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ABSTRACT In recent years, the limitations of von Neumann-based supercomputers in terms of energy
efficiency and performance scalability have stressed the need for alternative computing paradigms. This
paper introduces the HyperFPGA, an open SoC-FPGA cluster designed for experimental research on
novel supercomputing architectures and paradigms. Unlike existing platforms, the HyperFPGA offers
flexibility across a wide range of configurations, from electrical standards for data transmission to
distributed computing models. Additionally, it is equipped with multiple power consumption monitors
to independently measure different computational and hardware aspects, separating data movement from
computation. The paper details the design and implementation of the HyperFPGA and demonstrates its
basic functionality and scalability through a custom computational solution for the non-attacking n-queens
problem, a well-known distributed computing problem. These preliminary tests demonstrate the ability of the
HyperFPGA to efficiently handle computationally intensive and distributed tasks, showcasing its potential
for fine-grained reconfigurable supercomputing solutions addressing a broad spectrum of scientific and
engineering problems. The platform is available for open collaborative projects focused on energy-efficient
supercomputing and computational physics.

INDEX TERMS FPGA, SoC, heterogeneous computing, supercomputing, reconfigurable computing.

I. INTRODUCTION
Current supercomputing platforms show a decrease in
improvement rates [1], [2], in contrast to the projections
of Moore’s law and Dennard scaling. This slowdown could
be attributed to several factors. First, the physical limits of
transistor downscaling have nearly been reached. Second,
growing complexity and operational frequency lead to higher
power consumption and an increase in dark silicon within
the chips. In addition, branch prediction and out-of-order
execution mechanisms often cause inefficient memory copy
operations, resulting in cache misses over half of the time,
having a negative impact on both performance and power
consumption [3], [4].
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Several strategies have been tested over the years to over-
come these issues. One of them is processing-in-memory [5],
[6]. It involves bringing the processing circuits and memory
as close as possible to minimize power consumption and
latency. This idea can be traced back to 1989 with the
programmable active memory (PAM) on Perle-0 [7], the first
multiple field-programmable gate array (FPGAs) research
platform to study alternative computing architectures. This
kickstarted the research on scalable custom computers,
leading to platforms such as Janus [8] and ARUZ [9], among
many others [10].

The reconfigurable fabric of FPGAs continues to enable
researchers to experiment with new computing architectures.
Additionally, the increase in memory resources, clock speed,
and flexibility of modern FPGAs makes them attractive
substitutes for central processing units (CPUs) and graphics
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processing units (GPUs) for some applications. Furthermore,
modern devices such as system-on-chip FPGA (SoC-FPGAs)
are of particular interest given their great potential with
respect to heterogeneous microarchitectures [10].

The diversity of approaches complicates the comparison
of architectures due to hardware-specific factors, such as
communication protocols, distributedmemory systems, inter-
connection topologies, and interoperability. These aspects are
crucial in identifying the most efficient and adaptable archi-
tectures for future reconfigurable supercomputing, driving
the development of more versatile experimental clusters.

Vendor dependence, which originates at the hardware level
due to vendor-specific silicon, often extends to the software
level in the form of closed-source tools. This issue affects not
only FPGAs but also graphics processing units, both of which
heavily rely on proprietary tools, forcing researchers to resort
to workarounds to bypass framework restrictions [11].
It is also important to note that, as demonstrated over the

years, custom networks and protocols remain highly relevant
for reconfigurable computing applications [9], [12], [13],
[14], [15], [16], [17] that usually require ad hoc hardware,
limiting research capabilities.

To overcome these challenges, multiple systems have
sought to provide researchers with the ability to explore com-
puting and network architectures. NetFPGA was introduced
in 2007 [18], [19] to explore the opportunities that FPGAs
provide as smart network interface cards (NICs). Inspired by
NetFPGA, Enzian [20] extended this approach by presenting
an open, heterogeneous, scalable node with ample hardware
design space, facilitating comparative studies across different
platforms.

Motivated by these limitations, in this work we introduce
the HyperFPGA, a scalable, reconfigurable FPGA cluster
aimed at advanced research in heterogeneous computing. The
platform emphasizes openness, modularity, and high scalabil-
ity, incorporating customizable interconnects and real-time
power monitoring, enabling detailed energy analysis at the
node and system levels.

The main contributions of this paper are:

• The design and implementation of the HyperFPGA
cluster architecture, a scalable, modular, and heteroge-
neous platform that supports fine-grained reconfigurable
computing.

• A customizable interconnection network based on high-
speed I/Os enables experimentation with communica-
tion protocols across electrical and logical layers, as well
as domain-based monitoring of power consumption for
independent insights into communication and computa-
tion power usage, which is crucial for optimizing energy
consumption in distributed applications.

