. Furthermore, in-
creasing the degrees of freedom by using multiple-pole PML
stretching functions could, on one hand, facilitate the design
of more absorptive strotching functions but, at the same time,
the stability of the implementation could be potentially compro-
mised. Therefore, setting the parameters of a higher order PML
should be performed carefully and by ensuring that no field am-
plifying or space coniracting terms are creaied by the higher
order PML streiching function,

I Tueoky
as

cation of the complex frequency-shifted fune-

tion (8] has beca shown to aleviate somie problems in dealing

& 7y [91-12])- The

introdustion of the CPML formulation by Roden and Gedney
|13|n-dclthFSMllulmmeiunpl:lnnq}]ﬂnm

of PML theory is given by B::ngw:n 114), More recemty, a
recursive integration-based CFS-PML formulation has been in-
troduced for elastic and electromagnetic-wave problems [15],

Fig. 1.

The i p RIPML
presented in [16]. The = projection of Maxwell-Ampere’s and
MaxwellFaraday’s equations in the frequency domain and in
stretched coordinates are:

[h

2

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 66, NO. 6, JUNE 2018 2987

Multipole Perfectly Matched Layer for
Finite-Difference Time-Domain
Electromagnetic Modeling

Antonios Giannopoulos™

Abstract— A new multipole perfectly matched layer (PML)
formulation is presented. Based on the stretched-coordinate
approach, the formulation that utilizes a recursive integration
concept in its development, hmmdum a PML stretching function
that is created as the sum of any given number of complex-
frequency shifted (CFS) constituent poles. Complete formula for
up to a three-pole to facilitate its

local absorbing boundary conditions, based on approximations
of one-way wave equations, it exhibited performance issues
for a number of electromagnetic problems, especially ones
involving evanescent waves [7], [8] and this was clearly
demonstrated in wave-structure interaction problems [9]. The

in finite-difference time-domain codes, are developed. The per-
formance of this new multipole formulation compares favorably
with existing higher order PMLS that instead utilize stretching
functions that are developed as the product of elementary CFS
constituent poles. It is argued that the optimization of the new
multipole PML (MPML) could be more straightforward when
compared to that of a higher order PML due to the absence
of extra terms generated by the process of multiplication used
in the development of the overall PML stretching function in

order PMLs. The new MPML is found to perform very
well when compared to standard CFS-PML requiring equivalent
computational resources.

Index  Terms—Absorbing boundary conditions, finite
difference methods, perfectly matched layer (PML).

L. INTRODUCTION
HIS paper presents a novel idea in creating more gencral
perfectly matched layer (PML) stretching functions and a
PML formulation to support their implementation in the finite-

PML region

2mm

Model of a y-directed electric current source at the centre of a 40 x

40 1 mm cell TE. FOTD grid. The computational demain is surrounded by a
PML of thickness d. The £, fields are sampled at points A and B [20, Ch. 7].

of the CFS-PML [10] and its wider adoption [11]
remedied somewhat the issues. A comprehensive review of the
PML method in FDTD is given in [12].

‘The search, however, for better performing PMLS continued
and eventually led to the development of a second-order
PML formulation [13] in an effort to combine the benefits
of the good absorption, offered primarily for body waves,
by the original standard PML with the better performance
of CES-PML in the cases where inhomogencous waves were
encountered. Correia and Jin [13] introduced a split-field
formulation of a second-order PML, and since then, unsplit
FDTD formulations of the second-order PMLSs have been
reported [14], [15] and a formulation for a general N-order

ML was given in [16]. These have confirmed that at least a
second-order PML can perform better than cither a standard
PML or a CFS-PML can do on their own, highlighting that
increasing the order might benefit the PML absorption. Obvi-

IEEE: ANTENNAS

VOL. 56, NO. 9, SEFTEMBER 2008 2095

An Improved New Implementation of Complex
Frequency Shifted PML for the FDTD Method

Antonios Giannopoulos

Abgtruct—A new plememtzton o the perfectly matehed Iyer

perfectly matched layer (PML) formulation uses the
complex frequency shifted stretching function and is based on the
simple concept of the recursive evaluation of an integral avoiding
the calculation of time derivatives. This recursive integration PML
is simple to implement, efficient and exhibits a modest gain in
performance over the convolutional PML without requiring any
extra computational resources or an increase in the algorithmic
complexity of the PML implementation.

