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Abstract: 9 

Agent-based modelling has proven its usefulness in several biomedical projects by 10 

explaining and uncovering mechanisms in diseases. Nevertheless, the scenarios addressed 11 

in these models usually consider a small number of cells, lack cell-specific characterisation 12 

and dynamic interactions and have a simplistic environment description. Tools that enable 13 

scalable, real-sized simulations of biological systems that require complex set-ups are 14 

needed to have simulations closer to biomedical scenarios that can capture cell-to-cell 15 

heterogeneity and system-wide emerging properties. To deliver simulations at the giga-scale 16 

(109 cells), different tools have implemented technologies to run in high-performance 17 

computing clusters. We hereby review these efforts and detail the main areas of 18 

improvement the field needs to focus on to have simulations that are a step closer to having 19 

digital twins. 20 

 21 
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Highlights: 26 

 Agent-based modelling aims to explain, model and predict mechanisms in diseases. 27 

 Large-scale agent-based modelling is needed to address real-sized, complex 28 

scenarios such as simulating tumours. 29 

 The scaling-up of such models needs high-performance infrastructures and methods 30 

to optimise runtime and distribute memory among computing nodes. 31 

 Such multi-scale models are complex and need tools such as model exploration 32 

frameworks to help set-up parameters and provide new hypotheses. 33 

 Bringing together the systems biology and HPC communities is key for the 34 

development of the field.  35 
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Introduction: 36 

Modelling has helped researchers gain unprecedented insights into biological mechanisms 37 

[1]. With the rise of high-throughput technologies that led to the so-called omic revolution, 38 

the use of modelling in systems biology has become an integral part of the field [2,3]. 39 

Bridging from intracellular mechanisms to tissue-level phenotype is still a problem to be 40 

solved, and multi-scale agent-based modelling is well suited to address it. Agent-based 41 

modelling is an approach to computing the potential system-level consequences of the 42 

behaviours of sets of individual agents [4]. In this framework, also known as individual-cell, 43 

individual-based or cell-based modelling, each agent has a set of behavioural rules that are 44 

relative to the environment and to other agents' behaviours. Agent-based models have been 45 

ubiquitous in a wide range of scientific disciplines, such as economics, engineering, 46 

epidemiology, urban transportation, ecology, and biology [5].  47 

Agent-based models have a balanced combination that suits well systems biology modelling 48 

of tissues by, first, combining the study of cell populations' behaviours that have a direct 49 

correspondence to heterogeneous cellular systems encompassing a diversity of cell-cell 50 

interactions. Second, they have a cell-level granularity that allows studying genotypic and 51 

phenotypic variations at the single-cell level. Third, they can include intracellular models that 52 

can capture gene-level changes and, fourth, they explicitly describe the environment that 53 

can have a direct correspondence to laboratory experiments (Figure 1). Agent-based models 54 

have proven their usefulness in biomedicine by studying the selective pressure of the 55 

environment on tumour morphology [6], migrating cells [7–9] and their interaction with 56 

macrophages to suppress immune responses [10–12], cancer growth and how 57 

immunogenicity enable tumour cells at the outskirts to escape immune attack [13], or how 58 

dynamic regimes can counter the tumour cells' resistance to TNF [14]. Recently, some of 59 

these approaches have been directed at the study of COVID-19 [15]. 60 

Agent-based includes different modelling frameworks with 61 

different focuses 62 

Different agent-based modelling approaches exist to model cell populations with different 63 

underlying assumptions and constraints. Still, they are usually grouped into two families: 64 

lattice-based (or on-lattice) and lattice-free (or off-lattice) (Figure 2A). For complete reviews, 65 

see references [16,17].  66 

Lattice-based agent-based models are the ones where the environment is defined by a grid 67 

or lattice, which the agents will follow or be constrained by it. This type of modelling can be 68 

categorised by three different subtypes depending on their spatial resolution: 69 

 Cellular automata, in which there is one agent in each lattice site (e.g., NetLogo [18], 70 

Chaste [19], and others [20–22]). 71 

 Cellular Potts model, in which one agent can occupy several lattice sites [23] (e.g., 72 

CompuCell3D [24], Morpheus [25], EPISIM [26], and others [27]). 73 

 A third type in which a lattice site can be occupied by more than one agent (e.g., 74 

