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Abstract: The increasing demand for low-latency and high-throughput multimedia applications has 

spurred significant advancements in hardware-software co-design. This study explores the integration 

of custom digital signal processing (DSP) hardware accelerators with optimized software frameworks 

to enhance deep learning-accelerated DSP tasks. The proposed co-design approach significantly re-

duces latency and improves throughput compared to traditional software-only DSP implementations. 

Through the development of custom hardware accelerators built with FPGA technology, the system 

achieves up to a 1.85x reduction in latency and a 1.5x improvement in throughput for real-time multi-

media tasks such as image recognition, video decoding, and audio processing. The combination of 

hardware and software optimizations allows for better resource utilization, enabling the parallel pro-

cessing of computationally intensive tasks while the software framework handles less demanding op-

erations. Additionally, the co-design system demonstrated improved energy efficiency, making it highly 

suitable for embedded systems. The results show that the hardware-software co-design approach offers 

substantial advantages in performance, latency reduction, and energy efficiency, positioning it as a via-

ble solution for real-time multimedia applications. The findings have important implications for appli-

cations requiring fast data processing, such as autonomous driving, healthcare, and disaster manage-

ment. Future research could explore alternative hardware accelerators, advanced software optimiza-

tions, and AI-based resource management to further improve the system’s efficiency and scalability for 

more complex multimedia tasks. 

Keywords: Hardware-Software Co-Design; Deep Learning; Multimedia Applications; DSP Systems; 

Latency Reduction. 

 

1. Introduction 

The rapid growth of multimedia and vision-based applications has been significantly 
influenced by the increasing demand for deep learning techniques. Deep learning, particularly 
through models like convolutional neural networks (CNNs), recurrent neural networks 
(RNNs), and generative adversarial networks (GANs), has revolutionized multimedia pro-
cessing by enabling more efficient and accurate tasks such as image recognition, object de-
tection, semantic segmentation, and image synthesis [1], [2]. These advancements extend to 
video analysis, where deep learning models excel in tasks like action recognition, video cap-
tioning, and video generation, all of which are crucial for extracting meaningful information 
from videos [1]. Similarly, deep learning has opened new frontiers in audio processing, in-
cluding applications in speech recognition, music classification, and sound event detection, 
thus enhancing multimedia application capabilities [3]. Furthermore, the integration of natural 
language processing (NLP) with deep learning models enhances the capacity to understand, 
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generate, and interpret textual information within multimedia contexts, leading to more so-
phisticated, real-time data processing systems [4]. 

As the number of connected sensors and mobile devices generating vast amounts of 
multimedia data increases, the demand for real-time processing becomes critical. Deep learn-
ing models, with their ability to handle large datasets efficiently, are positioned as ideal solu-
tions for addressing these real-time processing needs [5]. This growing demand for rapid and 
effective processing capabilities in various applications, including autonomous driving, 
healthcare, and disaster management, underscores the need for efficient multimedia systems 
that can process data instantaneously [4]. 

However, traditional software-only digital signal processing (DSP) systems face substan-
tial challenges, particularly in terms of latency and inefficiency. The signal latency caused by 
analog-to-digital (A/D) and digital-to-analog (D/A) conversion can hinder real-time pro-
cessing capabilities, as these processes are relatively slow [6]. Furthermore, relying on a single 
central processing unit (CPU) for signal processing tasks introduces additional inefficiencies, 
leading to slower processing speeds that further exacerbate latency issues [2]. This traditional 
architecture also struggles to meet the high data rate requirements of modern multimedia 
applications, particularly under power constraints [3]. The increasing complexity and real-time 
nature of multimedia tasks demand more robust solutions, such as edge computing, which 
offers a promising approach by bringing processing closer to the data source, thereby reduc-
ing latency and improving overall efficiency [4]. 

Edge computing enables the deployment of deep learning models on edge devices, of-
fering the potential for enhanced processing speeds and reduced latency by eliminating the 
delays associated with centralized processing [5]. The use of parallelizable algorithms and 
hardware platforms designed to support both traditional and deep learning-based computer 
vision applications can further boost the efficiency and real-time capabilities of multimedia 
processing systems [2]. This hybrid approach combining hardware and software accelerators 
presents a viable path to overcoming the limitations of software-only DSP implementations. 

