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ABSTRACT

Due to the exponential growth of data in our increasingly digital world, there
are both huge opportunities and big challenges. Artificial intelligence is slow-
ly seeping into our lives, but big data analytics are quickly rising up to meet
this growing demand without the help of traditional computing architectures
that are struggling with the volume, velocity and variety of the data. Big data
is solved using Field Programmable Gate Arrays (FPGAs), a reconfigurable
hardware that can be optimized for a given big data workload. The article
takes a deeper look at how reconfigurable algorithms for FPGA based big
data processing are changing analytics capabilities in industries across the
board. Together, the convergence of big data and reconfigurable comput-
ing represents a paradigm shift in the type of analysis we perform on large
scale data. Research and engineers are developing novel algorithms using the
flexibility and parallelism of FPGAs to be able to adapt in real time to chang-
ing data patterns and processing requirements. By adopting an adaptive
approach, new performance levels are released and organizations can gain
actionable insight from massive datasets at unprecedented speed and accu-
racy. This dive into this emerging field will cover fundamental reconfigurable
algorithm concepts, state of the art FPGA architectures for big data, and real
applications in fields such as finance, healthcare, and scientific computing.
Not only will we also be looking ahead to what future trends and directions
that will continue to further revolutionise how we process and analyse the
expanding digital universe.
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Adaptability: FPGAs have reconfigurable nature,
which makes them perform better in different stage of

Reconfigurable computing is a shift in the way how we
process data and analyze it. Unlike fixed architecture
processors, reconfigurable systems can change
their hardware structure according to the different
algorithms and workloads requirements. In the realm
of big data, it’s particularly nice to know that you can
have this kind of flexibility about the scale and nature
of processing tasks.

Parallelism: Because of their ability to parse parallel
streams on multiple data, FPGAs excel at parallel
processing. It’s important for dealing with the massive
volumes of data we find in big data problems.

a data processing pipeline or reconfigured dynamically
to accommodate changing data characteristics.

Energy Efficiency: For large scale data centers,
custom hardware implementations on FPGAs can be
far more energy efficient than software running on
general purpose processors (Figure 1).

Low Latency: FPGAs offer extremely low latency when
algorithms are implemented directly in hardware,
required for real time big data applications such as
financial trading or network security.

To derive maximum benefit from these
possibilities, new algorithmic approaches for the
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Fig. 1: Reconfigurable Computing for Big Data: Understanding

exploitation of the special features of reconfigurable
hardware are being developed by researchers and
engineers. Unlike simple porting of existing software
to FPGAs, these reconfigurable algorithms go beyond
that and actually reexamine what data processing
tasks can be structured in order to take full advantage
of parallelism and adaptability. A better understanding
of the interplay for hardware architecture, algorithm
design, and application requirement is important
in exploring what we might call the landscape of
reconfigurable algorithms for big data. A holistic
approach that brings together all these factors into
one cohesive whole to create synergistic systems that
are at the edge of what’s possible in big data analysis,
these are the most effective solutions. !

FPGA Architectures for Big Data
Workloads

Big data processing requirements are largely responsible
for the evolution of FPGA architectures. The massive
parallelism, high bandwidth requirements, and complexity
of the computations inherent in big data workloads are
exactly the things modern FPGAs were designed to tackle.
The development of effective reconfigurable algorithms
requires an understanding of these architectural
innovations. The efficient movement of large volumes
of data is one of the significant challenges in big data
processing. In order to do this, FPGA manufacturers
have implemented HBM interfaces into their devices. At
these interfaces, algorithms gain orders of magnitude
more bandwidth to access and process data at orders of
magnitude greater rates than external memory. Generally,
FPGAs with HBM have multiple memory channels that
move data at rates in excess of 100 GBs per second.
By providing this massive bandwidth, streaming data
can be processed in real time, large datasets can run

in memory analytics, and memory intensive algorithms
including graph processing and deep learning can be
elegantly implemented. Today’s FPGAs aren’t just arrays
of lookups and flip-flops. They now incorporate a diverse
set of computing resources optimized for different types

of operations:

Table 1: FPGA Algorithm Characteristics for

Big Data Processing

Characteristic Relevance to Big Data Processing
Parallel Parallel execution enables FPGA algo-
Execution rithms to handle multiple data streams

simultaneously, speeding up the overall
data processing tasks.