• The introduction of an open-source development frame-
work composed of vendor-independent tools, drivers,
physical interconnects, and an orchestration layer, aimed
at fostering a community of researchers and developers.

• The validation of HyperFPGA’s functionality and capa-
bilities is demonstrated through a simple example that
illustrates domain-specific power monitoring tools, data
distribution mechanisms, and computing orchestration.
The example also showcases how data distribution
enables parallel problem-solving and how the platform
manages the configuration of all FPGAs and controls the
data flow.

The remainder of this paper is organized as follows.
Related works are discussed in detail in Section II. Section III
presents the design decisions from a conceptual perspective,
laying out the main characteristics that make the HyperFPGA
unique. In Section IV, we describe how the concepts were
implemented, leading to a detailed discussion of the hardware
and software of the HyperFPGA in Subsections IV-A
and IV-B, respectively. Section V presents an implementation
of the N-Queens problem, which serves as a demonstration
of the functionalities and scalability of the HyperFPGA.
A discussion of future work and possible improvements to
the system is presented in Section VI. Finally, in Section VII,
we present the main conclusions of this work.

II. RELATED WORKS
Since the 1980s, several FPGA clusters have been developed
to explore scalable and reconfigurable architectures for
research and practical applications.

Early efforts, such as the Perle-0 [7], focused on demon-
strating the computing potential of scalable reconfigurable
computing using systolic arrays. Alternatively, the RAWFab-
ric [21], consisting of 64 FPGAs soldered directly onto a
large printed circuit board (PCB), focused on maximizing
performance for CPU emulation, with no particular interest
in further scalability.

Subsequently, with the creation of FAST [22], PLATO [23],
BEE [12], [24], and Maxwell [25], scalability became an
important factor. The reason for this was the desire to address
larger and more complex problems. At this point, most of the
clusters were specialized for a given application field.

In 2012, Formic [26] demonstrated that cost-effective
clusters could be constructed using homogeneous boards.
In the same year, with the rise of commercial FPGA boards,
multiple clusters such as Bluehive [27] and Superdragon [28],
among others [11], [29], [30], [31], were built, each with its
own new set of tools, such as the Phoenix framework [32] and
the Janus toolbox [33]. Since the creation of the RawFabric
compiler [21], multiple tools have been developed to accom-
modate new programming models, cluster implementations,
and targeted applications [34], [35], [36], [37]. Similarly,
other high-level synthesis frameworks have been developed
using C / C++ [38], Java [39], andMATLAB [40], extending
to deep learning frameworks such as hls4ml [41], [42], [43],
[44], [45].

All of these works made valuable contributions in the areas
of development tools, architectures, and programming mod-
els; however, the network aspect remained mostly unchanged
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due to the decision to use standard solutions, such as gigabit
Ethernet or Infiniband. In contrast, other clusters focused on
specific applications, such as RAPTOR [46], BiCoSS [16],
and ARUZ [9], opting to implement custom networks at
the hardware level. This allowed for better performance
while raising numerous questions with respect to network
customization. Some of these were addressed in [47], where
the performance of indirect and direct interconnections was
compared, demonstrating that the performance was closely
related to the size of the packet and, ultimately, the intended
application. These findings add to the relevance of custom
topologies and network stacks, highlighting the need for
experimental platforms that enable joint research on networks
and architectures.

More recently, Enzian [20] was introduced as an open
research platform for hybrid CPU/FPGA systems. It was
designed to provide researchers with a comprehensive tool
for investigating awide range of hardware design possibilities
by taking advantage of the unique hardware that binds a
server-grade CPU to an FPGA through a CPU memory
coherency port. The platform provides instruments tomonitor
power consumption and enables research that is not possible
with existing commercial hybrid systems.

The HyperFPGA builds on its predecessors by maintaining
an open-source approach in a hybrid system, extending the
research space to electrical standards, and offering a common
platform for the validation of novel parallel computational
paradigms and network infrastructure. This is possible by
exposing not only gigabit transceivers but also I/Os for node
interconnection, allowing for custom protocols up to the
electrical level. Additionally, the HyperFPGA provides a
vendor-independent approach that enables customizing node
resources without the need for major interventions by using
SoMs, something that is not present on any other platform of
this type.