COMETS [28,29], and others [30,31]). Lattice-gas cellular automata is a special such 75 

automaton in which the velocity of the agents is also tracked (e.g., NetLogo). 76 
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Lattice-free agent-based models are the ones where the environment is not defined by a grid 77 

or lattice. This type of modelling can be categorised into two main families of models, 78 

depending on whether the model's focus is the cells' boundaries or the cells' volume: 79 

 Vertex models are boundary-tracking models where cells are modelled as polygons 80 

or polyhedra, and the focus of the model is to study the different forces applied to the 81 

vertices (e.g., Chaste, Tyssue [32], and reference [33]). They can also use Voronoi 82 

tessellation (e.g., Chaste and reference [34]). 83 

 Overlapping spheres or centre-based models (CBM) are models where the agents 84 

are represented by spheres that can overlap among them (e.g., Chaste, Biocellion 85 

[35], CellSys [36], PhysiCell [37], Timothy [38]). 86 

When modelling in the context of biomedical research, one of the goals is to find molecular 87 

mechanisms and interactions that may explain the observed disease phenotypes. Agent-88 

based modelling is general and flexible enough to be the basis for constructing multi-scale 89 

models of cell populations that include intracellular models of different processes updated at 90 

different time scales when reacting to environmental conditions. This intracellular model can 91 

be a system of differential equations (as in Chaste, CompuCell3D, and EPISIM), neural 92 

networks [20], metabolic models of bacteria using dynamic FBA in BacArena [22] or 93 

COMETS [29] or Boolean models simulated stochastically using PhysiBoSS [14] (Figure 94 

2B). 95 

These CBM frameworks consider different time scales for simulating different processes 96 

such as molecules' diffusion, cell movement and mechanical interactions as well as cellular 97 

phenotypes (e.g., proliferation, apoptosis, migration, attachment) (Figure 2C) following a 98 

type 3 multi-scale model taxonomy from reference [39]. In addition, they consider different 99 

types of cells (e.g., immune cells, blood vessels and cancer tissue) and dynamic 100 

environments. Still, they usually take into account up to several million cells, which is far 101 

from the goal of having large multi-scale simulations of complex, heterogeneous tumours. 102 

There are several alternatives to agent-based modelling. One of them, rule-based modelling, 103 

is a flexible space-free approach used in a wide range of fields, including biology, physics, 104 

chemistry, and computer science [40]. Notably, it has been successful in biochemistry and 105 

cell biology projects by simulating agents not as cells but as proteins and molecular 106 

complexes in well-mixed spatial compartments [41]. This approach has been combined with 107 

detailed spatial representations (e.g., the integration of BioNetGen [42] with Smoldyn [43] or 108 

VCell [44]) and is well suited to simulate a large number of biochemical reactions [45]. 109 

Interestingly, there have been efforts to use rule-based modelling to simulate cells and 110 

tissues [46].  111 

Another alternative to agent-based modelling, hybrid discrete-continuum modelling, is useful 112 

when aiming to model large multi-cellular systems as continuum models without explicitly 113 

defining individual cells, their environment or their intrinsic scales [47]. Even though 114 

continuum models generally have fewer parameters and are less explicit than CBM, they 115 

can be useful to uncover insights into biological mechanisms [48]. 116 

These methods represent different approaches to biomedical problems and correspond to 117 

different assumptions and modelling decisions. The rest of this review will focus on CBM, a 118 

type of agent-based modelling, as we consider that they have a balanced combination of 119 

variables and assumptions that suits well tissue and cancer modelling scenarios making it 120 
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possible to model genes, pathways, cells and environment explicitly. In this case, as the 121 

models include genes and proteins, we can directly integrate available omics data on them 122 

and, as the cells are simulated individually, they can deliver biologically realistic simulations 123 

that have a direct correlation to clinical images. 124 

Motivation for a distributed simulation at the giga-scale 125 

Historically, there have been a number of efforts to build realistic surrogates of human tissue 126 

with increasing importance in personalised medicine [49]. The development of humanised 127 

patient-derived xenografts [50] and digital twins [51] are just two recent examples in 128 

biomedicine. To bring these models closer to clinical scenarios, e.g., capable of simulating 129 

the evolution of clinically detectable tumours, we still need more powerful large-scale 130 

modelling tools able to produce more realistic, real-sized simulations [52]. 131 

Giga-scale simulations should be able to address questions that current agent-based, as 132 

well as other multi-scale models hardly, can, such as those related to the interaction 133 

between processes and mechanisms modelled at different time and spatial scales 134 