Index Terms—Absorbing boundary condition (ABC), finite-dif-
ference time-domain (FDTD), perfectly matched layer (PML).

L INTRODUCTION

HE perfectly matched layer (PML) absorbing boundary

condition (ABC) is currently by far the most popular
method for the termination of finite-difference time-do-
main (FDTD) computational grids. Since its inception in the
mid-nineties there have been a number of applications of the
PML method. Shordy after the originl paper of Berenger
1] extensions, alternative deri and ions have

ooem
=

CPML B

200 w00

800 1000

Fig.3. Emorinthe I, field component at points A and B for models terminated
using RIPML and CPML. .. = 1 and 0 .ue = 0.2,

in FDTD codes has become much easier with the introduction
of the convolutional PML (CPML) by Roden and Gedney [16].
They have developed a simple approach that allows the incor-
poration of the CFS-PML into FDTD without the requirement
for a substantial increase in the computational resources. Their
formulation which is based on the concept of recursive convo-
lution—as originally introduced by Kelley and Luebbers [17]
for the simulation of dispersive media—it is casy to apply and
efficient.

In this paper a different approach is presented which is
equally efficient with the CPML in terms of computer memory
requirements. Numerical tests indicate that it could offer some
modest improvements in PML performance over the CPML.
The approach which is based on a recursive approximation of
an integral has been already successfully applied to develop
PML formulations for FDTD modelling of elastic waves [18].
This implementation, which from now on will be referred to as
the RIPML (recursive integration PML), can be casily applied
as a perturbation o existing FDTD codes without requiring any
substantial modifications. In essence, the RIPML can be applied
as a correction (o field quantities that belong to a PML region
after the normal FDTD equations have bemg used to update
them in the same way as they are applied cre else in the

‘epcc|




Our own very accurate dispersive media model

0.03
0.02
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 5, MAY 2014 2669 ] 0.01
5 O
. . . . . 8
A Novel Piecewise Linear Recursive Convolution .
H
. . . . & 001
Approach for Dispersive Media Using the =
Finite-Difference Time-Domain Method o
L A R . -0.03
Iraklis Giannakis and Antonios Giannopoulos 108 10?
GHz
. . " . . . 04 . . v .
Abstract—Two novel methods for implementing recursively the of any frequency-independent parts of the medium’s relative
convolution between the electric field and a time dependent electric  permittivity are included with the ¢, relative permittivity at ——— TRC .
susceptibility function in the finite-difference time domain (FDTD)  {1Gnite frequency term. ’ 03l . CC 4
method are presented. Both resulting algorithms are straightfor- A b fﬁ. fferent methodol have b P =
ward to implement and employ an inclusive susceptibility function number of ditlerent methocologies have been su. ] — — —PLRC
which holds as special cases the Lorentz, Debye, and Drude media  {0f numerically implementing dispersive materials into the = o2k PD/CD 4
relaxations. The accuracy of the new proposed algorithms is found FDTD. The resulting methods can be roughly divided in three <] '
to be systematically improved when compared to existing standard  categories: 1) auxiliary differential equation (ADE) methods 3
piecewise linear recursive convolution (PLRC) approaches, it is  [20}"(25]; 2) Z-transform methods [26]-[28]; and 3) the recur- 2 01l 4
conjectured that the reason for this improvement is that the new sive convolution methods [18], [19], [29]-[36]. A systematic s
proposed algorithms do not make any assumptions about the time : g ¢ - o
variation of the polarization density in each time interval; no finite ~ TEV1EW of the metths related to ADE and Tecursive convglu- 1] SO -
difference or semi-implicit schemes are used for the calculation of tion can be found in [2] and [37]. In addition, an interesting
the polarization density. The only assumption that these two new  review about the modelling techniques used to simulate Lorentz
methods make is that the first time derivative of the electric fieldis  media can be found in [32]. —0.1 L s . .
constant within each FDTD time interval Inclusive algorithms, with a uniform implementation for a 108 10°

