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ABSTRACT

With the explosive growth of Internet of Things (IoT) devices and edge com-
puting applications, the way our data is being processed and analyzed is
undergoing a major revolution. With the exponential growth of the volume
of data being generated at the network edge, traditional computing archi-
tectures are no longer able to cope with the strict demands of real time
processing, low latency and energy efficiency. As a result, the reconfigurable
computing architectures have emerged as a promising solution for edge com-
puting scenarios. Dynamic allocation of hardware resources to different ap-
plications is a main motivator for reconfigurable computing and could lead
to substantial performance and energy efficiency improvements over fixed
architectures. Reconfigurable edge architectures that bring adaptable com-
puting capabilities near the data source are designed to overcome the lim-
itations of cloud centric models for intelligent, responsive edge applications.
In this comprehensive study of reconfigurable computing architecture in a
new domain for edge computing, key technologies, design strategies, and
application areas are addressed. In this work we analyze the characteristics
and opportunities of the edge environment, and how reconfigurable system
address these requirements. By synthesizing research and industry develop-
ments over the past few years, we provide perspectives on the existing art
and the promising future avenues.
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RECONFIGURABLE COMPUTING:
FUuNDAMENTALS AND PRACTICES

Reconfigurable computing is a paradigm change from fixed
function pro cessors that allow reconfiguring hardware
structures to achieve best intrinsic performance for
a given task. Field programmable gate arrays (FPGAs)
are the reconfigurable systems’ heart—arrays of
programmable logic blocks that can be reconfigured into
custom digital circuits at run time. The main advantage
of reconfigurable architectures lies in their ability to
reach their performance levels comparable to that of
application specific integrated circuits (ASICs) while
maintaining the flexibility of general purpose processors.
Due to its ability to combine both performance and
adaptability, reconfigurable computing is very well suited
for edge environments where workloads often vary widely
and resources are often limited.

Hybrid approach such reconfigurable systems
typically use both reconfigurable fabric and fixed
function processors. It offers programmability for
control oriented tasks at the same time for offloading
compute intensive tasks to custom hardware
accelerators. Ranging from coarse grained functional
units to fine grained logic element, reconfiguration
granularity can vary, providing different trade offs
between flexibility and efficiency. Hardware design
and optimization is one of the biggest problems in
reconfigurable computing. VHDL and Verilog (i.e.
traditional hardware description languages) are
difficult to create mechanically, meaning that their
domain is limited to a particular, highly specialized
kind of expert. To compensate for this, there have been
the emergence of high level synthesis (HLS) tools that
let designers describe hardware functionality in higher
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Fig. 1: Reconfigurable Computing: Fundamentals and Practices

level languages such as C or C++, and automatically
generate optimized hardware descriptions (Figure 1).

Along with reconfigurable computing, new
architectures will continue to strive for higher
performance and better efficiency. Coarse grained
reconfigurable arrays (CGRAs) provide a middle
way between two other kinds of architectures, why
FPGAs and ASICs, for implementing data flow like
computations. Concurrently, in-memory computing
and neuromorphic architectures are opening access
to brain inspired computing at the edge at an
unprecedentedly high efficiency.['

EpGe CoMPUTING LANDSCAPE AND
REQUIREMENT

Given the shortcoming of cloud based models in
cases of low latency, high bandit hood, and privacy
enhancement, Edge computing has become a critical
paradigm. Edge computing enables new classes of
applications that were previously infeasible due to
latency or connectivity constraints, and also reduces
network congestion and response time by processing
data closer to its source. The deployment landscape for
edge computing spans from resource constrained loT
devices, to more powerful edge servers and gateways.
Due to this heterogeneity there are complications with
computing architectures and they must be versatile to
a range of workloads and operating conditions. Key
requirements for edge computing systems include:

1. Low latency processing: Real time or near real
time response times are needed for many edge

applications such as, autonomous vehicles and
industrial control systems. There is a requirement
for minimal processing delays on computing
architectures.

2. Energy efficiency: However, edge devices typically
operate under tight power budgets, so highly
efficient computing solutions that achieve high
performance per watt are required.

