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AbstrAct 
Over the past decade, reconfigurable computing has found its way as a 
powerful paradigm for accelerating complex computational tasks in diverse 
domains. Due to growing simulation and modeling loads in both scale and 
complexity, reconfigurable architectures must be accordingly adapted to 
meet the demand for efficient execution of these workloads. In this work, 
we elaborate on the challenges and potentials of employing reconfigurable 
computing (RC) for large scale simulation and modeling, using key technolo-
gy advances, architectural questions as well as prominent application areas 
to make our point. Reconfigurable hardware (e.g. field programmable gate 
array), in conjunction with high performance computing (HPC) infrastruc-
tures, has enabled new approaches to approximately solve computationally 
intensive simulations and models. Researchers and engineers can potential-
ly obtain dramatic speedups and energy efficiency as reconfigurable plat-
forms offer the flexibility and parallelism necessary to leverage their power. 
Yet restructuring of reconfigurable computing for large scale simulation and 
modeling is not free of difficulties. In order to fully realize the potential 
of this approach there are issues to be addressed including programming 
complexity, scalability, and integration with existing software ecosystems. In 
this article we explore such challenges towards reconfigurable computing for 
simulation and modeling applications and explore brewing in what’s possible 
with reconfigurable computing.
How to cite this article: Kozlova EI, Smirnov NV (2025). Reconfigurable Com-
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IntroductIon
In this exploration we will see the transformative 
potential of reconfigurable computing on many 
computing related fields such as climate modeling, 
molecular dynamics, risk analysis and more when used 
on real world problems. Readers will be exposed to 
the current state of the art and future directions of 
this very rapidly evolving field with the simple task 
of understanding how reconfigurable computing is 
changing the landscape of large scale simulation and 
modeling.[1-4]

Reconfigurable Computing Elementary 
Topics
Computer architecture paradigm shift reconfigurable 
computing provides a middle ground between the 

flexibility of general purpose processors and the 
efficiency of application specific integrated circuits 
(ASICs). Locally reconfigurable computing is predicated 
on the ability to dynamically reconfigure hardware to 
implement suitable computational structures for a 
particular task (Figure 1).[5-6]

Field Programmable Gate Arrays (FPGAs)
FPGA (Field Programmable Gate Array) is the most 
common platform for reconfigurable computing. 
An FPGAs consists of an array of programmable 
logic blocks interconnected by a reconfigurable 
routing fabric. These devices can be programmed 
to implement complex digital circuits, and because 
these devices implement digital circuits, they can be 
used to implement custom hardware accelerators of 
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custom configured hardware for various algorithms or 
applications.[7-8]

FPGAs offer several advantages for large-scale 
simulation and modeling tasks:
Parallelism: Its ability to perform multiple processing 
elements concurrently.
Customization: Mapping hardware architecture to 
suit the algorithm specific needs.
Adaptability: Support of changing the hardware 
dynamically for different computational phases/
processes
Energy efficiency: Harnessing the hardware to a single 
task leads to much power savings than normal general 
purpose processors.

High-Level Synthesis (HLS)
Programming an FPGA was traditionally a hardware 
description language (HDL) affair, so solving for 
quadratic speed depends on a bunch of expertise in 
VHDL or Verilog. But, with the development of high 
level synthesis (HLS) tools, reconfigurable computing 
has made the ‘write once, run everywhere’ paradigm 
available to software programmers. It enables 
designers to specify algorithms in high level languages 
like C or C++, and to automatically generate its 
corresponding hardware description (Table 1).

He asserts that HLS tools have significantly reduced 
the development time and complexity in designing 
FPGA based designs in order to obtain faster iteration 
and explore different architectural options. It has 
been especially useful for exploiting reconfigurable 
computing for large scale simulation and modeling 
tasks where very quick prototyping and optimization 
of hardware accelerators is the key.[9-11]

Table 1: Reconfigurable Computing for  
Large Scale Simulation

Feature Explanation

Parallel 
Processing

Parallel processing enables simultaneous 
execution of tasks, speeding up simu-
lations by distributing workloads across 
multiple cores or processors.

