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What is gprMax? 

“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
om

https://github.com/gprmax/g
prMax

http://docs.gprmax.com/en/lat
est/



What is GPR?

“ … a term that describes both a piece of equipment - an Ultra Wide Band 
Radar - and a method to investigate into opaque objects and gather useful 
information about their composition..”
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The FDTD Yee cell 





A short history of gprMax



1997



2015





2017







Free as in “free beer”

Free as in Freedom



Basic capabilities



Our own Recursive integration perfectly matched layer (PML) implementation 
for higher order and multipole PMLs



Our own very accurate dispersive media model

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



Diagonally anisotropic materials 



Automatic dielectric smoothing at Yee cell boundaries



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 
Sensing, 9(1), 37-51



Stochastic distribution of material properties, including rough surfaces, water 
puddles and even blades of grass!



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

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

Biomedical EM modelling 

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

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
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!



#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

#transmission_line: z 0.025 0.025 0.100 73 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

Half-wavelength wire dipole antenna in free space



Half-wavelength wire dipole antenna in free space



Wire dipole antenna over a half-space



Ix@ feed

Ex@ d=1.0m Ex@ d=1.5m

Ex@ d=0.5m



Modelling GPR transducers



Commercial GPR antennas



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

FDTD antenna models of commercial GPR antennas

GSSI 1.5GHz antenna MALA 1.2GHz antenna



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



FDTD antenna models of commercial GPR antennas

GSSI 1.5GHz antenna MALA 1.2GHz antenna



Advanced applications 



GPR – Advanced data processing and Machine Learning



GPR - Landmines



GPR – Planetary 



Now and the future of 
gprMax



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





eCSE project:
Large-scale open-source computational electrodynamics: 
MPI domain decomposition for gprMax



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 1mm resolution

• 4.096m3 or 4.096x109 cells

• Using more complex geometry increases memory usage

• Taking snapshots can increase memory usage



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)



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



Solver Loop Store outputs

Update magnetic 
fields

Update electric 
fields

Store snapshots
• Simplified control flow of the main solver

• Store snapshots

• Frequency is user specified (may not be every iteration)

• Snapshot resolution may be lower than the main grid

• Each snapshot requires own halo exchange

• No actual I/O, so no collective communication

• Addition of halo exchanges

• Direct point to point communication with neighbours

• Asynchronous communication



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

Update magnetic 
fields

Update electric 
fields

Halo swap 
magnetic arrays

Halo swap 
electric arrays

Store snapshots



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



Single Node Performance

• Simulation uses ∼ 53.2 GB of memory

• The node is fully populated throughout

Model Building (simple geometry) Main Solver Loop (100 iterations)

1 MPI rank  → 128 OpenMP threads per rank
8 MPI ranks → 16  OpenMP threads per rank
Etc…



Multi Node Performance

• Chose the best performing single-node configuration:

• 64 MPI ranks per node and 2 OpenMP threads per rank

• Largest model: 2.6x1011 cells, ∼ 14.4 TB of memory across 64 nodes

Model Building (simple geometry) Main Solver Loop (100 iterations)



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 1 in at least one dimension

• 1D (slab) or 2D (pencil) – not 3D

• Choice of decomposition can dramatically effect performance

• Needs to be reproducible in parallel



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 
Threads

Time in 
generate_fractal_volume()

Percentage of total runtime in 
generate_fractal_volume()

Serial - 32 34.4s 2.9%

Original MPI 8 16 3135.7s 82.7%

Updated MPI 8 16 24.2s 3.5%

Note: The MPI runs used --mpi 1 2 4 as the decomposition. It is likely --mpi 1 1 8 
would improve the overall performance further.



VTKHDF for Parallel I/O

• HDF5 is well supported for HPC and Python

• VTKHDF gives advantages of HDF5 while directly supporting visualisation

• I/O performance effected by domain decomposition

• Currently support independent I/O

• Likely to get better write performance with collective I/O

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

• 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:

• A model input file

• Typically 4-8 lines of code

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

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


gprMax Visualisation – Sébastien Lemaire 

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


Project Team

• Craig Warren

• Antonis Giannopoulos

• James Richings

• Nathan Mannall

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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