3. Adaptability: Systems operating in edge
environments have dynamic requirements,
changing workloads, and network conditions.

4. Reliability and fault tolerance: Hardware
failures, network disruptions and other real world
deployment challenges must be confronted, yet,
edge systems must continue to operate.

5. Security and privacy: As data is processed at the
edge, it raises new security considerations over
data protection and secure computation.

6. Cost-effectiveness: To make this happen, edge
computing solutions have to be performant, and cost
effective, especially for large scale loT deployments.

In this work, we demonstrate the applicability of
reconfigurable computing architectures to address
these requirements by providing the flexibility to
dynamically balance hardware resources across
multiple edge computing scenarios. Reconfigurable
systems can potentially provide order of magnitude
benefit in performance, energy efficiency, and overall
system capability at the edge by enabling hardware
acceleration of critical tasks that are still local and
adaptable (Fihure 2).16
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Fig. 2: Edge computing reconfigurable architectures

EDGE COMPUTING RECONFIGURABLE
ARCHITECTURES

Specialized reconfigurable architectures developed
for deployment in resource constrained environments
have been driven by the unique requirements of edge
computing. In particular, these architectures seek to
balance performance, energy efficiency and flexibility
in order to accommodate the disparate requirements
of edge applications. Several key approaches have
emerged:

FPGA-based Edge Accelerators

FPGA is the base for many reconfigurable edge
computing solutions. Keeping in mind the advantages,
modern FPGAs provide high performance, low
power consumption and runtime reconfigurability.
Capabilities for parallel processing of compute-
intensive tasks. Custom hardware implementation
for low latency processing. The rapid proliferation of
Internet of Things (IoT) devices and edge computing
applications has sparked a revolution in how we
process and analyze data. As the volume of data
generated at the network edge continues to grow
exponentially, traditional computing architectures
are struggling to keep pace with the demanding
requirements of real-time processing, low latency,
and energy efficiency. This has led to increased
interest in reconfigurable computing architectures as
a promising solution for edge computing scenarios.
Reconfigurable computing offers the flexibility to
dynamically adapt hardware resources to match the

specific needs of different applications, potentially
providing significant performance and energy
efficiency improvements over fixed architectures. By
bringing adaptable computing capabilities closer to
the data source, reconfigurable edge architectures
aim to overcome the limitations of cloud-centric
models and enable a new class of intelligent,
responsive edge applications.["*-14

FPGA-BASED EDGE ACCELERATORS

Field-Programmable Gate Arrays (FPGAs) serve as the
foundation for many reconfigurable edge computing
solutions. Modern FPGAs offer acompelling combination
of high performance, low power consumption, and
runtime reconfigurability. Key advantages of FPGA-
based edge accelerators include:

o Parallel processing capabilities for com-
pute-intensive tasks

o Low-latency processing through custom hard-
ware implementation

e Ability to adapt to changing workloads through
dynamic reconfiguration

o Support for implementing specialized inter-
faces and protocols

Edge optimized FPGA families from leading FPGA
vendors such as Xilinx and Intel with integrated ARM
processors, better power efficiency, and hardened
acceleration for common edge workloads such as Al
inferencing have been introduced. These System on
Chip (SoC) FPGAs offer an high flexibility platform to
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implement the complete edge computing solutions.

Smart Manufacturing AND Industrial IoT
Because sensor data processing in the Industrial
Internet of the Things (lloT) and smart manufacturing
environments needs to be real time, control systems
must be adaptive, and the implementation of
complex algorithms must be efficient, the general
architecture of this system is similar to the industrial
system at blue poly tape. It has the ability to
process time critical control loops on low latencies.
Extremely flexible implementation of a wide range of
communication protocols. Condition monitoring and
predictive maintenance in adaptive signal processing.
The AlI/ML acceleration of quality control and process
optimization; energy efficient.acturing environments
require real-time processing of sensor data, adaptive
control systems, and efficient implementation of
complex algorithms. Reconfigurable computing offers
several advantages in this domain:

Table 1: Characteristics of Reconfigurable Computing
Architectures for Edge Computing

Characteristic Explanation

Adaptability Adaptability allows the system to re-
configure itself to meet the demands of
different edge computing tasks, offering

flexibility in operation.