Adaptability Adaptability allows the system to recon-
figure its hardware resources on-the-fly, 
tailoring the computing power to specific 
tasks within the simulation.

Real-Time 
Execution

Real-time execution supports immediate 
processing of data, making it suitable for 
applications where speed and quick deci-
sion-making are critical.

Scalability Scalability ensures that the system can 
handle growing datasets and more com-
plex models as the scope of simulations 
expands.

Optimization Optimization improves the overall perfor-
mance of simulations by utilizing efficient 
hardware configurations and computa-
tional strategies.

Resource 
Efficiency

Resource efficiency minimizes power 
consumption and maximizes the use of 
available computing resources, making it 
cost-effective for large-scale simulations.

reconfIgurAble computIng ArchItectures
Several architectural approaches have emerged 
for integrating reconfigurable computing into high-
performance computing systems:
FPGA-based accelerator cards: Standalone FPGA 
boards, usually connected via PCIe interfaces, that 
form part of existing computer systems.

Fig. 1: Reconfigurable Computing Elementary Topics
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Hybrid CPU-FPGA platforms: Systems integrated 
closely on the same chip or package that include 
traditional processors and reconfigurable fabric.
FPGA-based supercomputers: Large scale systems 
constructed fully from interconnected nodes of FPGA.
Cloud-based FPGA resources: Cloud service providers 
provide virtualized FPGA instances, on demand access 
to reconfigurable computing resources.

They differ from each other in terms of performance 
and scalability but with different trade offs in ease 
of integration with an existing software ecosystem. 
Architecture is chosen based on the specific requirements 
of any given simulation or modeling task.[12-14]

ApplIcAtIons to reconfIgurAble 
hArdwAre
To fully exploit the capabilities of reconfigurable 
computing for massive simulation and modeling 
algorithm specifics need to adapt to the advantages 
of FPGA platform. However, this is typically a matter 
of rethinking computational approaches to maximize 
parallelism and minimize data movement.

Parallelization Strategies
FPGAs are one of the prime advantages in terms of 
massively parallel architectures. When adapting 
algorithms for reconfigurable hardware, designers 
must identify opportunities for parallelism at various 
levels:

Data-level parallelism: Doing vector or SIMD like 
operations on multiple data elements in a single pass.

Task-level parallelism: Converting independent 
computational tasks into parallel execution of many 
complex pipelines.

Pipeline parallelism: Pipelines of deep processing 
with different stages of comutation overlapping.

The combination of these approaches is often what 
forms effective parallelization strategies, specifically 
targeting the algorithm characteristics and available 
FPGA resources.[15-18]

Memory Hierarchy Optimization
The performance of FPGA based designs is heavily 
influenced by memory access patterns and data 
locality. Adapting algorithms for reconfigurable 
hardware often requires careful consideration of the 
memory hierarchy (Table 2):

On-chip memory: For often used data and intermediate 
results, using FPGA block RAM (BRAM) resources.

External memory: Access pattern optimization to 
off chip DRAM to minimize latency and maximize 
bandwidth utilization by employing appropriate access 
patterns.

Caching strategies: Exploiting data that is reused and 
local in cache

Through the use of memory hierarchy, designers 
can minimize data movement and maximize the 
computational efficiency of their FPGA based 
accelerators.[19-23]

fIxed-poInt ArIthmetIc
However, floating point arithmetic in many large 
scale simulation and modeling tasks can be resource 
intensive on FPGAs. Adapting algorithms to use fixed-
point arithmetic can lead to significant improvements 
in performance and resource utilization:
Precision analysis: Finding out just how much precision 
is needed for each computational stage (Figure 2).

 Table 2: Reconfigurable Computing in Large Scale Simulation and Modeling

Application Benefit

Climate Modeling Reconfigurable computing accelerates climate simulations by handling complex, data-heavy 
models and performing iterative calculations efficiently.

Fluid Dynamics Simulation In fluid dynamics simulation, reconfigurable computing allows for fast execution of highly 
parallel computations, improving the speed and accuracy of simulations.

Material Science In material science, it enables simulations of molecular interactions and properties at large 
scales, helping to develop new materials more efficiently.