[14,53,54]. A prototypical example of a very complex giga-scale simulation would be a 135 

realistic cancer response to different chemo- and immune therapies, able to explore the 136 

influence of tumour shape and environment interactions. This type of model would provide 137 

"virtual cuts" images comparable to digital pathology images of real tumours. The set-up 138 

needed to perform these simulations requires the knowledge of signalling pathways' 139 

activities, population-level biophysics, as well as the effect of the extracellular matrix and 140 

immune system on the diffusive properties of different molecules. Most of these mechanisms 141 

have been studied separately, their mechanisms have been documented in different 142 

situations, and a number of useful models build by experts are available [9,11,55,56], but the 143 

explanations of system-wide emerging properties require addressing the challenging 144 

problem of putting all of them together. The TNF dynamic regimes and cells' resistance [14] 145 

represents an initial example in this direction. 146 

With the current state-of-the-art methods, we are unable to study the aforementioned 147 

prototypical example: a real-sized invasive tumour of an irregular shape that is being 148 

targeted by drugs arriving from a distant, single blood vessel surrounded by a complex 149 

extracellular matrix with patches of different densities that affect drug diffusion and 150 

movement of the cells. A new complex set-up will be required to test the shielding effect that 151 

the shape of the tumour might have against drugs and immune cells. Also, in regards to the 152 

invasive potential of the cells, current simulations are insufficient to describe the 153 

heterogeneous biological scenarios [57]. With this simulation, it will be possible to test the 154 

effect of an extracellular matrix with different densities together with the cellular 155 

heterogeneity on the different invasion phenotypes as described in clinical images. In 156 

addition, models that include studies of tumour evolution and genetic drifts might be able to 157 

capture behaviours related to the appearance of heterogeneity in otherwise clonal 158 

populations that might be missed in smaller simulations [58]. 159 

Another system-wide emerging property that could be studied with these giga-scale 160 

simulations is drug resistance against cancer therapies. It has been described that 161 

population-level dynamics such as competition and cell-cell variability can play a key role in 162 

the evolution of drug resistance [59]. In addition, the environment architecture has been 163 

described to affect the cells' response to drugs: conventional 2D-cultured cell line screens 164 
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fail in clinical studies [60] as traditional cell cultures do not recapitulate the heterogeneity and 165 

intrinsic drug sensitivity of the original tumour [61]. 166 

In our opinion, there are three main bottlenecks to achieve such a real-sized tumour 167 

simulation: biological knowledge, data availability and technical performance of the tools. 168 

Our knowledge of biological processes of different time and spatial scales and, importantly, 169 

their interactions is far from perfect. In fact, one of the goals of modelling is to help to close 170 

this knowledge gap by mapping what is known and providing hypotheses to explore the 171 

more relevant elements of what is still unknown.  172 

In addition, the new technologies provide a unique opportunity to extend and improve these 173 

comprehensive models. In this sense, the new developments in the field of single-cell omics 174 

provide a unique opportunity to fill models with real data [62], connecting cell heterogeneity 175 

with population dynamics [63]. 176 

Finally, modelling these complex scenarios needs substantial computing resources that far 177 

exceed current desktop and university clusters. Particularly important are the limitations on 178 

the use and management of the memory for the data structures [38,64]. Thus, the scale-up 179 

of the simulations is only achievable by optimal, full-scale use of parallel systems in HPC 180 

systems [38,54]. While the access to additional biological knowledge and heterogeneous 181 

data is continuously evolving, the HPC remains the key enabling technology for the giga-182 

scale simulations. 183 

Paving the way for a distributed simulation at the giga-scale 184 

In the past years, efforts have been directed at having large-scale CBM simulations by 185 

distributing the computation following a hybrid model combining MPI and OpenMP. We 186 

hereby present several centre-based agent-based modelling frameworks that have the 187 

potential to reach the billion cells' milestone.  188 

Timothy [38,65] is an open-source, MPI-based tool that has proven to be able to simulate 189 

biological models of up to 0.3 billion cells in cancer projects [66] as well as large-scale 190 

models with nuclear-cytoplasmic oscillations of NF-κB [53].  191 

Biocellion [35] is a flexible, discrete agent-based simulation framework that has been used to 192 

model a wide range of multi-cellular biological models, such as cell sorting, microbial 193 

patterning and a bacterial system in soil aggregate of over 26 million cells. Even though it's 194 

freely available for academic use, Biocellion's closed source can deter potential users. 195 