Scalability Scalability ensures that the computing
architecture can expand to handle in-
creasing workloads, such as those gener-

ated by loT devices.

Energy Energy efficiency is crucial in edge com-

Efficiency puting environments, where power con-
sumption needs to be minimized while
maintaining high performance.

Resource Resource management in reconfigurable

Management computing helps optimize the usage of
available hardware resources, ensuring
that tasks are performed efficiently.

Parallel Parallel processing enables the execution

Processing of multiple tasks simultaneously, which
is essential for real-time data processing
at the edge.

Latency Latency reduction is critical in edge

Reduction computing, where low response time is

required for applications such as autono-

mous systems and industrial automation.

o Low-latency processing of time-critical con-
trol loops

e Flexible implementation of diverse communi-
cation protocols

o Adaptive signal processing for condition moni-
toring and predictive maintenance

o Energy-efficient acceleration of AI/ML algo-
rithms for quality control and process optimi-
zation

Real-time machine vision for quality inspection on
the production line was implemented by a major
automotive manufacturer who deployed FPGA-based
edge computing nodes that drove machine vision.
Rapid update of inspection algorithms and seamless
integration with current control systems lead to a
30% decline in defect rates and an overall equipment
effectiveness.['>1]

AUTOMATED VEHICLES AND ADVANCED
DRriver AssisTANCE SysTems (ADAS)

This thesis examines the crash rate of Autonomous
Vehicles and ADAS for various driving scenarios, in
order to help identify the dominant crash causes
associated with these technologies. In this thesis,
we study the crash rate of Autonomous Vehicles and
ADAS for different driving scenarios, to understand
the principal crash causes that are linked to these
technologies. Recently, reconfigurable computing
solutions have been adopted by the automotive
industry to meet the stringent needs of autonomous
driving and advanced driver assistance systems with
the emergence of new design edge architectures such
as flexible electronic architectures, content flexible
architectures, and flexible diagnostic architectures.
Sensor fusion and real time perception. Path
planning and decision making algorithms. Deep
learning object detection and classification models
hardware acceleration. Implementing safety critical
functions adaptively. Internet of Things (lloT) and
smart manufacturing environments require real-time
processing of sensor data, adaptive control systems,
and efficient implementation of complex algorithms.
Reconfigurable computing offers several advantages
in this domain. A major automotive manufacturer
deployed FPGA-based edge computing nodes in their
production line to implement real-time machine
vision for quality inspection. The reconfigurable
architecture allowed for rapid updates to inspection
algorithms and seamless integration with existing
control systems, resulting in a 30% reduction in defect
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Table 2: Reconfigurable Computing Architectures for Edge Computing

mized design

Architecture Key Features Applications Benefits
FPGA-based High flexibility, low latency, | Real-time data processing, Al | Customizable hardware, low
parallel processing applications energy consumption
ASIC-based Application-specific, opti- | loT devices, edge Al models High performance, energy ef-

ficiency

Combination of FPGA and CPU/
GPU

Hybrid Systems

Complex edge computing, big
data analysis

Versatility,
power,

high  processing

Integrated computing and
memory resources

Reconfigurable
System-on-Chip (SoC)

Edge Al, real-time video pro-
cessing

High integration, reduced

footprint, flexibility

Digital Circuits with
Reconfigurable Logic

Field-programmable
blocks

logic

Real-time control systems

Adaptive to changing work-
loads, low energy consumption

Cloud-integrated Edge
Systems

Hybrid use of cloud and edge
computing resources

Large-scale edge computing,
cloud-edge collaboration

Scalable, cost-effective, fast
decision-making

rates and improved overall equipment effectiveness
(Table 2).20-24

Autonomous VEHICLES AND ADVANCED
DRriver AssisTANCE SysTeMs (ADAS)

The automotive industry is increasingly adopting
reconfigurable computing solutions to meet the
demanding requirements of autonomous driving and
advanced driver assistance systems. Key applications
include:

