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An optimized Huffman encoder is essential in all applications where it is
necessary to achieve the best performance, such as audio coding, data
encryption, data compression, and image processing applications. This
article presents a space-optimized encoding scheme to maximize
performance and minimize latency in Dual Huffman encoding. The proposed
approach employs dynamic tree selection using Dual Huffman encoding. A
Dual Huffman code with dynamic tree selection can be run in parallel to
support high-throughput applications. The resulting design optimally creates
the Huffman dual encoding. This codeword table is based on a dynamic tree
generation and selection algorithm, leading to a faster encoding process with
lower latency. The architecture was developed using Vivado Xilinx 2023.2
and tested on three different field programmable gate array (FPGA)
platforms (Zyng 7045, Zynq 7100, and Kria KV260 Al Vision board). A
performance comparison between devices demonstrates that the Kria K260
had the lowest latency (100 ns), as opposed to the Zync 7045 and Zynq
7100, which had latencies of 200 ns and 150 ns, respectively. These results
elucidate the scalability of the architecture and its suitability for real-time
image compression. When implemented on the Kria KV260, the dynamic
tree selection-based Dual Huffman encoder is capable of fast, parallel image
compression. The compression makes it a good candidate for advanced
FPGA-based image processing systems with internet of things (loT)
applications.
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1. INTRODUCTION

Data compression plays a crucial role in efficiently storing and transmitting information. This work
focuses on implementing a high-performance Dual Huffman encoder. The Dual Huffman encoding

compression algorithm utilizes symbo

| frequencies to assign shorter codes to more frequent symbols. This

work aimed to provide a high-performance Dual Huffman coding in Verilog hardware description language
(HDL). This dual Huffman encoding is used to compress the image signal [1]. The Dual Huffman encoder

offers good compression performance,
Photographic Experts' Group (JPEG)

minimal loss of image quality [2], and ease of application. The Joint
encoding is primarily accomplished using two methods. The CPU-
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based software or hardware method uses a field programmable gate array (FPGA). FPGAs are also known as
FPGAs or application-specific integrated circuits (ASICs). The latter performs exceptionally well in terms of
system power consumption, integration, and processing speed. In certain situations where high picture
processing speed is not required, the JPEG encoder is constructed using a standard pipeline architecture to
enhance image compression efficiency [3]. The JPEG encoder's pipeline structure comprises color space
conversion, down sampling, two-dimensional discrete cosine transforms (DCT), zigzag scanning,
quantization coding, DC coefficient differential pulse code modulation, and Huffman encoding. The
pipelined JPEG encoding increases the utilization rate. Data blockage is easily caused since the processing of
each pipeline stage depends on the completion of the previous stage's processing. A lossless method of data
compression is Dual Huffman encoding [4], [5]. Fewer bits represent the most common symbols, determined
by the probability of such symbols in the known data set.

There are two types of Huffman encoding: static look-up tables and dynamic encoding. The latter
receiving port is comparatively basic but less adaptable than the former due to its sophisticated hardware
construction. Therefore, the length of each codeword in the Huffman encoding is not equal, making it a
variable-length coding. Realizing the JPEG compression [6] pipeline is challenging when there are variations
in data complexity, since the encoding clock cycle is not constant. A multi-pipeline design is needed to
increase the efficiency of picture compression [7] and optimize the processing of the DCT module. Parallel
coding for Huffman encoding is more efficient than conventional Huffman coding. Hence, a Dual Huffman
encoder is used to improve the performance of Huffman encoding.

The Huffman tree encoding is implemented using a bitmap and static random-access memory. Yet,
there will still be blocking in these Huffman encodings. This work presents a fast Huffman encoding
algorithm using a double-byte splicing output Huffman encoding architecture. Dual Huffman encoding units
to achieve non-blocking in the JPEG pipeline. It may guarantee that the Minimum Coding Unit is encoded in
64 clock cycles, the same amount as other JPEG compression modules, even though it will increase the
number of logic units. The JPEG encoder's non-blocking encoding pipeline architecture boosts JPEG [8]
compression effectiveness. The suggested architecture is implemented on the Digilent Zynq 7045, Zyngq7100,
and Xilinx Kria KV260 Al starter kit using Xilinx Vivado 2023.2. The benefits of the high-performance Dual
Huffman encoding [9] are then confirmed by comparing the resource usage and clock cycles. Although
parallel Huffman encoding with GPUs and FPGA platforms has been studied, there is a lack of research on
new parallelization approaches that leverage newly developed architectures, such as multicore CPUs and
specialized Al accelerators like tensor processing units (TPUs). Research on parallel Huffman encoding [10]
optimization in these various computer contexts may lead to notable gains in efficiency and speed.