Chaste [19] is an open-source, general-purpose simulation package for modelling soft 196 

tissues and discrete cell populations that can be used with MPI. This tool allows using 197 

different modelling frameworks on a given problem, enabling users to select the most 198 

appropriate one for their research and to better understand the limitations of each one of 199 

them. Chaste has been used for a wide range of projects, such as intestinal [67] or colonic 200 

crypt [68] studies.  201 

FLAME [69] is an open-source, generic formal framework for agent-based modelling that 202 

allows parallelisation using MPI, and developers can use it to create models and tools. 203 

Implementing a Flame simulation is done by using finite-state automata with memory [70]. 204 

This tool has been adapted to be used with distributed GPUs using the OpenCL standard 205 
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[71]. Examples of uses of FLAME range from bioreactor studies [72] to immunogenic studies 206 

[73] or also epidermis modelling [74].  207 

To study biofilm-scale bacterial population, CellModeller [75] was developed as a rigid-body 208 

method that includes models of biophysics, growth of rod-shaped cells and intra- and inter-209 

cellular signalling using ODEs. CellModeller uses OpenCL cross-platform framework that 210 

enables the implementation of parallel software on both GPU and CPU architectures.  211 

BioDynaMo [76] is an open-source simulation tool fully parallelised, able to offload 212 

computation to hardware accelerators and load-balance agents and their environment on 213 

available nodes. Being general-purpose, it allows simulating models from various fields by 214 

being extensible and modular, showcasing its use in neurite growth, tumour spheroid and 215 

epidemiology [76]. 216 

PhysiCell-X (Saxena et al., in preparation) is our current effort to include MPI in PhysiCell, 217 

an open-source, flexible, and lattice-free agent-based framework for multi-scale simulation of 218 

multi-cellular systems that currently only support shared-memory parallelisation. The main 219 

advantage of PhysiCell is its lightweight, very efficient and self-contained framework. 220 

Additionally, PhysiCell can be expanded using add-ons, such as PhysiBoSS [14], allowing 221 

the integration of individual Boolean models for the signalling networks embedded into each 222 

agent. PhysiCell-X expands our efforts to include distributed-memory in the solver that 223 

manages the chemicals' diffusion of PhysiCell: BioFVM-X [64]. 224 

We have hereby focused on examples of distributed CBM software. Still, other agent-based 225 

tools use distributed memory and have the potential of enabling giga-scale simulations that 226 

are not CBM [21,25,26,77–80]. 227 

Wish list for large-scale multi-scale modelling tools 228 

Many problems addressed by modelling in biology can consider populations of cells ranging 229 

from 106 to 1011 [81], and CBM tools from the last section allow to reach only the lower 230 

bound of this range. To have simulations at the giga-scale (109 cells), we need novel tools to 231 

scale up efficiently by incorporating technologies from biology and computer science (Figure 232 

3). 233 

Nevertheless, having CBM simulations with large numbers of cells is not the only problem, 234 

as the underlying models need to be more realistic and complex. We need novel tools that 235 

can simulate real-size tumours of billions of cells, where there are explicit descriptions of 236 

intracellular mechanisms (i.e., signalling pathways, metabolism, cell cycle, cell division, etc.), 237 

each cell has its idiosyncratic properties without systematic regularity, where this 238 

idiosyncrasy changes in time, e.g., by the effect of selective pressure, and where we can 239 

study the clonal heterogeneities of cells and thus the evolution of cell strains. Such a tool 240 

should include, among others, an explicit simulation of the interactions among the different 241 

cells types, different cell shapes that better capture the tensions around a cell, and a 242 

complete description of a complex 3D environment with blood vessels (ideally with clinical-243 

image-level detail) and cocktails of chemicals (e.g., hormones, metabolites, oxygen, etc.) 244 

that allows for the cells to modify it and be modified by it.  245 

These complex simulations should be facilitated by enabling technologies in high-246 

performance computing (HPC) clusters that allow having distributed memory and 247 
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parallelisation, analysis and integration of high-throughput personal molecular data in the 248 

models and, model exploration and optimisation of the models' parameters. 249 

There are already tools that perform some of the goals described in this wish list, such as 250 

those in the previous section, but no one can do it all, let alone at a large scale.  251 