« Sensor fusion and real-time perception

o Path planning and decision-making algorithms

e Hardware acceleration of deep learning mod-
els for object detection and classification

o Adaptive implementation of safety-critical
functions

A heterogeneous reconfigurable architecture combin-
ing FPGAs and CGRAs was used to implement a flex-
ible perception pipeline by means of a leading ADAS
developer. As a result of these conditions, the system
dynamically allocated computing resources, leading
to a 5x improvement in processing throughput over a
fixed-function implementation, while meeting strict
latency requirements.[25-26]

Edge AI and Machine Learning

One of the key drivers to reconfigurable computing
adoption is the deployment of artificial intelligence or
machine learning model on the edge. Implementation
of diverse neural network architectures with efficiency.
Dynamic adaptation to different model requirements
and workloads. Aid in running emerging Al algorithms
and quantization techniques. Good energy efficiency

compared to general purpose processors. Things
(IloT) and smart manufacturing environments require
real-time processing of sensor data, adaptive control
systems, and efficient implementation of complex
algorithms. Reconfigurable computing offers several
advantages in this domain:

Table 3: Applications and Benefits of Reconfigurable
Computing in Edge Computing

Application Benefit

loT Device
Management

loT device management benefits from
reconfigurable computing through op-
timized resource allocation, enabling
efficient data handling from multiple
sensors.

Autonomous
Vehicles

Autonomous vehicles use reconfigu-
rable architectures for real-time deci-
sion-making, improving responsiveness
and safety by processing large volumes
of sensor data.

Industrial
Automation

Industrial automation systems rely on
reconfigurable computing to optimize
control processes, reducing operation-
al costs and increasing productivity in
manufacturing environments.

Smart City
Infrastructure

Smart city infrastructure leverages re-
configurable systems to manage and
analyze large datasets from connected
devices, improving traffic flow, energy
use, and public safety.

Real-Time
Analytics

Real-time analytics in edge computing
environments benefit from reconfigurable
computing by reducing the time needed
to process data and make decisions, espe-

cially in high-speed applications.
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Application Benefit
Healthcare Healthcare monitoring systems use re-
Monitoring configurable architectures to process

data from various medical sensors, al-
lowing for continuous health monitoring
and timely intervention.

o Low-latency processing of time-critical con-
trol loops

e Flexible implementation of diverse communi-
cation protocols

o Adaptive signal processing for condition moni-
toring and predictive maintenance

« Energy-efficient acceleration of Al/ML algo-
rithms for quality control and process optimi-
zation

A major automotive manufacturer deployed FPGA-
based edge computing nodes in their production line
to implement real-time machine vision for quality
inspection. The reconfigurable architecture allowed
for rapid updates to inspection algorithms and seamless
integration with existing control systems, resulting in
a 30% reduction in defect rates and improved overall
equipment effectiveness. The automotive industry
is increasingly adopting reconfigurable computing
solutions to meet the demanding requirements of
autonomous driving and advanced driver assistance
systems. Key applications include. A leading ADAS
developer utilized a heterogeneous reconfigurable
architecture combining FPGAs and CGRAs to
implement a flexible perception pipeline. The system

dynamically allocated computing resources based on
driving conditions and sensor inputs, achieving a 5x
improvement in processing throughput compared to
a fixed-function implementation while maintaining
strict latency requirements.[?7-2%]

Edge AI and Machine Learning

The deployment of artificial intelligence and machine
learning models at the edge is a key driver for
reconfigurable computing adoption. Reconfigurable
architectures offer several benefits for edge Al.
Demand for flexible high performance computing at
the network edge is generated by the rollout of 5G
networks and beyond. Adaptive wireless protocols
on software defined radio (SDR). Flexible packet
processing, and network functions virtualization (NFV)e
Massive MIMO, beamforming algorithms. Low latency
applications with Edge computing services Internet of
Things (lloT) and smart manufacturing environments
require real-time processing of sensor data, adaptive
control systems, and efficient implementation of complex
algorithms. Reconfigurable computing offers several
advantages in this domain. However, reconfigurable
computing systems are gaining popularity as edge devices
are performing more and more sensitive computation.
Hardware based security mechanisms for reconfigurable
architectures. Partial reconfiguration and bit stream
protection techniques (Table 4).130-33