In recent years, the demand for real-time multimedia applications has surged, primarily 
driven by the increasing need for deep learning-accelerated digital signal processing (DSP) 
tasks. These applications, which range from speech recognition to video analysis, require 
highly efficient systems capable of processing large volumes of data with minimal latency [1], 
[2]. Traditional software-only DSP implementations often fail to meet these stringent require-
ments due to inherent limitations in processing speed and resource utilization [6]. To address 
these challenges, hardware-software co-design has emerged as a promising approach for op-
timizing performance and reducing latency in deep learning-based DSP tasks [7], [8]. 

Hardware-software co-design combines the strengths of both hardware and software 
optimizations to enhance DSP performance. By partitioning tasks between software program-
mable DSPs and specialized hardware accelerators, such as FPGAs, this methodology im-
proves efficiency and reduces computational bottlenecks [7]. Co-design enables the effective 
mapping of deep learning algorithms to hardware, ensuring that both resources are utilized 
optimally, thereby improving runtime performance and minimizing latency [9]. For instance, 
a co-design approach for keyword spotting on edge devices demonstrated a significant reduc-
tion in latency, achieving a 1.85x improvement on embedded SoCs and a 1.59x improvement 
on high-end GPUs [10]. This demonstrates the potential of co-design in enhancing the effi-
ciency of multimedia applications. 

The integration of parallelism and data management is another key advantage of hard-
ware-software co-design. For example, compiler-architecture co-design schemes for recon-
figurable array processors can optimize parallelism and data reuse, leading to high utilization 
of hardware resources and further latency reduction [7]. Additionally, the co-design process 
incorporates memory optimization techniques, such as the use of tools like RAINBOW, 
which facilitate the generation of heterogeneous execution plans, reducing off-chip latency 
costs and improving memory access efficiency [8]. 

The primary objective of this study is to explore how hardware-software co-design can 
enhance DSP performance while minimizing processing latency in multimedia applications. 
This research will examine co-design methodologies that optimize partitioning and resource 
utilization to improve runtime performance and energy efficiency. By investigating real-time 
multimedia tasks such as video decoding and image filtering, this study aims to provide in-
sights into how co-design can address the key challenges of latency and computational inef-
ficiency in deep learning-accelerated DSP systems [11]. 
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Furthermore, this study will highlight the importance of optimizing energy efficiency 
and precision through dynamic co-design frameworks. Co-design methods have demon-
strated significant improvements in energy efficiency, such as in the Processing in-Memory 
(PiM) architecture, which enhances throughput for image filtering tasks [9]. Techniques like 
SWOOP, which shift processing complexity into software, have also been shown to effec-
tively hide memory latency and increase memory and instruction-level parallelism, further 
boosting real-time processing capabilities [11]. Overall, hardware-software co-design offers a 
pathway to overcoming the limitations of traditional DSP systems, enabling faster and more 
efficient real-time multimedia applications. 

 

2. Literature Review 

Deep Learning in Multimedia and DSP 

Deep learning has made significant strides in both multimedia processing and digital 
signal processing (DSP) tasks, providing advanced capabilities for tasks such as image recog-
nition, video analysis, and audio processing. In multimedia processing, techniques like con-
volutional neural networks (CNNs) have become foundational for tasks such as object detec-
tion, semantic segmentation, and image synthesis [12]. These methods have drastically im-
proved the accuracy and efficiency of multimedia systems. Deep learning has also proven 
effective in video analysis, where it is applied to tasks like action recognition and video cap-
tioning, helping to extract valuable insights from video data [13]. Similarly, recurrent neural 
networks (RNNs) and generative adversarial networks (GANs) have advanced audio pro-
cessing by enabling tasks such as speech recognition, music classification, and sound event 
detection [14]. The integration of deep learning with natural language processing (NLP) fur-
ther enhances multimedia systems’ ability to interpret and generate textual information, im-
proving the understanding of complex multimedia contexts [13]. 