Model exploration is needed to fit and to find optimised 252 

solutions 253 

Agent-based models such as CBM are complex objects that can exhibit nonlinear dynamics 254 

and emergent behaviours [13]. Thus, the effect of the input parameters and the model 255 

dynamics can only be addressed by running simulations where stochasticity is an intrinsic 256 

component of the model. Furthermore, complex multi-scale CBM usually have a large 257 

number of parameters that should be specified. In the case of multi-cellular models, such 258 

parameters may involve, among others, rates of cell processes (e.g., division, death), kinetic 259 

constants of the biochemical processes (e.g., reactions, transports), mechanical constants 260 

(e.g., cell-cell interactions, migration velocities) as well as physicochemical properties of the 261 

environment (e.g., diffusion constants, extracellular matrix properties). In many cases, a 262 

model can have so many parameters that the data required for its calibration and validation 263 

is currently not available [82,83]. 264 

The analysis of complex CBM requires running large numbers of simulations applying 265 

efficient strategies to explore the parameter spaces [84,85]. This general problem is 266 

commonly referred to as model exploration (ME), a multifaceted iterative process that 267 

enables an adaptive exploration of the model's parameter space. ME strategies are 268 

commonly applied to calibration, optimisation and exploration of models and usually rely on 269 

metaheuristics (e.g., evolutionary algorithm, simulated annealing) to optimise "black box" 270 

functions or machine learning approaches to characterise the parameter space [86,87]. 271 

Model calibration is the task of estimating the unknown parameters using experimental data 272 

and was successfully used in a tumoural CBM by comparing simulated growth dynamics and 273 

spatio-temporal data extracted from experimental image analysis [88]. In model optimisation, 274 

also called simulation-based optimisation or optimisation via simulation [89], simulations are 275 

run to predict the values of the parameters that allow achieving the desired goal. For 276 

instance, model optimisation was used with a genetic algorithm to identify the set of 277 

biomedical interventions needed to minimise the number of cancer cells in a CBM of 278 

tumoural immunosurveillance [90] or to predict the drug dose schedule that minimises the 279 

tumour size while avoiding the emergence of resistant cells [91]. 280 

As discussed before, the complexity in CBM can come from a large number of cells or by 281 

having a more complex environment. As the complexity of multi-scale CBM increases, the 282 

simulations become computationally-intensive tasks, and thus ME can become challenging. 283 

In such scenarios, ME strategies should be implemented as distributed workflows to be 284 

executed in HPC clusters [13,85] in a "many-task computing" paradigm [92]. There are 285 

several frameworks for distributed ME on HPC clusters [93], including EMEWS [94], 286 

OpenMOLE [95] and ECJ [96]. Nonetheless, besides the great improvement in having HPC-287 

ready ME strategies, the calibration and estimation of many model parameters will require 288 

novel high-throughput experimental data at the single-cell level [62,97]. 289 
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Alternatively, there have been efforts to leverage the trove of molecular omics data available 290 

to parametrise multi-scale models by using machine learning methodologies. To accomplish 291 

this, machine learning and multi-scale modelling can complement each other on the 292 

parameter level, e.g. by identifying parameter values [98], and on the system level, e.g. by 293 

identifying system dynamics [99]. Machine learning can be useful by providing tools towards 294 

preventing overfitting or quantifying uncertainty while exploring huge parameter spaces (for a 295 

review, see reference [100]). 296 

Perspectives 297 

Modelling diseases has the potential of being an enabling technology in helping deliver truly 298 

personalised and precise medicine to the patients. For instance, leveraging single-cell 299 

resolution clinical images [101,102] and using personalised intracellular models with 300 

patients' data are initial steps in achieving patient-tailored drug regimes [91,103,104]. 301 

Nevertheless, researchers need to provide tools that allow for more realistic and complex 302 

simulations that include, among others, dynamically responsive environments and 303 

simulations' scales of clinically detectable tumour sizes, i.e. from the giga-scale up.  304 