The structure of this paper is as follows. Section 2 presents the research background of the Huffman
encoding method, along with a method for minimizing the number of cycles. Section 3 presents an
experimental method of Huffman encoding on an FPGA. Section 4 presents the experimental results section,
which compares the results with those of comparable previous works to confirm the benefits of Huffman
encoding on FPGA systems. Section 5 discusses the results of the work. Section 6 deals with the conclusion
of the work.

2. RESEARCH BACKGROUND

One of the known methods for data compression is Huffman coding [11], which assigns a variable-
length code to each symbol, taking into account only their occurrence probabilities in the sequence used. The
method was later developed by David A. Huffman in 1952 as a way to minimize the average length of the
encoded data by assigning longer codes to less common symbols and shorter codes to more common
symbols. This approach provides better data representation and reduces the total amount of encoded data
compared to fixed-length encoding methods. Huffman encoding is essentially performed by reading the input
data, which must also be searched to determine its frequency of occurrence. It is essential to understand how
frequently each symbol appears to assign the most optimal code, and this data analysis precisely
accomplishes that. A well-known implementation of Huffman coding relies on algorithms that introduce
basic ideas into symbol frequency analysis in data compression [12]. Constructing the Huffman Tree. To
create a Huffman tree after finding the frequencies of all symbols. Such a tree is constructed using a greedy
method by consecutively merging two least frequent symbols into one node until all symbols are used. By
making more frequent symbols closer to the tree's root, shorter codes and higher compression rates are
achieved. Because of its position in the tree, each symbol is assigned a unique binary code when the Huffman
tree is being built.

A string of 0s and 1s is generated when the Huffman tree is traversed and read from the roots to
each symbol (usually, left branches are given the number O; while right branches get the value of 1). The
assigned codes are represented by the path of symbols traversed from the root to each leaf node in the tree.
Now suppose the values of symbols A, B, C, D, and E occur with frequencies 5, 9, 12, 13, and 16,
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respectively. Initially, these frequencies are used to construct a single Huffman tree from the symbols with
the lowest frequencies. False (for E) and '10' (for C) are the valid Huffman codes for transitioning from each
possible location in the tree. This encoding is highly efficient because Huffman codes can be designed to
reflect the distribution of symbols in the input information accurately.

Unlike fixed-length codes, which produce longer average code lengths, in any encoding scheme,
shorter codes represent the more likely symbols. Thanks to this codelength diversity, the Huffman coding can
yield a better compression ratio for data with predictable symbol distributions. Several strategies are
employed during Huffman encoding to ensure efficiency and speed. Techniques such as dynamic Huffman
coding further improve compression efficiency by dynamically changing the code assignments when symbol
occurrences are modified during encoding, allowing better performance of compressing data with "changing"
statistics. FPGA-based and delay-locked loop-optimized hardware parallel Huffman decoding has been
developed, making it applicable to both real-time applications and high-throughput situations. These
realizations leverage parallelism and optimized data surfaces to enhance encoding speeds. Huffman coding is
used in various applications, including embedded systems, network protocols, and multimedia processing. It
can be used to save space on an archive, minimize storage of multimedia files, textual documents, or
communication protocols, and also compress data for delivery without compromising quality. Fast Huffman
coding [13] has received much attention. The searching and sorting algorithms used for schemes operating on
bit planes are identical to those of currently available hardware. As demonstrated by various studies and
implementations, Huffman coding [14], a fundamental method of lossless data compression that assigns
shorter codes to more frequent symbols, has seen significant advancements in both Speed and efficiency. To
achieve an efficient implementation of Huffman coding, several techniques, such as parallelization methods
using shared memory structures, are required [15]. These techniques leverage parallel computing resources
and multicore processors to accelerate the encoding process, resulting in improved Throughput and lower
latency, which is suitable for live applications.