III. HyperFPGA DESIGN PHILOSOPHY
The design concept of the HyperFPGA closely aligns with the
guidelines discussed in [48] and has been inspired by previous
research [49] as well as multiple platforms, including
Enzian [20], ESSPER [50], and BEE [51], as previously men-
tioned. The development of the HyperFPGA was guided by
principles aimed at maximizing the experimental space and
system’s reconfigurability. Its fundamental characteristics are
described as follows:

• Modular, open, and scalable hardware: These fea-
tures enable users to customize and adapt the system
to their specific requirements, which is crucial for
exploring different architectures, implementing diverse
applications, and accommodating evolving hardware
needs. In addition, modularity eases maintenance by
isolating issues to specific components and promotes the
reuse of existing hardware designs and modules.

• Flexible network: In the same way that hardware
is optimized for a given purpose, interconnection

architectures significantly impact distributed systems
performance. The HyperFPGA strives to be a research
platform; for this reason, it is not designed around
any specific protocol, but rather exploits the multiple
I/Os provided by FPGAs to enable experimenting with
networks at different levels, from electrical standards to
logical protocols.

• Open, programmable, and modular development
framework: This framework allows users to tailor tools
and workflows according to their experimental needs,
which is essential for exploring various computing
strategies and paradigms. A programmable development
environment supports the integration of hardware and
software components through standardized and open
interfaces, enabling seamless interaction between the
FPGA-based hardware and the software stack. All
components must be built according to the open-source
philosophy to favor a collaborative environment.

• Instrumentation: The HyperFPGA provides the instru-
ments to obtain detailed information on the power
consumption of the system by separating the power
domains of the platform. This makes it possible to
measure the consumption of the CPU, FPGA, and their
interconnections independently. This allows indepen-
dent measurement of the CPU, FPGA, and their inter-
connections, aiding researchers in developing precise
design exploration tools and optimizing implementa-
tions based on power consumption for computation and
communication separately.

• Research capabilities overall: All design decisions
aim to maximize the platform’s research potential and
accessibility by prioritizing flexibility, openness, and
ease of use. Although HyperFPGA may not excel in
performance for specific specialized tasks compared
to dedicated solutions, it offers unparalleled versatility.
This enables experimental exploration across a wide
spectrum of areas, including novel computational mod-
els and paradigms, energy consumption profiling, and
the development of new languages, design strategies,
and automation tools tailored for fine-grained reconfig-
urable supercomputing.

IV. IMPLEMENTATION DETAILS
We introduce a scalable platform based on identically
shaped nodes that are interconnected to form a 2D mesh
(thoroughly studied in [52] and [53]), effectively mimicking
the routing interconnection pattern of an FPGA; hence the
name HyperFPGA. Additionally, the interconnection can be
modified to form a 2D torus [48] by using cables and adapters
to connect the opposite sides of the cluster. Figure 1 shows the
cluster in its current state, consisting of 16 nodes.

A. HARDWARE
Each HyperFPGA node is made up of a carrier board,
as shown in Figure 2, which is a square PCB that measures
15 × 15 cm2 and a SoM, based on SoC-FPGA. On each
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FIGURE 1. HyperFPGA cluster in its current state, consisting of 16 nodes,
six Ultrascale+ MPSoC ZU4EG and ten Ultrascale+ MPSoC ZU3EG.

side, there is a Hirose FX18 high-speed connector [54]
with 140 pins, which provides a physical interconnection
between adjacent carrier boards. For debugging, the JTAG
and UART SoM ports are available through a dedicated
connector and micro USB, respectively. A gigabit Ethernet
port allows integrating the system in commodity networks.
Four Samtec Searay 160-pin connectors [55] at the center
of the board provide interface signals with the SoM.
A peripheral component interconnect express (PCIe) x4 port
is also available to increase the CPU capabilities. Finally,
a microSD card slot allows persistent storage.

Each SoM [56] features an AMDUltrascale+ SoC-FPGA,
combining a quad-core A53 ARM processor, a dual-core
R5 ARM real-time processor, and an Ultrascale+ FPGA.
This open SoM format is supported by at least two
vendors (Trenz [56] and Sundance [57]), offering commercial
devices equipped with various SoC-FPGAs from the AMD
Ultrascale+ and Microchip PolarFire FPGA [58] families.

1) POWER AND MONITORING
Each carrier board has a barrel plug that connects to a 12 V
external power supply. The main power is filtered and limited
through a resettable fuse at 15 A. The 12 V feeds five onboard
power converters that supply each of the power domains
present in the system. Additionally, the 12 volts provide
power directly to the PCIe connector.

The following SoM power domains are individually
monitored through I2C using the INA228 [59] current and
power monitoring chip:

• Low power peripherals and ARM R5 CPU
• Full power, consisting of GTHs and ARM A53 CPU
• FPGA programmable logic
• Adjustable voltage for FPGA input/output buffers

FIGURE 2. HyperFPGA carrier with a mounted System-on-Module, main
components and interfaces are highlighted and labeled.