Customizable
Logic Blocks

Customizable logic blocks allow FPGA de-
signs to be tailored for specific big data
tasks, improving computational efficien-
cy and flexibility.

Real-Time
Processing

Real-time processing ensures that large
datasets are analyzed and processed
without delays, making FPGA an ideal
solution for time-sensitive applications.

Scalability

Scalability allows FPGA systems to grow
with the size of the data, handling in-
creasingly complex computations as big
data volumes expand.

Dataflow
Optimization

Dataflow optimization ensures efficient
data transfer and management, reducing
bottlenecks in data handling and improv-
ing the performance of big data applica-
tions.

Low-Latency
Operations

Low-latency operations enable faster re-
sponse times for data processing tasks,
critical for applications requiring imme-
diate decision-making or real-time ana-
lytics.
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o DSP Blocks: Digital signal processing units are
dedicated u lerating machine learning work-
loads so your edge devices can run inference
at high performance.

This heterogeneous architecture allows algorithm
developers to map pieces of their algorithmsto those
that provide the best computing resources, resulting
in maximum system efficiency.

Network-on-Chip Interconnects

But as FPGAs grow larger and more complex, the need
for efficient on chip communication is essential. High
speed, low latency data movement between different
parts of the device has become possible on Advanced
FPGAs, where sophisticated network-on-chip (NoC)
architectures are present. A variety of topologies are
supported by these NoCs, and they can reconfigure in
response to an application’s communication pattern.
Big data applications pose the challenge that the data
flow patterns may change dynamically based on the
input or the stage of the processing and therefore, NoC
interconnects provide the flexibility for them. With this
structure, reconfigurable algorithms can exploit it to
reduce data movement bottlenecks and optimize data
movement. Partial reconfiguration is one of the most
powerful features of modern FPGAs - the ability to
reconfigure a subset of the FPGA while leaving the rest
operating. This allows for truly adaptive systems which
can change in and out of different processing modules
on-the-fly, based on changing data characteristics or
application requirements. Such advanced architectural
features can be leveraged, but only with careful
algorithm design and system level thought. The best
reconfigurable algorithms for big data exploit best the
specific features of modern FPGAs to deliver tightly
integrated hardware-software solutions at the very
limit of performance and efficiency. To develop effective
reconfigurable algorithms for big data processing we
need to understand the design principles of algorithms
as well as the unique hardware characteristics of FPGA
hardware. In this section, we present a number of key
concepts that serve as the basis for designing high
performance, flexible algorithms for reconfigurable
platforms.[7!

Dataflow-Oriented Design

Reconfigurable algorithms for FPGAs are different from
traditional algorithms: they generally employ a form
of a data flow paradigm as opposed to control flow.
Computation of pipelines is organized as a network

of processors through data streams in this model.
This naturally corresponds to the parallel nature of
the FPGA hardware, and hence the operations can
naturally be pipelined. By adopting dataflow principles,
FPGAs allow us to create algorithms that can exploit
massively parallelism orders of magnitude faster than
sequential implementations. By demonstrating FPBAs
on the FPGA, they show that FPGAs enable a spatial
computing paradigm, where computations can be
mapped to physical hardware resources distributed
across the chip. However, this is in contrast with the
temporal computing model of traditional processors,
where an execution unit operates sequentially in
time over a single task manipulation space. Often,
traditional approaches are being rethought in order
to design algorithms with spatial computing in mind.
Some operations (e.g., random memory access) which
are trivial in software may require a restructure to
efficiently operate in the spatial paradigm.

Dynamic Reconfiguration Strategies

This allows for new algorithms with adaptiveness
at runtime using reconfigurable FPGA hardware. On
the other hand, dynamic reconfiguration strategies
allow algorithms to change their structure or the way
in which they behave in response to changing data
characteristics or changing processing requirements.
Careful consideration is required for the tradeoffs
between flexibility and overhead needed to effectively
use dynamic reconfiguration. Reconfiguration is time
consuming and will always demand power and the benefits
must outweigh these costs. Co-design is successful
only if the entire system is viewed holistically across
the hardware software boundary including resource
utilization, synchronization as well as data movement.
With these skeletons developers can quickly prototype
and optimize algorithms for certain big data tasks while
remaining flexible to run customized versions for each
application. If without these fundamental concepts we
can not understand, how to apply these concepts to
create reconfigurable algorithms which can fully take the
advantages of FPGA platforms for the processing of big
data. These principles will give us an idea of the basis of
a wide array of powerful techniques and applications in
many applications.® 1

PARALLELIZATION TECHNIQUES OF BiG DaTA
ALGoRrITHMS ON FPGASs

Big data processing requires obtaining high
performance with the help of massive parallelism
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Fig. 2: Fundamental Principles of Fault Tolerant Design

from FPGAs. This section looks into advanced
ways of parallelizing algorithms so that they can
perform in the scale and complexity of the modern
datasets.