AI Training Reconfigurable systems improve AI training models by handling large datasets and iterative 
processes, allowing faster convergence and more complex models.

Energy System Simulation Energy system simulations benefit from the reconfiguration capabilities, enabling the analysis 
of large energy grids and optimization for efficiency.

Autonomous Vehicle 
Modeling

Autonomous vehicle modeling leverages reconfigurable computing to simulate vehicle behav-
ior, traffic conditions, and sensor data processing in real-time for enhanced testing.
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Dynamic range optimization: As described by 
Chicken, we allow the fixed point representation to 
accommodate the full range of expected values.

Reconfigurable Computing: Programming 
Models
Since large-scale simulation and modeling application 
starts to migrate to reconfigurable computing platforms, 
we face an imperative of building programming 
modelling that can bridge the gap between software 
development and hardware design. Several approaches 
have emerged to address this challenge:

OpenCL for FPGAs
For FPGA based systems, another adoption of the 
Open Computing Language (OpenCL) framework was 
designed for heterogeneous computing with GPUs. 
OpenCL for FPGAs allows developers to write portable, 
high-level code that can be compiled to hardware 
descriptions:

Kernel-based programming: Mapping computations 
from the express as parallel kernels to FPGA resources

Host-device model: Getting the control flow (CPU) 
running and the computational kernels (FPGA) to 
execute for separating the two.

Memory model: Abstracting different kinds of memory 
such as global, local and private memory

Due to its portability and its familiarity to the 
software developer’s OpenCL has become popular in 
reconfigurable computing community. Nevertheless, 
the development of hardware on so fine and arcane a 
structure as an FPGA commonly necessitates intrinsics 

(i.e., cooptimizations) in addition to basic coding 
techniques, and careful thought for the underlying 
hardware architecture.

DSLs: Domain Specific Languages
Domain-specific languages tailored for particular 
classes of simulation and modeling problems have 
emerged as a powerful approach for programming 
reconfigurable systems:
Abstraction of hardware details: Enabling domain 
experts to describe algorithms in terms they are 
naturally familiar with and notation.
Automated optimization: To generate efficient FPGA 
implementation, we introduce the incorporation of 
domain knowledge.
Rapid prototyping: it is important for allowing a quick 
exploration of diverse algorithmic and architectural 
options.

Among other DSLs for reconfigurable computing 
are Spatial for parallel patterns, Halide for image 
processing pipelines, and Delite for machine learning 
applications. The aim of these languages is to try 
to preserve a balance between productivity and 
performance so that reconfigurable computing can be 
more accessible to domain experts.

HLS Extensions
Building upon the success of HLS tools, researchers 
and industry practitioners have developed various 
extensions and frameworks to enhance the capabilities 
of C/C++-based hardware design. Pragma-based 
directives: Enable guidance by source code annotations 
to the HLS process for developers.

Fig. 2. Fixed-Point Arithmetic
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Custom libraries: This supplies optimized implemen-
tations of common functions and data structures for 
FPGA targets.

Design space exploration tools: Converting the 
process of exploring different architectural options 
and optimizations to automation.

These extensions aim to give finer grained control 
for generating hardware, whilst predicting benefits 
from high level programming languages.[24-25]

reconfIgurAble systems: scAlIng for 
lArge scAle sImulAtIons
Simulation and modeling tasks continue to scale in 
number and complexity, and scalability becomes a 
more pressing need for both scaling up reconfigurable 

computing architectures to handle massive datasets 
and complex computational workflows. Several 
approaches have emerged to address the challenges 
of scaling reconfigurable systems:

Multi-FPGA Systems
Connecting multiple FPGAs to form larger, more 
powerful computing systems has become a popular 
approach for tackling large-scale simulations:

Inter-FPGA communication: Protocols and interfaces 
for data exchange between FPGAs brought to an 
efficient state

Workload partitioning: Exploiting parallelism in large 
simulations; dividing across FPGAs (Figure 3)

Fig. 3: Reconfigurable Systems: Scaling for Large Scale Simulations
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Resource sharing: Addressing wisely how FPGAs 
should share memory and other resources.
However, these systems can present an attractive 
performance and scalability, sacrificing all of this for a 
poorly designed system that is hard to program in and 
to synchronize.