By dividing the power domains for computing and data
communication, it is possible to gather detailed information
about the power consumption of specific computational
activities during execution. One of the primary advantages is
the capability to measure power usage in real-time, offering
valuable insights for profiling and optimizing computational
solutions to enhance energy efficiency.

2) CARRIER BOARD INTERCONNECTION
The carrier board uses four high-speed connectors that
provide 28 pairs of low-voltage differential signals with
varying maximum speeds. With these signals, a variety of
possible electrical standards can be implemented.

Up to 4 GTH lanes are available per connector, providing
a point-to-point connection of up to 16.3 Gbps. Given
that these rely on proprietary and vendor-specific hard IP
cores, porting implementations becomes a complicated task.
To alleviate this, solutions such as the Kyokko IP [60] offer an
open-source wrapper for transceivers, resulting in a portable
and interoperable interface between Intel and AMD FPGAs.

Figure 3 shows the three HyperFPGA networks. ARM
processors are connected through a switched gigabit Ethernet
network available for user interaction. The four board-to-
board connectors and the PCB provide the infrastructure
for a CAN network to interconnect all processors. At the
same time, these connectors allow one to take advantage
of the large number of GPIOs present in the FPGAs;
18 high-performance (HP) and 6 high-density (HD) pairs
are available on each connector, along with the GTHs. Each
HP and HD pair provides additional throughput of 1.2 Gbps
and 500 Mbps at double data rate (DDR), respectively. The
maximum total throughput for each FPGA is 388 Gbps,
depending on the available SoM resources.
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B. SOFTWARE
Software is crucial for interacting, managing, monitoring, and
developing applications for the cluster. Due to the unique
characteristics of each reconfigurable supercomputing sys-
tem, custom tools are often necessary. This was the case
with RAPTOR [46], which consisted of a complete software
stack, including a graphical user interface. However, similar
solutions tend to restrict users to paradigms related to the
architecture or target application. To avoid this, we focus
on providing the minimum interfaces to guarantee the safe
operation of the cluster, such as the CPU-FPGA communica-
tion channel and its high-level abstraction. Furthermore, the
programming paradigm remains completely at the discretion
of the user, as the base services provide configuration,
monitoring, and safety measures. This fully programmable
framework enables the HyperFPGA to function as a ver-
satile and generic testbed for heterogeneous computing
applications.

TheHyperFPGA software stack, shown in Figure 4, is open
and modular, allowing users to adapt it according to their
experiments. It differs from other similar frameworks, such
as Octoray [61], by relying on custom tools in the hardware
definition, boot, and hardware abstraction layers to provide
open and standard interfaces that allow the integration of
existing tools into the upper layers to maximize vendor
independence and guarantee safety. From the ground up,
the stack begins with hardware definition tools and facilities
that configure the peripherals on the carrier board and
SoM for their use. This layer is also accessible to users to
implement their application-specific digital circuits. On top
of this, the boot tools implement the required security checks
and hardware configurations for an operating system (OS)
to run on the ARM CPUs. To interface the OS and user
space with the hardware, the hardware abstraction layer
offers a custom script that generates the required files to
identify the user-created hardware in the FPGA, and a custom
communication block (ComBlock) [62] with its Linux driver,
which provides a safe interface with the FPGA.

A management layer consisting of JupyterHub facilitates
all administrative tasks. And at the top of the stack, the
programming context consists of JupyterLab along with
IPython Parallel, which provides the tools for CPU cluster
management. The entire stack depends on open tools
wherever possible.

1) BOOT
The boot process is vital for ensuring a reliable system startup
and proper configuration. The HyperFPGA, in line with its
philosophy, utilizes a custom Linux-based OS developed
with Petalinux. Due to the potential file size exceeding the
available flash memory, the microSD card port on the carrier
is used to host boot files, the file system, and user space,
providing ample storage and cost-effective replaceability.

Figure 5 shows the HyperFPGA boot process, which
begins with the Platform Management Unit (PMU) and
Configuration Security Unit (CSU) processors booting with

default binaries. If successful, the CSU configures the ARM
R5with the First Stage Boot Loader (FSBL) from the on-chip
memory (OCM), ensuring that the GTHs on the SoM have
a valid clock. Afterward, the ARM Trusted Firmware (ATF)
runs on ARM A53 processors, enabling OS deployment.
U-boot then loads the custom Linux kernel, and the OS
(Debian 11) boots with network access. The FPGA retains
the boot configuration until a user applies a bitstream to the
Configuration RAM (CRAM).