Additionally, technical enhancements to the classical Huffman coding [16] have been optimized.
Dynamic Huffman coding techniques have been widely studied in the literature [17], where the code
assignments are updated dynamically according to the new frequency of a symbol observed while processing
an input stream, resulting in high encoding efficiency. These technologies maximize the compression ratio
and accelerate encoding, which is essential for high-speed operations, such as data storage.

Huffman encoding has been greatly improved through the use of hardware acceleration, especially
on FPGA devices [18]. Hardware-based FPGA systems can significantly reduce encoding times compared to
traditional software-based approaches, thanks to their hardware resources and inherent parallelism. This
hardware-based solution, with parallel architectures and efficient data paths, achieves high Throughput and
low latency in the encoding process [19]. Parallelization methodologies have been instrumental in
accelerating Huffman encoding [20] in multimedia and data-centric applications. The parallelization of
encoding using GPUs and SMP has been explored in [2], [9], yielding significant gains in situations where
minutes are needed to store massive amounts of data. These advances underscore how the use of hardware,
combined with fast parallel algorithms, can lead to speedy Huffman-scheme implementations for
significantly different computer scenarios. Practical solutions verify theoretical breakthroughs in Huffman
coding. For example, the efficient design and synthesis of Huffman encoders [21]-[23] have been
demonstrated in implementations using Cadence RTL compiler and system on chip (SoC) encounter [24].
These are the first results to confirm the use of state-of-the-art algorithms in practical scenarios and the
feasibility of fast encoding algorithms. An interplay of algorithmic innovations has driven the development
of fast Huffman encoding, parallel processing techniques, and dedicated hardware implementations [25],
[26]. Such a multi-faceted approach has improved both coding speed [27] and effectiveness, and extended its
applications to various fields, including multimedia processing, embedded systems, and high-performance
computing environments. Fast Huffman encoding [28], [29] remains a vital perspective for achieving
effective data compression with lower computational cost and the highest Throughput, as future work in
compression techniques progresses.

3. EXPERIMENTAL METHOD

The Dual Huffman encoder, also known as tandem coding, is a high-level type of data compression
that enhances compression efficiency for data with changing causes, utilizing two distinct Huffman trees. The
Dual Huffman encoding method is illustrated in Figure 1. It is better than standard Huffman encoding.
Symbols are encoded into variable-length codes by classic Huffman coding, where frequently occurring
symbols have shorter codes. By contrast, the Dual Huffman Encoder generates a separate Huffman tree for
each of the two split groups, and its properties differ from one another. The dual-tree structure enables a more
accurate estimation of the symbol frequency distribution for each subset, resulting in a better compression
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ratio and lower data entropy. The data must be partitioned, the symbol frequency in each set analyzed, and
Huffman trees constructed; these trees then assign codes, and the data are encoded accordingly. This
approach has multiple positive aspects: it may achieve greater compression due to the precision of frequency
distribution modeling and lower entropy (and thus correct decoding). Being parameterized, it is suitable for
various tasks, such as data transfer, storage, and multimedia compression, among others.

Figure 1. The Dual Huffman encoding architecture

The Dual Huffman Encoder can effectively process the two trees in parallel when used on
sophisticated FPGA platforms, such as the Zyng-7045, Zyng-7100, and Kria. These platforms have large
programmable logic resources and high operating frequencies. While the Kria board, running at 2.2 GHz, can
achieve low processing times and high Throughput, making it perfect for real-time applications, the Zyng-
7045 and Zyng-7100, with their large LUT counts and processing capabilities, can manage complex
processes with minimal delay. All things considered, the Dual Huffman Encoder is a valuable tool for
applications that require low redundancy and high-speed data processing. It is an example of a complex
compression approach that leverages contemporary FPGA capabilities, offering improved compression
efficiency and Speed.