Fine-Grained Parallelism

Parallelism at the fine grain level corresponds to
breaking down computations into tiny, perpendicular
units of computation perform in parallel. In general,
this means creating sparse arrays of very simple
processing elements doing a little bit of processing on a
subset of data. Examples of coarse grained parallelism
are to divide the entire algorithm into more complex,
large scale tasks that can be run independently.
This is a particularly useful approach for algorithms
with in irregular computation patterns or over huge

data structures. However, effective coarse grained
parallelism often requires careful consideration of
data partitioning and load balancing to meet the
constraint of making every FPGA resource utilized
efficiently. By matching this parallelization strategy to
the memory architecture of the FPGA, developers can
minimize data movement bottlenecks and maximize
total system throughput (Table 2).

Adaptation of Dynamic Parallelism

FPGAs have reconfigurable nature and this allows for
dynamic adaptation of parallelization strategies with
respect to runtime conditions. This is particularly useful
when the workloads have varying characteristics and
are large data scale workloads. Dynamic adaptation
becomes effective only if the hardware archicture

Table 2: Performance Metrics for FPGA-Based Big Data Processing Algorithms

Metric Significance

Processing Speed

Processing speed is a critical metric, as FPGA-based algorithms can significantly reduce the time
needed to process large volumes of data.

Power Consumption

Power consumption is an important metric for optimizing FPGA systems, especially when used
for big data tasks in energy-sensitive environments.

Data Throughput

Data throughput measures the rate at which data is processed, with FPGA systems offering high
throughput for large-scale data tasks.

Hardware Utilization

Hardware utilization indicates how efficiently FPGA resources are used for computations, im-
pacting the overall effectiveness of big data processing.

Scalability Efficiency

Scalability efficiency measures how well the FPGA system adapts to growing data volumes with-
out a proportional increase in resource consumption or delays.

Latency Reduction

Latency reduction is crucial in applications where real-time decision-making is required, and
FPGA-based algorithms excel at minimizing delays in data processing.
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and the control algorithms managing reconfiguration
are carefully designed. A hierarchical approach to
parallelization - of combining techniques at different
granularities - proves useful for many complex big
data algorithms. « A high level of coarse grained task
parallelism to partition the algorithm into major
stages. Effective coarse-grained parallelism often
requires careful consideration of data partitioning
and load balancing to ensure all FPGA resources are
utilized efficiently.

Memory-Centric Parallelism

Given the memory-intensive nature of many big
data algorithms, parallelization techniques that
focus on optimizing memory access patterns can
yield significant performance gains. By aligning the
parallelization strategy with the memory architecture
of the FPGA, developers can minimize data movement
bottlenecks and maximize overall system throughput.
The reconfigurable nature of FPGAs allows for dynamic
adaptation of parallelization strategies based on
runtime conditions. This can be particularly valuable
for big data workloads with varying characteristics.
Implementing effective dynamic adaptation requires
careful design of both the hardware architecture and
the control algorithms that manage reconfiguration.
Many complex big data algorithms benefit from
a hierarchical approach to parallelization,
combining techniques at different granularities. The
parallelization strategy can be matched to the natural
structure of the algorithm and the characteristics of the
data being processed with this multi level approach.
The use of these advanced parallelization techniques
allows for creation of reconfigurable algorithms that
leverage massive computational resources of modern
FPGA platforms. Success hinging on optimization of
parallelization strategies given the structure of the
algorithm, the properties of the incoming data and the
capabilities of the specific target FPGA architecture
being used.['%14

FPGA-Basep Bic DATA PROCESSING, DATA
MANAGEMENT AND MEMORY OPTIMIZATION.