The boot sequence provides flexibility, with options such
as hosting a minimal boot on SoC-FPGA flash and using the
SD card as a backup. Alternatively, a file transfer protocol
(FTP) server could host the OS for added resilience. Although
successful on other platforms [63], [64], the controlled and
accessible HyperFPGA environment prioritizes completion
of board initialization before remote interaction, delaying
control transfer to the user until then.

2) HARDWARE ABSTRACTION
Any OS provides interfaces to interact with hardware; Linux
is not the exception. In this regard, the device tree supports
the compatibility and portability sought by the HyperFPGA,
offering dynamic hardware descriptions for Linux-based
operating systems. It enables interaction without hard-coding
hardware platform details by using devicetree overlays.

To take advantage of this tool, a custom Python script
XSA2Bit was developed to translate the VivadoXSAfiles into
devicetree overlays. This facilitates transparent OS updates
with new FPGA functionalities, minimizing user interven-
tion. The script also automatically instantiates ComBlock
devices, enhancing the interface between the FPGA and
CPU. The ComBlock abstraction simplifies the use of SoC-
FPGA buses, promoting portability and separation of CPU
and FPGA programming activities. The use of kernel drivers
ensures memory protection and enables driver development
with common file operations. Detailed advantages of the
ComBlock utilization are discussed in [65].

3) MANAGEMENT
This is the first point of interaction between the user and
the HyperFPGA. It consists of authentication, authorization,
and accounting services. To simplify the development of the
platform, we decided to rely on JupyterHub. Given that all
nodes already run Linux on ARM cores, the implementation
was greatly simplified.
JupyterHub provides several authentication methods, and

its open-source nature simplifies customization. Currently,
the system is deployed on a local network using the native
Linux authenticator. Users can request to be registered, and
the administrator can enable the account without storing
sensitive information. Once logged in, JupyterHub relies on
spawners to redirect users to their respective JupyterLab
sessions. By modifying the behavior of the spawner, it is
possible to run different configurations to customize user
interaction within the system.
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FIGURE 3. Schematic view of four HyperFPGA carriers hosting SoC-FPGAs interconnected. The CPUs
interconnect through a Gigabit Ethernet switch and a controller area network (CAN), while the FPGAs are
directly attached through their I/Os.

FIGURE 4. HyperFPGA software stack showing the tools and their
application context.

Figure 6 shows the diagram that corresponds to this cluster
implementation. It shows the hub as the only gateway for
interaction with the cluster, but also as a centralized file
system for the user’s configuration files, experiment results,
and applications. Management tasks are primarily limited to
this part of the system and consist of enabling user accounts,
upgrading system-wide libraries, securing data storage, and

assigning nodes to users, among other responsibilities. For
this implementation, the spawner starts a JupyterLab session
on the hub server, and communication is forwarded to a given
cluster of nodes through Ethernet.
JupyterHub flexibility has also proven to be beneficial

for user interaction on individual boards. By implementing
the SSHSpawner [66], users are further restricted to a
specific node of the cluster, which can be useful for teaching
activities [67]. The SSHSpawner takes advantage of the
network by initiating a remote JupyterLab session on a node
and then forwarding it to the hub server, as shown in Figure 7.
In both cases, the gateway to the hardware is a common server
that can easily implement all safety measures that require
minimal programming skills.

4) PROGRAMMING
Programming, in general, involves two main stages: the
configuration and implementation of algorithms. During con-
figuration, the hardware architecture, initial conditions, and
algorithm parameters are set, while implementation translates
the logic into an activity. Although the configuration may
be relatively straightforward in classical computing, this
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FIGURE 5. HyperFPGA boot sequence showing hand-off points.

FIGURE 6. User interaction block diagram with JupyterHub centralized
management and remote clusters instantiated using HyperFPGA nodes;
spawner initiates local JupyterLab session on the hub where notebooks
can be created, modified, and executed.

is not the case for reconfigurable platforms, where the
hardware architecture may be very different for each problem
and even between implementations. At this point, only a
flexible framework can adapt accordingly to allow users to
implement their applications without having to make major
modifications to the underlying layers.

Figure 8 shows the current workflow and tools required to
develop and implement an application for the HyperFPGA
cluster. To begin with, HDL code can be automatically
generated or written directly in VHDL or Verilog, which
are the only two languages supported for hardware synthesis
in the case of Vivado [68]. The SoC-FPGA implementation
methodology follows the principles described in [69], where
the ComBlock [62] is used as a bridge between the
reconfigurable logic of the user and the CPU. By abstracting
the interface details, the ComBlock provides a compatibility
layer consisting of registers, FIFOs, and dual-port RAM that
facilitates the portability of the design.