3.1. Dynamic tree selection based Dual Huffman encoding:

Figure 2 illustrates the dynamic tree selection-based Dual Huffman encoding process. The input
image will be split into two parts based on even and odd pixel distributions. The dynamic Huffman tree unit
consists of a symbol frequency counter, a Huffman tree builder, and an encoder. The symbol frequency
counter is responsible for counting the number of symbols. Huffman tree builder response for the Huffman
tree based on the current frequency data. Figure 3 shows the Huffman encoding algorithm.

A high-speed, dynamic tree selection-based Dual Huffman encoder is implemented in an FPGA using
Xilinx Vivado 2023.2 tools. Our research focuses on achieving high compression ratios and effective parallel
processing using a high-speed, dynamic tree selection-based Dual Huffman encoder. Dynamic tree selection-
based Dual Huffman encoding utilizes parallel processing to achieve high performance. The encoder generates
the Huffman codewords using the current tree. Bit stream merger combines the output of the encoders. The
output is the compressed image bit stream. A dynamic tree selection-based Dual Huffman encoding algorithm is
implemented on the diligent FPGA Zynq7045, Zynq7100, and Xilinx Kria KV260 Al vision board. The speed
of the dynamic tree selection-based Dual Huffman encoder is compared among the FPGA boards.

The overview of the different FPGAs being compared is as follows:

a. Zyng-7020 FPGA board: the Zyng-7020 from the Xilinx Zyng-7000 family is a highly integrated
embedded platform combining 28 nm programmable logic with a dual-core ARM Cortex-A9 processor
operating up to 866 MHz. It supports up to 1 GB DDR3/DDR3L memory, enabling memory-intensive
applications. The device features a range of rich peripherals, including USB, Gigabit Ethernet, SD/SDIO,
UART, I2C, and SPI. With approximately 85K logic cells, 220 DSP slices, and 560 KB block RAM, it
supports custom logic and signal processing tasks. Tight coupling between the ARM processor and
programmable logic enables efficient hardware—software co-design. Due to its flexibility and
performance, the Zyng-7020 is widely used in industrial control, automotive infotainment, medical
imaging, and consumer electronics.

b. Virtex UltraScale FPGA board: Virtex UltraScale FPGAs deliver high performance and power efficiency
using advanced fabrication technology. Supporting up to 2.5 million logic cells, they provide exceptional
scalability for large and complex designs. Integrated UltraRAM and high bandwidth memory (HBM)
enable fast on-chip data access, while multi-gigabit transceivers support data rates up to 32.75 Gbps.
These features make UltraScale FPGAs ideal for data centers, telecommunications (including 5G), and
aerospace and defense applications requiring high throughput, low latency, and massive parallel
processing.
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€. Zyng-7035 board: the Zyng-7035 is a versatile SoC integrating a dual-core ARM Cortex-A9 processor
with 28 nm programmable logic. It offers approximately 125,000 logic cells, 240 DSP slices, and 4.9 MB
block RAM, supporting digital signal processing and custom hardware acceleration. The device supports
up to 1 GB DDR3/DDR3L memory and includes interfaces such as Gigabit Ethernet, USB, and
SD/SDIOQ. The close integration of the processing system and FPGA fabric makes it suitable for industrial
automation, automotive systems, medical devices, and consumer electronics, where performance and
flexibility are critical.

d. Zyng-7045 board: the Zyng-7045 consists of a dual-core ARM Cortex-A9 processor clocked up to 1 GHz
with large FPGA resources. It offers more than 350,000 logic cells, 2,200+ DSP slices, and 19.1 MB of
block RAM for handling high-throughput data jobs. High-speed interfaces. All of the other interfaces
with round-trip latencies less than 500 Mbps listed in Table 1 are high-speed links with lower overheads,
such as PCle, Ethernet, or USB, which are ideal for data-intensive communication (e.g., automotive,
industrial automation, and video processing). Powerful tooling continues to streamline development and
accelerate deployment.