To achieve high performance in FPGA based big
data processing, data management and memory
optimization are incredibly important. In particular,
the massive data volumes of the big data applications,
along with the unique memory architecture of
FPGAs, make the consideration of data flow, storage
strategies, and access patterns for the data critical.

In this section, some advanced methods for data
handling performance optimizations on FPGA platforms
are presented.

Hierarchical Memory Architectures

Today, modern FPGAs provide us with various memory
possibilities with different capacity, latency and
bandwidth. To get the most out of these options,
we need to design effective hierarchical memory
architectures. To achieve good performance, effective
algorithms must efficiently stream externally accessed
data in from external memory, and at the same time
very carefully orchestrate data between levels to keep
frequently used data close to processing elements. Yet
in big data workloads, irregular access patterns are
common, and there may be no reason to force these
to adhere to traditional cache architectures. Custom
caching strategies for certain data structures and
access patterns can drive FPGA based algorithms. The
developer can achieve huge memory access latencies
reduction as well as improvement of the system
throughput by implementing these smart caching
strategies.

. source
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wire4

wire2

wirel

wire2 sink

Fig. 2: Hierarchical Memory Architectures

Data Compression and Encoding

In environments with limited available on chip memory
resources, data compression and efficient encoding
can have profound impact on the achievable effective
capacity and bandwidth of the memory subsystem.
The issue is to find the balance between the increased
performance of compression/decompression, and
reduce the data movement needed, and increase
effective memory capacity. For many big data
applications, processing data in a stream rather
than from static blocks can yield strong performance
improvements. Finally, FPGA based streaming
architecture helps to minimize the requirement of large
intermediate storage, and to allow efficient pipelining
of operations. Developers can develop algorithms
to process huge datasets with minimal latency and
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minimum usage of FPGA resources by taking streaming
approach. Memory centric algorithm design views the
data movement and access patterns as fundamental
and not a passive storage resource. As a dynamic
adaptive device, FPGAs facilitate the reconfigurable
nature of memory management strategies with the
changing runtime conditions and the changing workload
characteristics. Dynamic memory management allows
FPGA based big data processing systems to be more
efficient and flexible. For developers looking to
create reconfigurable algorithms that can efficiently
deal with data sets of any sizes, leveraging these
advanced data management and memory optimization
alternatives, can enable developers to efficiently
manage and process the massive numbers of data,
which are characteristic to big data applications. One
key is to take a holistic view of the entire system by
concurrently considering data flow, access patterns,
processing requirements together with the specific
capabilities and constraints of FPGAs.['>1]

FPGA REeAL-TIME ANALYTICS AND STREAM
PROCESSING

As a growing plethora of big data applications
require the ability to process and analyze data in
real time, big data storage systems must become
increasingly better at dealing with streaming data.
Real time analytics and stream processing tasks can
be performed well with FPGAs due to it’s low latency
and high throughput capability. In this section, we
investigate some advanced techniques to efficiently
and adaptively implement real-time processing
algorithms on FPGA platforms. Because there are many
real time analytics applications that require ability
to query over continuous streams of data, analyzers
have the capability for complex querying within the
case. Specialized hardware for the common query
operations can speed these operations using FPGAs.
Using these techniques in an FPGA based system can
provide order of magnitude throughput improvement
to standard software based techniques. Many streaming
algorithms also work on sliding windows of data, where
temporal data structures must be efficiently managed.
For window management and processing, specialized
hardware for FPGAs can be implemented. The context
is maintained for complex analytics even with high
velocity data stream and FPGA implementations can
handle such high velocity data stream effectively using
window-based processing. FPGAs combined with real-
time data streams allow new approaches to online

machine learning where models are updated online as
new data arrives. Equipping FPGA based systems with
these approaches enables performing sophisticate
machine learning tasks on high velocity data streams
with low latency.