Index Terms—Complex-conjugate pole-residue pairs, Debye,
Drude, finite-difference time domain (FDTD), linear dispersive
materials, Lorentz, PLRC, recursive convolution, TRC.

wide range of materials, are very attractive especially in sit-
uations where materials with different dispersion mechanisms
need to be modelled. An inclusive ADE algorithm for modelling

GHz

Fig. 4. Multi-Lorentz medium: Error between analytical and numerical reflec-
tion coefficients for TRC, PLRC, Complex-Conjugate (C-C) method, Current
Density method (CD), and Polarization Density method (PD).

Lorentz, Debye, and Drude media is presented in [23]. The al-

L. INTRODUCTION gorithm needs two additional variables to be stored per pole for

both Drude, Lorentz, Debye, and conductive term mechanisms.

HE finite-difference time domain method (FDTD) [1], A more efficient ADE inclusive algorithm which is based on
[2] is a very popular numerical technique for solving a complex-conjugate pole-residue method is presented in [22].

Multi Debye, Drude and Lorentz materials and functionality that allows you
to fit using multiple Debye poles arbitrary complex permittivity data

epcc



Diagonally anisotropic materials
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Automatic dielectric smoothing at Yee cell boundaries
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Soil or complex structure modelling: Stochastically distributed frequency
depended properties of soils based on the Peplinski model

Giannakis, I., Giannopoulos, A., & Warren, C. (2016), “A Realistic FDTD Numerical Modeling Framework of Ground
Penetrating Radar for Landmine Detection”, IEEE Journal of Selected Topics in Applied Earth Observations and Remote e p C C
Sensing, 9(1), 37-51



Stochastic distribution of material properties, including rough surfaces, water
puddies and even blades of grass!
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Biomedical EM modelling

population/overview/

https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/inde
x.html

Massey, J., Geyik, C., Techachainiran, N., Hsu, C., Nguyen, R., Latson, T., Ball, M. & Yilmaz, A. (2012),
“AustinMan and AustinWoman: High fidelity, reproducible, and open-source electromagnetic voxel models,”
in Proc. Bioelectromagnetics Soc. 34th Annual Meeting

ZAxis ]

(b)

https://itis.swiss/virtual-population/virtual-

‘epcc|


https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
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https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html

Simple example

Please look up the detailed documentation where
you can find examples!
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Transmission-Line
Feed:

Half-wavelength wire dipole antenna in free space &=/ (V1)

Transmission
Line

#title: Wire antenna - half-wavelength dipole in free-space
#domain: 0.050 0.050 0.200

#dx_dy_dz: 0.001 0.001 0.001

#time_window: 60e-9

#waveform: gaussian 1 1e9 mypulse

## 150mm length

#edge: 0.025 0.025 0.025 0.025 0.025 0.175 pec

## 1mm gap at centre of dipole

#edge: 0.025 0.025 0.100 0.025 0.025 0.101 free_space

#geometry_view: 0.020 0.020 0.020 0.030 0.030 0.180 0.001 0.001 0.001 antenna_wire_dipole_fs f
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Half-wavelength wire dipole antenna in free space
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Wire dipole antenna over a half-space

L=1m, r=6.74mm : V(t) _ ‘/06—92(75—1t0)27
h=0.5m g=15x 10’

to=1.43x 1077 ¢

Az = Ay = Az =10 mm
fo =337 MHz
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Modelling GPR transducers
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Commercial GPR antennas