e. Zyng-7100 FPGA board: it is the top-of-the-line member of the Zyng-7000 family and combines a dual-
core ARM Cortex-A9 up to 1 GHz with abundant FPGA resources that consist of more than 444K logic
cells, 2,020 DSP slices, and provides 2626.5 Mb block RAM. High-speed serial transceivers and
interfaces, such as USB, Gigabit Ethernet, and PCle, help improve system-level connectivity. It is well-
suited for demanding applications, including ADAS, aerospace and defense systems, high-performance
computing (HPC), and advanced industrial automation.

f. Kria KV260 Vision Al starter board: the Kria K\VV260 Vision Al Starter Kit is an edge-Al development
platform built around the Kria K26 system-on-module. It includes quad-core ARM Cortex-A53 and dual-
core Cortex-R5F processors, along with programmable logic. The board features USB, HDMI,
DisplayPort, Ethernet, and camera interfaces, as well as pre-installed software and Al models. Integration
with Al frameworks, such as TensorFlow and the Vitis Al environment, increases ease of use. Ideal for
edge vision applications in smart cities, industrial internet of things (1oT), robotics, and automated retail,
the K260 provides a plug-and-play solution with robust ecosystem support.

I

| Huffman Lookup Table |

y

| VLC encoding |

!

Input Image

Symbol splitter

Dynamic tree Huffman unit A Dynamic tree Huffman unit B

Symbol frequency counter Symbol frequency counter | VLI encoding |
Huffman tree builder Huffman tree builder No
Huffman encoder Huffman tree builder es
NO
Yes

Bitstream merger | Make up 16-bits |

Figure 2. The proposed dynamic tree selection Figure 3. Huffman encoding flow chart
based on Dual Huffman encoding

Compressed image output
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Table 1. Compare Huffman encoding in different articles (listed in references)

Related previous works in Matai et al. [27]  Elaskary etal. [28]  Choi et al. [29] Proposed work
comparison

Name of FPGA board Zynqg 7020 Virtex ultrascale Zynq 7035 Zynq 7045  Zynq Kria KV 260

7100

Operating Frequency (Hz) 173M 250 M 200M 800 MHz 1G 22G

No LUTSs were used 761 42052 624 410 400 360

Number of cycles 448 256 64 64 64 64

required

Time (ns) 2590 1024 320 80 64 29

Throughput (Mbit/s) 2372.2 2000 6400 8000 10000 22000

4. EXPERIMENTAL RESULTS

Verilog code of a dynamic tree selection-based Dual Huffman encoder was designed and simulated
using Xilinx Vivado 2023.2. The image compression results on different FPGA boards are presented in
Table 1. The operating frequencies of these FPGA boards are shown in Figure 4. The clock cycle time
frequency of dynamic tree selection-based Huffman coding in FPGA boards is presented in Figure 5. The
Delay time in dynamic tree selection [8] based on Huffman coding is presented in FPGA Figure 6. The
Throughput performance of the Huffman encoder for a dynamic selection tree-based transmission by FPGA
boards is presented in Figure 7. It can be observed from Table 1 that the FPGA implementation of a Huffman
encoder is the best choice for hardware. Thus, the FPGA's high-speed capability can be utilized to construct a
high-performance Huffman encoder for data compression. The Huffman encoder is used for image encoding.
The high speed of compression is very useful for loT nodes. One can perform image processing,
compression, and artificial intelligence-related algorithms using an FPGA. Therefore, the FPGA realization
of a dynamic tree selection-based Huffman encoder is beneficial for multimedia and image processing
applications.

Operating Frequency (MHz)

2500
2000
>
S 1500
=
g 1000
L
500 I
0 [ | . -
Zynq 7020 Virtex Zynq 7035 Zynq 7045 Zynq Kria
ultrascale
FPGA boards
Figure 4. Operating frequency of various FPGA boards
Number of clock cycles
500
g 400
S\ 300
(&}
S 200
K=
© 100 I
. N N N N
Zynq 7020  Virtex  Zynq 7035 Zynq 7045 Zynq Kria

ultrascale
FPGA boards

Figure 5. Number of clock cycles used in the dynamic tree selection-based Huffman encoder by FPGA
boards
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Througput of FPGA boards
® Throughput = (Mbit/s)
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Figure 6. Delay time in the dynamic tree selection-based Huffman encoder by FPGA boards
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Figure 7. Throughput of the dynamic tree selection-based Huffman encoder offered by FPGA boards