1.1 Complex Event Processing

For many streaming analytics applications, the require-
ment is to identify and respond to complex patterns
of events in real time. Highly parallel pattern match-
ing engines can be implemented in FPGAs accelerating
complex event processing. Thanks to these techniques,
in real-time even in bursts of high speed data, FPGA
based systems are able to detect and respond to so-
phisticated event patterns. Data rates and processing
demands are highly variable for real time analytics
workloads. Adaptive load balancing mechanisms are
implemented using FPGAs to maintain optimal perfor-
mance under changing conditions. The use of these
adaptive mechanisms enables FPGA based real time
analytics systems to operate at high performance with
low latency despite highly variable workloads. Mission
critical real time analytics applications must be reli-
able and fault tolerant. In streaming contexts, FPGAs
are good at specializing hardware to detect and isolate
faults and recover from them. Fault tolerant approach-
es presented here enable FPGA based systems to de-
liver the high reliability needed for reliable real time
analytics. These advanced techniques in real time anal-
ysis and stream processing enable FPGA base system
developers to develop image quad FPGA systems able
to run the most demanding big data applications. The
trick to achieving this is to include the high throughput
and low latency characteristics of FPGAs, and sophisti-
cated algorithms that make use of the dynamic nature
of the real time data stream [20]-[23].

ACCELERATING MACHINE LEARNING ON
FPGA PLATFORMS

Machine learning and what to do with all that big
data processing has significant opportunity and a lot
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of challenges. FPGAs, with their reconfigurability
and a massive amount of parallelism, present unique
advantages for accelerating the machine learning
workloads. This section discusses techniques for
employing machine learning algorithms on FPGA
platforms that bring added value to big data
applications. In many big data analytics applications,
deep neural networks (DNNs) have played a big
role. By implementing DNN inference & training on
specialized hardware(FPGAs), they can provide a
great acceleration power. These adaptive approaches
enable FPGA-based machine learning systems to
maintain high accuracy even under evolving data
distributions, characteristic of big data applications.
Most machine learning algorithms, especially in large
data setting, become equivalent to operations on
sparse large matrices. FPGAs may be used to give
special hardware implementations of efficient sparse
matrix computations. A great many of the machine

learning algorithms are forgiving of some amount
of approximation, allowing for a trade off between
accuracy and better performance or energy efficiency
(Figure 3).[2427]

ML Algorithms Hardware-Software
Co-Design

Much of the effort to accelerate machine learning
workloads relies on tight integration across hardware
and software components. Because of this, FPGAs
enable novel ways to approach the hardware-software
design separation process of ML algorithms. Through a
hardware so software co-design one will be able to go
beyond to create ML acceleration systems that make
optimized use of FPGA hardware and flexible software
implementations. In a lot of big data applications,
federated learning, where models are trained over
distributed datasets decentralized, is becoming
important. Federated learning algorithms can benefit
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Fig. 3: Accelerating Machine learning on FPGA Platforms
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from the acceleration that can be achieved in an FPGA.
FPGA based systems are enabled to play a useful role
within federated learning scenarios by taking advantage
of the privacy and distribution strengths of Federated
methods with the acceleration benefits of hardware.
With these advanced techniques for machine learning
acceleration, FPGA based systems can be created for
the most demanding big data ML workloads. It is in
combining the massive parallelism and reconfigurability
of FPGAs with sophisticated algorithms that can
change (reconfigure) to the specific characteristics of
the different machine learning tasks and the different
data distribution. An approach to optimization and
benchmarking of reconfigurable algorithms on FPGA
platforms is required to achieve optimal performance.
In this section, we explore advanced techniques for
achieving the highest possible efficiency of FPGA based
big data processing systems, and the methodologies
needed to accurately measure and compare both
the performance and implementation overheads of
each system. Through systematic exploration of the
design space, developers are able to explore different
configurations and understand what is a feasible choice
for each workload, ultimately finding configurations
maximizing performance for these workloads.

CONCLUSION

Performance models can result in accurate predictions
of impact on system performance of design changes
and can be used to guide optimization efforts reducing
the need for time consuming implementation cycles.
Finally, these modeling techniques allow for fast cycle
iteration and optimization of FPGA based big data
processing systems. By working systematically through
the identification and resolution of bottlenecks,
developers can realize a significant improvement in the
overall performance of FPGA based big data processing
systems. Many of the big data applications are energy
efficiency that is very important. Fine grained power
optimization on FPGAs presents unique opportunities.
An application of these power optimization techniques
can greatly improve the energy efficiency of FPGA
based big data processing systems, especially for large
scale deployments. A standardized benchmarking
approach aids the community in better evaluating
relative merits of alternative FPGA based solutions for
big data processing. It is necessary to understand the
scaling of performance with bigger data sizes or FPGA
resources in order to find out strike good algorithms
for big data applications.
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