The HyperFPGA platform configuration is provided in
a custom board support package (BSP) format, compatible

FIGURE 7. Block diagram of the infrastructure configured for user
interaction with individual nodes through SSHSpawner. Users are
authenticated in the hub and the spawner initiates a remote session that
is forwarded to the hub for user interaction.

with Vivado. Once the user design has been integrated
and synthesized for the SoC-FPGA, it can be exported to
be processed by our custom Python script: XSA2Bit. This
script compiles the bitstream and generates the corresponding
device-tree overlay. Once the project files are prepared, users
can take advantage of a Jupyter environment, including
JupyterHub [70] for management and JupyterLab for appli-
cation development.

In the described cluster scheme using JupyterHub, users
have the option to interact with the system through a shell
terminal or JupyterLab notebooks. The user’s home folder
contains a nodes.json file detailing cluster node informa-
tion, crucial for configuring and monitoring computations in
FPGAs.

Two folders are created within the user account: bitstreams
for FPGA configuration and device tree overlays targeting
specific FPGAs, and comblock_driver for Linux kernel
drivers that facilitate interaction with the ARM A53 quad-
core and the FPGA via the ComBlock. The drivers have
normal and debugging variants, allowing users to inspect the
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FIGURE 8. HyperFPGA workflow for application development.

FIGURE 9. The HyperFPGA application framework implementation
consists of the IPython Parallel controller, hub, schedulers and engines
that integrate with the ComBlock.

kernel-ComBlock interactions. Once a device tree overlay is
applied, the kernel driver generates device files for user-space
interaction with the ComBlocks in the FPGA.

The application framework is based on IPython Parallel
[71], which follows a message-passing paradigm. It provides
functions that facilitate the instantiation, interaction, and
management of CPU clusters. Themessage passing paradigm
is implemented via functions to share Python objects and
perform computations, such as broadcast, barrier, and map.
These functions, combined with the ComBlock drivers, allow
for a heterogeneous computing flow in which the ARM and
FPGAs can effectively cooperate.

Figure 9 shows the IPython Parallel architecture, con-
sisting of a controller that acts as the interface between
the user application on JupyterHub and the engines running
on the HyperFPGA nodes. The controller contains a hub
that manages connections, schedulers, task requests, and
results. The schedulers provide a fully asynchronous interface
with the engines. At the node level, the engines interface with
the user logic through the ComBlock module and the Linux
driver.

FIGURE 10. N-Queens problem block diagram of a single node showing
the solvers, partial solutions distributor, partial results concentrator, and
ComBlock.

C. COMPARATIVE SUMMARY OF PLATFORM
CAPABILITIES
Table 1 summarizes the main features of the HyperFPGA
in comparison with representative reconfigurable computing
platforms. The comparison emphasizes key aspects such as
architecture, scalability, interconnect design, power monitor-
ing, and openness, providing a concise view of HyperFPGA’s
unique advantages and research potential [72].

Unlike integrated CPU–FPGA systems such as Enzian,
ARUZ, ESSPER, and AWS F2, which primarily tar-
get system-level workloads, HyperFPGA introduces
a modular SoC–FPGA architecture that enables dis-
tributed and parallel experimentation for computational
problems.

Overall, HyperFPGA provides greater flexibility and
accessibility for experimental hardware research. Its recon-
figurable interconnect allows users to define custom pro-
tocols and topologies, with the flexibility to study the
scalability, workload sensitivity, and performance trade-offs
beyond fixed-architecture clusters.

201384 VOLUME 13, 2025



W. F. Samayoa et al.: HyperFPGA: A Scalable Reconfigurable Platform

TABLE 1. Comparative table of similar FPGA platforms.

FIGURE 11. N-Queens solver internal block diagram showing N − k
control logic blocks with their input FIFOs. The last control logic
increments the solutions counter and generates the Done flag.

V. TEST APPLICATION: N-QUEENS PROBLEM
The N-Queens problem is a combinatorial problem that has
been extensively studied [74]. It consists of determining
the total possible placements of N queens on an N by
N chessboard for which no queen can attack another. The
number of total solutions increases approximately with the
factorial size of the chessboard.

Its inherent computational complexity has made the
N-Queens problem a classical benchmark in combinatorial
optimization. The exploration of its vast solution space
can be naturally parallelized, making it particularly suitable
for evaluating parallel search algorithms. Moreover, its
well-defined constraints and exponential growth of possible
configurations make it an effective experimental benchmark
for testing tree exploration architectures, pipelined designs,
and pruning strategies in reconfigurable hardware, providing
an ideal test case for our development framework.