GSSI 1.5GHz antenna MALA 1.2GHz antenna

Rx bowtie T, bowtie Tx bowtie Rx bowtie

Cavity
absorber

SMT
resistors

Shield

Cavity
absorber
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FDTD antenna models of commercial GPR antennas

GSSI 1.5GHz antenna MALA 1.2GHz antenna

Warren, C. & Giannopoulos, A. (2011) Creating finite-difference time-domain models of commercial ground-penetrating radar antennas using Taguchi's optimization method, Geophysics, 76(2), G37-G47
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— 0.10m 0.29m — 0.10m 0.29m — 0.10m 0.29m — 0.10m 0.29m

Warren C. and Giannopoulos A., (2017) Characterisation of Ground Penetrating Radar antenna in Lossless Homogeneous and Lossy Heterogeneous Environments, Signal Processing, 132, pp. 221-226
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FDTD antenna models of commercial GPR antennas

GSSI 1.5GHz antenna MALA 1.2GHz antenna
1.0- 1.0-
— FDTD — FDTD
8 - FIT ---- FIT
ﬂ ...... Measured S Measured
0.5- A
o o
o el
2 2
s 2
£ P g
5 0% 3 1/ PN 7 5 6 k5 1 i
o r 0 Time [ns] 2 Time [ns]
© ©
IS I
5 5
=2 =2
-0.5- —0.5-
—-1.0- J —-1.0-
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Advanced applications
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Normalised Amplitude

GPR - Advanced data processing and Machine Learning

Txside RX side

Sand

Bowties

Concrete Slab

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023

GPR Full-Waveform Inversion With Deep-Learning
Forward Modeling: A Case Study From
Non-Destructive Testing

Ourania Patsia”, Antonios Giannopouloso, and Iraklis Giannakis"’

2003910

the slab thick and the ition and
integrity of the concrete 2], [3], [4], [5]. In particular, when
it comes to locating the reinforcement in concrete structures,
within OPR is very effective due to the high contrast between the

Abstract— Numerical modeling of ground radars
(GPRs), such as the finite-difference time-domain (FDTD)
method, has been extensively used to enhance the interpretation
of GPR data and as a key of full
(FWI). A major vback of solvers,

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023 2003311

Abstract-

Background Removal, Velocity Estimation, and
Reverse-Time Migration: A Complete GPR
Processing Pipeline Based on Machine Learning

los”, and Iraklis Giannakis™

Ourania Patsia”, Antonios Gi

of the the GPR signals are often

of ground radar

— The
(GPR) is greatly influenced by the cross coupling between masked by the direct air and ground wave response. This is
the transmitts sponse

from the 4 ;0un as background clutter and is typically subtracted from

target signals, especially in cases where shallow buried targets (¢ total response. Subsequently, the velocity of the medium

to is evaluated, typically done via hyperbola fitting. Finally, the
images, which further compromises the velocity of the medium is used as an input in migration,

Reverse time migration using an ML predicted permittivity distribution
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Distance (m)

cnie Real
— synthetic

Normalised Amplitude

w Real
— Synthetic

20

40
Trace Number Trace Number

a
Time (ns)

Time (ns)

Migrated Images
Mean Permittivity + SVD Filter

Depth (m)

0.1 02 03 04 05 06 0.7 08 09

Distance (m)
ML Permittivity + SVD Filter
E 005
£ o
3

°
o

0.1 02 03 04 05 06 0.7 08 09

Distance (m)
ML Permittivity + ML-Filter
g 0.05
£
2 01
o
o

0.15

0.1 02 03 04 05 06 07 08

epCC|



GPR - Landmines

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 9, NO. 1, JANUARY 2016 37

A Realistic FDTD Numerical Modeling Framework
of Ground Penetrating Radar for Landmine Detection