FPGA-Based Supercomputers
Several research initiatives and commercial projects 
have explored the concept of building supercomputers 
entirely from FPGA nodes:

Scalable interconnect architectures: FPGAs used 
for exposure exercises to develop the desired high 
bandwidth, low latency interconnect between FPGAs, 
when configured with large numbers, times out.

System software and runtime environments: Mid-
ware and operating system creation for FPGA based 
super computers

Programming models for massive parallelism: To 
express and manage computations across thousands of 
FPGA nodes developing frameworks

For some classes of simulation and modeling 
problems, FPGA based supercomputers provide a 
path to unprecedented performance and energy 
efficiency. But they also involve substantial hardware 
infrastructure investments and software ecosystem 
deployments.

Cloud-Based FPGA Resources
Cloud service providers have begun offering virtualized 
FPGA instances, allowing users to access reconfigurable 
computing resources on-demand:
Elasticity and scalability: FPGA resource allocation 
based on workload requirement dynamically.
Cost-effectiveness: Allowing high performance recon-
figurable hardware accessible on the fly without large 
initial investments.
Integration with cloud ecosystems: Using available 
cloud services for storing, managing, and analyzing 
data

With the rise of cloud platforms for reconfigurable 
computing, organizations without their own FPGA 
infrastructure can scale reconfigurable computing flexibly 
and cost effectively for large-scale simulation.[26-27]

ApplIcAtIon AreAs In lArge scAle 
sImulAtIon And modelIng
In numerous domains of large scale simulation and 
modeling, reconfigurable computing has been shown to 

enhance time and space reconfigurability to accelerate 
complex computational tasks and to facilitate scientific 
breakthroughs. Some key application areas include:

Climate and Weather Modeling
Climate and weather simulations are computationally 
intensive tasks that can benefit significantly from 
the parallelism and customization offered by 
reconfigurable computing:

Atmospheric dynamics: Computing atmospheric 
circulation models’ accelerated fluid dynamics 
calculation

Ocean modeling: Efficient solver for ocean current 
and temperature simulations

Data assimilation: Accelerating the way observations 
can be integrated into climate models

Accelerators based on FPGA have much success 
to improve the performance and energy efficiency 
of climate modeling workloads, making it possible 
to perform higher resolution simulations, and more 
accurate future forecasts.

Molecular Dynamics Simulations of Lithium 
Intercalation into a novel Solvent.

Molecular dynamics simulations, which model the 
behavior of atoms and molecules over time, are 
another area where reconfigurable computing has 
made significant inroads:

Force field calculations: Efficiently computation 
of interatomic forces via implementation of custom 
hardware

Particle integration: It accelerates the numerical 
integration of particle trajectory.

Long-range interactions: Specialized architectures 
for electrostatic and van der Waal’s forces

By utilizing the convenience and parallelism of 
FPGAs, researchers have been able to greatly speedup 
molecular dynamics simulations, to last longer, and/or 
simulate larger systems.

Financial Risk Analysis
The finance industry has embraced reconfigurable 
computing for accelerating complex risk analysis and 
modeling tasks:

Monte Carlo simulations: Parallel random number 
generator and statistical analysis pipelines

Options pricing: A study of ways of developing custom 
hardware for fast evaluation of financial derivatives.
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High-frequency trading: Building low latency 
architectures with timely market analysis and decision 
making.

The use of FPGA based solutions has proven the 
potential to reduce time and energy spent on large 
scale financial simulations thus allowing a more 
extensive risk assessment and quicker decision making.

Machine Learning, Artificial Intelligence
As AI and machine learning models continue to grow in 
size and complexity, reconfigurable computing offers a 
promising approach for accelerating both training and 
inference:

Neural network acceleration: Fast matrix multiplication 
with custom architectures

Sparse matrix operations: Specializing in the hardware 
handling sparse data structures ubiquitous within 
many of the AI models.