5. DISCUSSIONS ON RESULTS

Comparison between the proposed work and previous works on different FPGA boards is given.
The comparison involves Zyng 7020, Virtex Ultrascale, Zynq 7035, Zynq 7045, Zynq 7100, and Kria. The
communicating parameters are operating frequency, the number of utilized LUTs, the latency in detecting a
burst, which is described in terms of the number of cycles and the time it takes to be processed, and
Throughput. In terms of operating frequency, Matai and coworkers employed Zyng 7020 at 173 MHz, and
Elaskary R.M., et al. utilized the Virtex Ultrascale running at 250 MHz. Choi J et al. applied the 200 MHz
Zynqg 7035. In contrast, the present work utilizes high-end FPGAs—Zynq 7045 and Zynq 7100 (operating at
frequencies of 800 MHz and 1 GHz), with the Kria board running at 2.2 GHz—yproviding enhanced
processing potential. The use of LUTSs indicates the complexity and efficiency of the design. The Virtex
Ultrascale utilised a total of 42,052 LUTSs, much more than the Zynq 7020 (761 LUTSs) and Zynqg 7035 (624
LUTS). In our work, we are using Zyng 7045, Zynq 7100, and Kria boards, which utilize only 410 LUTs, 400
LUTs, and 360 LUTS, respectively. This demonstrates that the optimum utilization of logic was achieved,
even though the operating frequency is increased. The number of processing rounds also demonstrates
performance efficiency. The Zyng 7020 took 448 cycles, the Virtex Ultrascale achieved it in 256 cycles, and
the Zynq 7035 required just 64 cycles. It can be seen that all FPGAs in the proposed study required 64 cycles,
which confirms better processing efficiency. The processing time (in nanoseconds) also exhibits a remarkable
enhancement in the present work. The two board comparison showed a 2,590 ns processing time in the Zynq
7020 and 1,024 ns for the Virtex Ultrascale. The proposed solution, optimized for Zyng, achieves only 360
ns. In comparison, data was processed by the Zyng 7100, Zyng 7045, and Kria boards in 80 ns, 64 ns, and 29
ns, respectively, owing to their higher clock speeds and efficient designs. Throughput results also confirm
performance gains. The Zynq 7020 and Virtex Ultrascale achieved throughputs of approximately 2.3722
Ghit/s and 2.000 Ghit/s, respectively. In contrast, the Zynq 7035 performed at a peak of approximately 6.400
Ghit/s. The work presented achieved an outstandingly high Throughput (22,000 Mbit/s for Zynq, 10,000
Mbit/s for Zyng, and 8 G.Mb/s for Kria), making them appropriate for high-throughput data-intensive
applications.
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6. CONCLUSION

In this paper, a dynamic tree selection-based Huffman encoder is presented. In this paper, we
provide a comprehensive introduction to the concept of dynamic tree selection based on Dual Huffman
encoding. A Dual Huffman encoding algorithm based on dynamic tree selection is also implemented in
Digilent FPGA Zyng-7045, Zyng-7100, and Xilinx Kria KV260 Al vision boards. Compared to previous
FPGASs (Zynq 7020, Virtex UltraScale, and Zyng 7035), the operating frequency of Zyng 7045, Zynq 7100,
and Kria boards is found to be higher. LUT utilization is lower, the number of processing cycles is different,
processing times are faster, and Throughput is even better. All these innovations make the proposed FPGASs
highly suitable for modern, data-based applications that require fast processing and efficient handling of huge
amounts of data, as well as real-time performance. Utilizing these state-of-the-art FPGAs for the proposed
work demonstrates their ability to support innovation and improve performance in image processing.
Dynamic tree selection-based Dual Huffman encoder on Kria KV260 for high-speed image compression. To
the best of our knowledge, we achieve fast compression with ultra-low latency of 29 ns (achieving
Throughput of up to 22,000 Mbits/s) using a dynamic tree selection-based Dual Huffman encoder on the Krik
KV260.
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