Iraklis Giannakis, Antonios G

and Craig Warren

Abstract—A  thy i i (3-D) finite-di time-
domain (FDTD) algorithm is used in order to simulate ground
penetrating radar (GPR) for landmine detection. Two bowtie
GPR transducers are chosen for the simulations and two widely

(AP) i namely PMA-1 and
PMN are used. The validity of the modeled antennas and land-
mines is tested through a comparison between numerical and
laboratory measurements. The modeled AP landmines are buried
ina soil. The of
soil’s inhomogeneity are modeled using fractal correlated noise,

A better und ding of the i isms within
the ground can help us increase the effectiveness of GPR
and investigate its limitations. This can be achieved through
numerical modeling that can provide insight on how the soil’s

h istics can infl the overall p of GPR.
Apart from that, numerical modeling can be a practical tool
for testing and comparing different antennas and processing
algorithms in a wide range of environments. Furthermore, a
realistic ical model can also be employed for training pur-

which gives rise to Gaussi often
Fi

lﬂ ﬁ W ﬂ are also w& in m to simulate the _POses in machine learning based approaches. In order to address



GPR - Planetary

2484 [EEE JOURNAL OF SELECTED TOPICS IN APPL VOL. 14, 2021

Ground-Penetrating Radar Modeling Across the
Jezero Crater Floor

Sigurd Eide ©, Svein-Erik Hamran, Henning Dypvik, and Hans E. F. Amundsen

Abuuracs_—This article amemes bow. the ground-penctrating
radar RIMFAX

achieved through radar sounding during the next decade of

Martian

site, where relation-

are priot to m A tive To m:age the subsurface, a GPR Kranslmls microwaves o
mafic unit (lava flow, volcanic ash, or deposit) on ges in density i.e., variations in the
the crater floor of smmﬂ'

In orler to e how Iithological propertis aad subenrface geome:
tries affect radar sounding, a synthetic radargram is generated
through forward modeling with a finite-difference time-domain

‘method.
cession of lava flows,

In
propertics can be described by the relative dielectric constant £*
e =¢ — je'. I
The real pan &' is referred 1o as the dielectric constant and

contacts to adjacent lithologies. To compare modeling results with
enarios, a discussion about sounding

velocity in a medium. A GPR essen-
tially record: reflections caused by velocity differences in the
subsurface, e.g., at the interface between two distinet litholo-
gies. However, small-scale heterogeneous velocity changes can

related to electromagnetic for cause scattering and lead to energy reduction in the propa-

This article, therefore, il scic gating denoted by volume losses. The imaginary

part =" is referred to as the diclectric loss factor and is a

hypotheses of lithological generation. et o rep e
EIDE ef al.: GROUND-PENETRATING RADAR MODELING ACROSS THE JEZERO CRATER FLOOR 2489

). Note that

velocity of 0,12 m/ns. Image zooms

Fiy
with the topography, but its vertical axis below the surface is in two-way travel time [ns] and has a verical .x.ummm <20 mamiiag & copant mesuen
) onthe

L TTsenens

Hindawi
International Journal of Antennas and Propagation
Volume 2017, Article ID 3013249, 11 pages @
hitps:/doi.org/10.1155/2017/3013249

Hindawi
Research Article

Numerical Simulations of the Lunar Penetrating Radar and
Investigations of the Geological Structures of the Lunar Regolith
Layer at the Chang’E 3 Landing Site

Chunyu Ding, > Yan Su,"? Shuguo Xing,"* Shun Dai,"* Yuan Xiao,"*” Jianging Feng,"*
Danging Liu,* and Chunlai Li

"Key of Lunar and Deep Space Exploration, Chinese Academy of Sciences, Beijing 100012, China
*National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China

?University of Chinese Academy of Sciences, Beijing 100049, China

“Renmin University of China, Beifing 100872, China
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In the process of lunar exploration, and specifically when studying lunar surface structure and thickness, the established lunar
regolith model is usually a uniform and ideal structural model, which s not well-suited to describe the real structure of the
Jona segoith e T pree sudy s to exple the genlogial aructusl Inkomtion coneined i the chaznel 2 LR
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Now and the future of
gprMax
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Google
Summer of Code