Quantization and reduced precision: Using flexibility 
of FPGAs to fit efficient low precision arithmetic

Edge computing and IoT applications powered 
by Reconfigurable computing platforms promise 
improved performance and energy efficiency while 
being adaptive to the power constraints.

Future Directions and The Challenges
While reconfigurable computing has made significant 
strides in adapting to large-scale simulation and 
modeling tasks, several challenges remain to be 
addressed:

Despite advancements in high-level synthesis 
and domain-specific languages, programming 
reconfigurable systems remains more complex than 
traditional software development:

Abstraction vs. performance: Our goal is to balance 
the need for high level abstractions while allowing fine 
tuning of the hardware implementations.

Debugging and verification: Tools and methodologies 
for the efficient debugging and verification of FPGA 
based designs.

Portability: It then discusses the creation of program-
ming models that target various FPGA architectures 
and vendors while maintaining performance.

This will be crucial in which will help with broader 
adoption of reconfigurable computing into the 
simulation and modeling community.

Integration With Existing Software 
Ecosystems
Extensive software ecosystems and libraries are 
needed for many large scale simulation and modeling 
workflows. Integrating reconfigurable computing 
solutions into these existing frameworks presents 
several challenges:

API compatibility: Achieving interfaces that enable 
FPGA accelerated components to seamlessly share 
with existing software libraries.

Data format standardization: How to enable efficient 
data exchange between a CPU based and FPGA based 
component of a simulation

Legacy code support: We focus on the creation of tools 
and methodologies for speeding up legacy simulation 
codes on reconfigurable platforms.

In order for reconfigurable computing platforms to be 
more widely used in scientific and engineering domains, 
the interoperability between these platforms and existing 
software ecosystems will need to be improved.

Solver and System Level
As reconfigurable computing systems scale to tackle 
larger simulation and modeling problems, new 
challenges emerge at the system level:

Power and cooling: Consecrating ourselves in 
developing efficient power delivery and thermal 
management solutions for large scale FPGA based 
systems

Fault tolerance: Mechanisms for reconfigurable 
systems detecting and mitigating hardware faults
Resource management: Intelligent scheduling and 
allocation algorithms for shared FPGA resurces in 
multi user environments

These system level issues are necessary to 
be addressed in order to build and operate large 
scale reconfigurable computing infrastructures for 
simulation and modeling applications.

Architectures and Emerging Technologies
The field of reconfigurable computing continues to 
evolve, with new technologies and architectural 
approaches on the horizon:

3D-stacked FPGAs: Vertically Stacked FPGA dies for 
increased logic density and reduced interconnect 
delays - High power consumption

Exploring potential of vertically stacked FPGA dies 
for increased logic density and reduce interconnect 
delays
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In-memory computing: Reconfigurable logic 
integration with emerging memory technologies for 
massively data driven computing architectures
Quantum-classical hybrid systems: Study of the use 
of reconfigurable computing for interfacing with and 
complements quantum processors

Such emerging technologies and architectures may 
enable us to use reconfigurable computing to meet 
new demands for large scale simulation and modeling.

conclusIon
Reconfigurable computing appears to be well suited 
to the large scale simulation and modelling tasks, 
and this offers significant potential for advancing the 
art of computational science and engineering. The 
combination of the flexibility, parallelism, and energy 
efficiency of FPGA based platforms affords researchers 
and practitioners new ways to solve increasingly 
complex problems with unmatched performance and 
scalability. However, full realization of the power 
of reconfigurable computing in this domain requires 
addressing various challenges in the programming 
complexity, integration into software ecosystems, 
and system level design. New programming models, 
tools and architectural approaches to bridge this gap 
continue to emerge as the world of hardware design 
moves closer to (but has not yet made) complete 
acceptance of the world of software development. 
Future reconfigurable computing in large scale 
simulation and modelling seems promising with 
efforts in FPGAs technology, high level synthesis tools 
and domain specific languages that enable wider 
adoption and more accessible development workflow. 
As these technologies mature and new application 
areas emerge, reconfigurable computing is poised to 
increasingly magnify its impact in helping to push the 
bounds of computational modeling and simulation in 
the domains of science and engineering.
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