A. IMPLEMENTATION
This particular problem tests the scalability of HPC platforms
and has been solved in numerousways.We use a backtracking
algorithm [75] to optimize the implementation and reduce the
computational time required to find all solutions. A key bene-
fit of using backtracking is that it follows a depth-first search

FIGURE 12. This plot shows how the N-Queens problem execution time
grows with real values from the experiments using a single solver running
at 100 MHz. Additionally, a model using the Gamma function (0) was
used to fit the data, where a = 7.595 ∗ 10−7, b = 0.802, c = 0.0595.

strategy, which facilitates distributing different branches of
the search tree across the cluster nodes for parallel processing.

In this case, we calculated part of the problem at the hub.
This consists of finding the valid positions of the queens for
the first k columns of the chessboard in the CPU, as this
is the least computationally intensive part of the problem.
Given that it is impossible to anticipate how long it will take
to evaluate each partial solution, we maintain a continuous
data distribution to the nodes to maximize efficiency. Inside
the nodes, we implement the backtracking algorithm using
VHDL templates that are customized by passing parameters
such as the size of the board and the number of columns (k)
to calculate the partial solutions at the hub.

Figure 10 shows the FPGA block diagram within each
node. The logic is managed through read and write operations
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FIGURE 13. N-Queens problem execution time for a board size of
N = 20 and different numbers of nodes, from 1 to 16. A simple model
allows estimating further improvements, where
a = 1.253 ∗ 104, b = 156.1.

to the ComBlock resources. The ComBlock FIFO holds the
partial solutions assigned to the node, while a distributor
reads from this FIFO and sequentially transfers the partial
solutions to each solver in a round-robin fashion.

The block diagram of an individual solver can be seen
in Figure 11. Inside each solver, the backtracking algorithm
is implemented by unrolling the columns of the chessboard
into N − k logic control blocks, each with its own input
FIFO to minimize dead time. Each logic control block takes
a partial solution from the preceding block and checks for
valid solutions in its designated column. Any valid solution
is concatenated into the partial solution and fed to the
next block. When the last block finds a valid solution, the
solver increments its solutions counter. Once no more partial
solutions are available for processing and the solver has
completed its assigned computations, a done flag is raised.
Finally, when the concentrator detects that all solvers have
raised the done flag, it accumulates the values of all counters
and updates the ComBlock registers.

B. RESULTS
During the algorithm development phase, the implementation
of the solver was tested on a single SoC-FPGA development
platform for different chessboard sizes. The results obtained
give us an idea of how the problem grows. Figure 12 shows
how the execution time increases with the number of queens
in a factorial way [74]. This plot was drawn using a single
solver running at 100 MHz.

As expected, when partial solutions are distributed to more
nodes, the total execution time decreases, confirming that
the platform allows one to easily exploit the algorithm’s
parallelization. In this case, the size of the chessboard N was
fixed at 20, and up to 16 nodes were used to understand
how increasing the number of solvers affected the execution
time. Figure 13 shows how the execution time changes when
increasing the number of nodes.

Another important factor is the number of solvers that
fit into a determined FPGA. For this particular test, two
different SoMs were used. Six Ultrascale+ MPSoC ZU4EG

fitted 28 solvers at 400 MHz, and ten Ultrascale+ MPSoC
ZU3EG with 23 solvers at 300 MHz, which are equivalent to
1362 solvers at 100 MHz.

To illustrate the performance gain, we estimated the
speedup of our reconfigurable implementation for N = 15,
which resulted in more than 105 times faster compared to a
Python implementation executed on a single thread of an Intel
i7 CPU at 3.2 GHz with 32 GB of DDR3 RAM at 2.4 GHz.
This improvement is expected to increase significantly
with N .

The power consumption profile of the implementation,
shown in Figure 14, was obtained by taking samples from
the three relevant power domains at different stages of the
implementation. The Adjustable Voltage power domain that
corresponds to the FPGA I/Os was left out, given that the
implementations did not make use of these resources. The
defined stages were as follows:

1) Initialization: This stage encompasses the bring-up of
the platform up to the point when network access is
available.

2) Configuration: Includes the instantiation of the IPyPar-
allel engines and the implementation of the bitstream
in the FPGA.

3) Execution: It is the actual computing stage. In this case,
it consists of the feed of partial solutions to the solvers
in the FPGA and the polling of the done flag.

Once the boot sequence is completed, the system reaches
the initialization stage. At this point, the OS runs on the ARM
CPUs of the system without user intervention; the FPGA
has no configuration loaded, the FPGA I/Os are static, and
the consumption of the Low power domain is limited to the
peripherals of the OS, given that the real-time processing unit
is not being used. It can be appreciated that the CPUs present
minimal consumption, as only the essential tasks of the OS
are running.