We participated in
GSoCin 2019, 2021,
2023, 2024 and in 2025

ﬂ Google Summer of Code

LIBRE§JCUBE

open source space exploration

LibreCube Initiative
Open Source Space Exploration

SageMath
QOpen-source mathematics software system

caMicroscope

Toolkit for cancer imaging research

DeepChem

Democratize Al for drug discovery.

pen

Chemistry

Open Chemistry

Advancing Open Source & Open Science for Chemistry

“incf

INCF

An open & FAIR neuroscience standards organization

gprMax

gpriMax

Simulating electromagnetic wave propagation

@ python”

Python Software Foundation

A programming language used for science & more

CGAL Project

C++ library of computational geometry

GNSS-SDR

An open source GNSS software-defined receiver

>GNURadio

GNU Radio

The free & open software radio ecosystem

GNU Octave

Free Your Numbers
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Next version of gprMax - beta testing 12-ju-2023 .

We are almost ready to release the next version of gprMax (v4) code named Carn Mor, continuing our single malt Scotch whisky theming! Carn Mor
has a number of new and exciting features such as:

* Sub-gridding - the ability to define different spatial resolutions in different areas of the main grid. This allows high-dielectric materials and fine
geometries to be more efficiently modelled.

¢ OpenCL support - run your simulations more quickly on hardware (CPU and GPU) that supports OpenCL.

+ STLtoVoxel toolbox - convert STL files and import complex geometries without having to build them from geometry commands.

+ DebyeFit toolbox - simulate materials with dispersive properties described by relaxation models such as Havriliak-Negami, Jonscher, Complex
Refractive Index Mixing (CRIM), or your own measured data.

+ Landmine toolbox - contains realistic models of anti-personnel (AP) landmines including the PMA-1, PMN, and TS-50.

There are many more new features and also lots of under-the-hood improvements. We are seeking current gprMax users to beta test this new
version which is available through the devel branch on our GitHub repository. Please report bugs through our GitHub issue tracker and use the tag v4 bug.
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eCSE project: Q)) archer=.

Large-scale open-source computational electroaynamics:
MPI domain decomposition for gorMax
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Why MPI domain decomposition?

- Maximum model size on a single node of ARCHER2 (256GB memory):
- 1.6m x 1.6m x 1.6m model at Tmm resolution
« 4.096m? or 4.096x107 cells

- Using more complex geometry increases memory usage

- Taking snapshots can increase memory usage

epcc



Why MPI domain decomposition?

- Existing gprMax solvers:
- CPU (OpenMP)
- GPU (CUDA)
- OpenCL

- All of these solvers are limited to a single node or device

- To run larger simulations, we need more memory

- HPC systems do have nodes with large amounts of memory, but:
- Limit to OpenMP scaling within a node
- MPI scales beyond a single node (and hopefully adds performance too)

epcc



Adding MPI domain decomposition

- Minimal changes for users — no need to change the model definition

- Control decomposition using the new --mpi flag

$ mpirun -n 8 python -m gprMax model.in --mpi 2 2 2

epcc



Solver Loop

- Simplified control flow of the main solver

Store outputs

Store snapshots

Update magnetic
fields

Update electric
fields

epcc



Solver Loop

- Simplified control flow of the main solver

- Addition of halo exchanges
- Direct point to point communication with neighbours
- Asynchronous communication

- Store snapshots
- Snapshot resolution may be lower than the main grid
- Each snapshot requires own halo exchange
- No actual I/O, so no collective communication

Store outputs

Store snapshots

Update magnetic
fields

Halo swap
magnetic arrays

Update electric
fields

Halo swap
electric arrays




Model Building

- Ranks build their own local grid

- No OpenMP parallelisation for this part of the code
- Lots of room for improvement with MPI

- Result is insensitive to the domain decomposition
- Ranks map from the global coordinate space to the local coordinate space

- Fractal objects and I/O objects were the biggest challenge

epcc



Single Node Performance

- Simulation uses ~ 53.2 GB of memory 1 MPI rank - 128 OpenMP threads per rank
8 MPI ranks - 16 OpenMP threads per rank

- The node is fully populated throughout  Ete.