With partially reconfigurable systems, secure
partial reconfiguration and bitstream protection
techniques are needed. Reconfigurable edge
computing trusted execution environments. Privacy

Table 4: Challenges and Solutions for Reconfigurable Computing at the Edge

Challenge

Solution

Impact

Use Case

Limited Power and Resources

Low power architectures and
optimization techniques

Improved energy efficiency
for edge devices

loT applications, wearables

Hardware Adaptability

Use of FPGA/SoC for recon-
figuration

Ability to modify hardware
for specific tasks

Autonomous systems, Al at
the edge

Real-time Processing

Hybrid computing (FPGA +
CPU/GPU) for faster process-
ing

Enhanced decision-making at
the edge

Autonomous vehicles, re-
al-time analytics

Communication Latency

Optimized data handling and
processing on the edge

Reduced transmission de-
lays, faster data processing

Smart cities, industrial mon-
itoring

Security Concerns

Hardware-based security
solutions, secure reconfigu-
ration

Increased resilience against
attacks

Industrial loT, sensitive data
processing

Scalability in Diverse Envi-
ronments

Integration with cloud ser-
vices for dynamic scaling

More flexible and scalable
solutions

Distributed systems,
scale Al processing

large-

6
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preserving computation based on homomorphic
encryption on reconfigurable hardware security and
trustworthiness of reconfigurable computing systems
is crucial. Emerging research directions in this area
include. Continued challenges exist with efficiently
scaling reconfigurable computing solutions across
diverse edge deployments and integrating with
heterogeneous computing resources. Hierarchical
reconfigurable architectures over device/edge/
cloud layers. Reconfigurable accelerators seamlessly
integrated with the emerging memory technologies.
Heterogeneous edge computing system standardized
interfaces and abstraction layers. Distributed
reconfiguration and resource management of Edge
Networks. Suring the security and trustworthiness
of reconfigurable computing systems is crucial.
Emerging research directions in this area include.
Efficiently scaling reconfigurable computing solutions
across diverse edge deployments and integrating with
heterogeneous computing resources present ongoing
challenges. Future research may explore.[3438]

It gets hot and bad in edge computing environments
and they demand resilient fault tolerance mechanisms.
Fault recovery and Self Healing Systems using
advanced partial reconfiguration techniques. Machine
learning approaches for predicting failure, and
mitigating it. Development of redundant and diverse
strategies using reconfigurable resources. Resilient
in field monitoring and adaptation of deployed
reconfigurable edge system ensuring the security and
trustworthiness of reconfigurable computing systems
is crucial. Emerging research directions in this area
include. Efficiently scaling reconfigurable computing
solutions across diverse edge deployments and
integrating with heterogeneous computing resources
present ongoing challenges. Future research may
explore. Efficiently scaling reconfigurable computing
solutions across diverse edge deployments and
integrating with heterogeneous computing resources
present ongoing challenges. Research on how these
emerging technologies can fit into current flexibly
reconfigurable architectures might enable novel edge
computing applications.

CONCLUSION

In order to respond to the special requirements of edge
computing environments, reconfigurable computing
architectures have emerged as a promising solution.
Reconfigurable systems provide the flexibility in
balance between performance, energy efficiency, and

adaptability to power a new class of intelligent and
responsive edge applications in multiple domains. This
survey investigates the fundamental concepts, key
technologies and design methodologies that enable the
evolution of reconfigurable edge computing solutions.
Specific application domains for which reconfigurable
architectures are making large impacts have been
examined, and case studies of benefits in real world
deployments have been presented. However, the
design complexity, energy efficiency and security of
reconfigurable edge computing systems continue
to be challenging; meanwhile, research and future
technology are progressing the capabilities of such
systems to a greater degree. Shaped by the continuing
evolution of the field, reconfigurable architectures
are poised to reach new frontiers in distributed
intelligence and continue to solutionize the future of
edge computing.
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