The configuration stage is the initial interaction point.
In this stage, the user creates the remote engines on the
node and configures the FPGA. These two major changes
are reflected in the increase in consumption of the Full
power domain and Programmable logic power domain.
With the configuration complete, the application can begin
execution. It consists of a continuous polling of the solutions
counter from the engines, which translates to increased power
consumption in the Full power and Low power domains.
Although no computational resources are engaged in the
Low Power domain at this stage, the ComBlock is accessed
via the low-power AXI ports associated with it, accounting
for the observed increase in consumption. This demonstrates
that the power monitoring system can effectively track energy
usage within the SoC-FPGA device, providing valuable
insights into internal power dynamics.

VI. FUTURE WORKS
Having established the feasibility of reconfiguring, program-
ming, and interacting with the HyperFPGA cluster, we will
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FIGURE 14. Instant power consumption in the relevant power domains of the HyperFPGA for the 20 Queens test. The FPGA I/Os is not shown given that
they were not used for this implementation.

proceed to experiment with more complex problems and
make the platform available to the scientific community for
experimental research and development activities. An aspect
that has not been discussed in detail in this paper is the
FPGA-specific network. This is one of the most relevant
parts of the system, as significant improvements will come
from taking advantage of the seemingly scalable FPGA fabric
that results from interconnecting the HyperFPGA nodes.
To achieve this, we will integrate high-speed protocols to
take advantage of the high bandwidth and flexibility of
the available I/Os. A generic distributed memory approach,
such as the one described in [76], could be assigned to the
cluster to begin exploring direct communication between
adjacent FPGAs and collaboration among all FPGAs in the
cluster.

Another important aspect is determining the best way
to describe distributed heterogeneous algorithms. Important
contributions have been made showing the potential of
high-level synthesis solutions for FPGA clusters [77], [78]
that are worth analyzing in depth. At the same time, design
space exploration tools have evolved [79], providing a better

estimate of the resources needed for a particular circuit
and offering fully adaptive solutions for transparent energy
optimizations [80]. These could be extended to identify
optimal strategies for segmenting a problem and distributing
partial tasks among a given number of nodes.

VII. CONCLUSION
In this work, we present the HyperFPGA cluster, a hardware
platform and related software utilities for experimentation
with heterogeneous and fine-grained reconfigurable comput-
ing architectures.We show that it is possible to build a flexible
cluster on a reconfigurable and programmable framework
that allows for research on diverse computational paradigms
and related design and programming strategies. The platform
was developed on the principles of openness, modularity, and
scalability as prescribed in [48].
All HyperFPGA hardware fabrication files and schematics

are openly available for anyone to modify and replicate.
In the same spirit, the custom Linux OS, the configurations of
JupyterHub, the ComBlock Linux drivers, and every piece of
software that was developed are provided in the appropriate
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repositories. This, along with the documentation, will help
the community take advantage of the numerous benefits of
the HyperFPGA.

The hardware modularity was achieved by exploiting
commercial off-the-shelf SoMs with an open pinout for
vendor interoperability.

We demonstrated the feasibility of implementing and
scaling fine-grained parallel computing algorithms in the
HyperFPGA by using JupyterLab and the predefined inter-
connection layer consisting of the ComBlock and Linux
kernel driver. By implementing a backtracking algorithm
to solve the N-Queens problem on the 16 nodes, it was
demonstrated that one can take advantage of the scalability
of the cluster. A model of the speed-up was obtained that
shows the potential of the hardware and the efficiency of the
development environment.

The HyperFPGA system offers unique research capabil-
ities, driven by its flexibility and detailed dynamic power
monitoring features. Its physical layer, enabled by directly
interconnected FPGAs, facilitates experimentation and devel-
opment of communication systems, such as networks
and protocols. Furthermore, independent power monitoring
discriminates between the computing and communication
domains, offering valuable insights for profiling and opti-
mizing the energy consumption of implemented computing
architectures. When combined with its programmable frame-
work, these features render HyperFPGA an ideal platform for
exploring and validating innovative paradigms in fine-grained
reconfigurable supercomputing, heterogeneous clusters, and
parallel programming.
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ONLINE RESOURCES
All files used to develop the HyperFPGA platform and
software are freely available in the following repositories:

• HyperFPGA source files:

– https://gitlab.com/ictp-mlab/hyperfpga-linux
– https://gitlab.com/ictp-mlab/hyperfpga-hw
– https://gitlab.com/ictp-mlab/xsa2bit

• N-Queens problem implementation files:

– https://gitlab.com/ictp-mlab/n-queens
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