We have reviewed efforts directed at having such CBM tools that aim to model biological 305 

phenotypes in HPC clusters. Previously, we have described two improvements that would 306 

increase the relevance of these giga-scale simulations: the biological knowledge on the 307 

interaction of mechanisms at different time and spatial scales and the experimental data that 308 

could provide single-cell heterogeneity [55]. Nevertheless, some additional challenges need 309 

to be solved to have simulations that bring the field closer to having digital twins [51] (Figure 310 

1 and 3). 311 

One of them is to extend the cell-level CBM simulations to reach molecular dynamics and 312 

tissue simulations. There have been efforts in using CBM to reach down to molecular 313 

dynamics [54], to study the effect of molecular crowding on a virtual cytoplasm [105] or to 314 

focus on mRNA export mechanisms [106]. Likewise, CBM have been used to reach up to 315 

tissue modelling to study muscle regeneration [107] or combining finite elements with agents 316 

to study glioma invasion and vascularity [108]. These extensions that integrate models with 317 

very different granularities have their limits and challenges, and to address them, the field 318 

could learn from lessons from the whole-cell modelling community [83,97,109–111]. 319 

Another challenge is to use tools that deal with the complexity of the model set-up, identified 320 

as one of the main obstacles for agent-based modelling use [54]. In this line, ME methods 321 

have been useful to set-up, fit and explore models [90]. In addition, the use of common 322 

languages and standards formats, such as SBML [112], MultiCellDS [113], or OpenABL 323 

[114], could increase the complexity of the models by encapsulating its minor details and 324 

ease the comparison, reproducibility and benchmarking of models [115]. 325 

Finally, all these efforts need to be scalable and efficient to take full advantage of HPC 326 

clusters; thus, we need to bring closer the systems biology and HPC communities, following 327 

recent efforts such as the PerMEdCoE centre of excellence (https://permedcoe.eu/). 328 
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Figure legends: 696 

Figure 1: Overview of the motivation to build large-scale CBM in biomedicine. We 697 

make use of HPC clusters to integrate different types of omics and clinical data in agent-698 

based models that are simulated with a focus on the cells' behaviours. These agents are 699 

studied as cells' populations where their emerging properties can be mechanistically 700 

inspected. The scale of these simulations currently ranges on the 106 cells but needs to 701 

reach 1012 cells and have complex environments if they are to simulate realistic, real-size 702 

tumours. These giga-scale simulations need to be enabled by HPC-optimised tools. Created 703 

with BioRender.com. 704 

Figure 2: Multi-scale agent-based models in systems biology. A) Different agent-based 705 

approaches can be used for the modelling and simulation of cell populations, including, from 706 

top left to bottom right, lattice-based cellular automata, cellular Potts model, overlapping 707 

spheres and vertex models (see [17] for a review). B) Different models of intracellular 708 

models (e.g., metabolism, cell signalling) can be embedded into individual cell agents 709 

allowing to describe the problem at several different spatial scales and to consider 710 

heterogeneous populations. C) Schema of the multi-scale nature of the simulation with time 711 

intervals at which different processes are updated during a simulation. These are the 712 

diffusion of molecules and biochemical reactions (queried every 0.01 minute in [37]), the 713 

mechanical interactions (queried every 0.1 minute) and different cellular processes like 714 

commitment to cell division or apoptosis (queried every 6 minutes). 715 

Figure 3: Technologies and properties that will enable having large-scale agent-based 716 

simulations. The field needs advances in four different areas to have simulations at the 717 

giga- scale: personalised intracellular mechanisms need to be included in the CBM (purple), 718 

these simulations need to allow for the description of a complex 3D environment (grey), the 719 

agents and the environment need to have dynamical biophysical properties (green), and all 720 

these tools need to be optimised for HPC clusters (blue). Created with BioRender.com. 721 
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Figure 1: 723 
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Figure 2: 725 
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Figure 3:  728 
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Highlights: 

● Agent-based modelling aims to explain, model and predict mechanisms in diseases. 

● Large-scale agent-based modelling is needed to address real-sized, complex scenarios such 

as simulating tumours. 

● The scaling-up of such models needs high-performance infrastructures and methods to 

optimise runtime and distribute memory among computing nodes. 

● Such multi-scale models are complex and need tools such as model exploration frameworks 

to help set-up parameters and provide new hypotheses. 

● Bringing together the systems biology and HPC communities is key for the development of 

the field. 
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