Model Building (simple geometry) Main Solver Loop (100 iterations)
1091 - 1e9 cells
- |deal scaling |
O O
C [
O O
2 2 101
8 1084 o
) X%
o o . R
O O
10° 1
1 2 4 8 16 32 04 128 1 2 4 8 16 32 04 128

MPI| Ranks MPI Ranks
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Multi Node Performance

- Chose the best performing single-node configuration:
- 64 MPI ranks per node and 2 OpenMP threads per rank

- Largest model: 2.6x10" cells, ~ 14.4 TB of memory across 64 nodes

Model Building (simple geometry)

| - 4.1¢9 cells
| = 4.1e9 cells per node
-- |deal scaling

1010 .

Cells per second

109 ]

Cells per second

Main Solver Loop (100 iterations)

1 2 4 8 16 32 04



Model Building — Fractal Geometry

- Used for stochastic materials (e.g. soil models) and surface roughness
- Perform an FFT over a 2D or 3D array of random numbers

- Limits domain decomposition — must be 1in at least one dimension
- 1D (slab) or 2D (pencil) — not 3D

- Choice of decomposition can dramatically effect performance

z=1 z=1

- Needs to be reproducible in parallel

y=3
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Model Building — Fractal Geometry

- Initial attempt ~100 times slower than serial baseline
- Iterate over global grid and generate random numbers one at a time
- Keep if within the local grid. Otherwise discard

- Instead calculate blocks of random numbers to either keep or discard

Implementation | MPI Ranks OpenMP Time in Percentage of total runtime in
P Threads | generate_fractal volume() | generate fractal volume()

Serial S 32 34.4s 2.9%
Original MPI 8 16 3135.7s 82.7%
Updated MP] 8 16 24.2s 3.5%

Note: The MPlrunsused --mpi 1 2 4 as the decomposition. Itis likely --mpi 1 1 8
would improve the overall performance further.

epcc



VTKHDF for Parallel 1/0 VT’(

- HDF5 is well supported for HPC and Python
- VTKHDF gives advantages of HDF5 while directly supporting visualisation

- 1/O performance effected by domain decomposition

- Currently support independent |/O
- Likely to get better write performance with collective |/O

epcc

https://docs.vtk.org/en/latest/vtk file formats/vtkhdf file format/vtkhdf specifications.html



https://docs.vtk.org/en/latest/vtk_file_formats/vtkhdf_file_format/vtkhdf_specifications.html

Regression Testing with ReFrame Re@ Frame

- Existing tests required manual inspection to check correctness

- Automated tests caught errors early
- Full model regression tests — not unit tests
- Can directly compare results from non-MPI tests with MPI tests

- Adding a new test requires: [mercmreesoren | [ e
- A model input file

- Typically 4-8 lines of code

|
httDS//C]I'thubCom/refrgme—hpc/refrgme . Receiver Regression Check || SnapshotRegressionCheck | e p C C



https://github.com/reframe-hpc/reframe
https://github.com/reframe-hpc/reframe
https://github.com/reframe-hpc/reframe

gprMax Visualisation — Sébastien Lemaire

www.epcc.ed.ac.uk/research/scientific-visualisations



https://www.epcc.ed.ac.uk/research/scientific-visualisations
https://www.epcc.ed.ac.uk/research/scientific-visualisations
https://www.epcc.ed.ac.uk/research/scientific-visualisations
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This work was funded under the embedded CSE programme of the ARCHER2
UK National Supercomputing Service (https://www.archer2.ac.uk).
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