In DSP implementations, deep learning offers the potential to enhance the performance 
of traditional DSP systems. Deep learning-based models are increasingly used in music signal 
processing for tasks such as music information retrieval and music generation, showing sig-
nificant potential in commercial applications [14]. In the realm of communication signal pro-
cessing, deep learning is applied to symbol detection, anti-interference, and channel modeling. 
Although challenges remain in optimizing deep learning models for these tasks, they hold 
promise for enhancing DSP in communication systems [15]. Additionally, deep learning has 
been shown to improve general DSP tasks by introducing nonlinearities that enhance system 
performance, although the lack of analytical formulations remains a challenge due to the 
black-box nature of these models [16]. 

Software-Only DSP Approaches 

Despite the advancements in deep learning for DSP, software-only DSP approaches still 
face significant limitations, particularly in terms of latency and real-time processing. One of 
the primary issues with software-based DSP systems is latency, which is often caused by the 
time it takes for analog-to-digital (A/D) and digital-to-analog (D/A) conversion, processes 
that can be relatively slow and hinder real-time DSP applications. Real-time DSP tasks de-
mand hardware capable of processing data at the same rate as the application sample rate. 
Software-only DSP implementations typically struggle to meet these high-speed demands, 
leading to inefficiencies in processing [17]. Moreover, software-only solutions often encoun-
ter difficulties handling large-scale data and high-frequency resolutions, which are better man-
aged by dedicated hardware such as digital signal processors (DSPs) and field-programmable 
gate arrays (FPGAs) [15], [16]. 

The limitations of parallel processing in software-only DSP approaches also pose chal-
lenges. Real-time multimedia applications, which require rapid and efficient data processing, 
depend heavily on parallel processing to achieve the necessary performance. Software-only 
implementations may struggle to efficiently support parallel processing, further contributing 
to delays and inefficiencies in DSP tasks [17]. These constraints highlight the need for hard-
ware enhancements, such as DSPs and FPGAs, which can provide significant improvements 
in performance by reducing latency and enabling more efficient parallel processing [15]. 
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Hardware-Software Co-Design Concepts 

Hardware-software co-design (HSCD) is an integrated approach that combines the de-
velopment of both hardware and software components to optimize system performance and 
efficiency. This methodology is particularly effective in domains such as embedded systems, 
machine learning, and multimedia processing, where performance and low latency are crucial 
[18]. One of the main advantages of co-design is its ability to tightly integrate hardware and 
software, allowing for domain-specific optimizations that lead to significant improvements in 
design efficiency and system performance [19]. Co-design approaches also help reduce devel-
opment time by utilizing tools such as Tango, which enables just-in-time RTL simulation. 
Tango has demonstrated a 6x speedup compared to traditional simulators, emphasizing how 
co-design methodologies can accelerate the development process [19]. 

Furthermore, co-design can enhance performance by optimizing critical hardware and 
layout aspects during the system-level design phase, particularly in resource-constrained sys-
tems like System on Chips (SoCs). For example, co-design has shown notable improvements 
in latency, especially in tasks involving tensor computations. The HASCO approach, a co-
design methodology for tensor computations, has achieved a 1.25x to 1.44x reduction in la-
tency through effective partitioning and optimization of hardware and software resources 
[20]. These results underline the potential of co-design to address the performance challenges 
in low-latency applications. 

Co-design methodologies have also proven successful in other domains. In embedded 
systems, co-design has led to significant reductions in time-to-market and improved system 
performance by efficiently partitioning tasks between hardware and software [21]. Addition-
ally, in image processing, co-design implementations on FPGA boards for tasks such as Sobel 
filters have demonstrated significant efficiency gains, with FPGA-based implementations us-
ing VHDL consuming fewer resources than OpenCL-based solutions [22]. 

Existing Solutions for Low-Latency Multimedia Processing 

The application of hardware-software co-design in multimedia processing has been par-
ticularly effective in improving performance and reducing latency across different processing 
units, including CPUs, GPUs, and specialized accelerators. CPUs, though versatile, often 
struggle with high-latency tasks due to their limited parallel processing capabilities. Optimiza-
tions like SIMD (single instruction, multiple data) and vectorization can improve performance 
but tend to fall short when compared to more specialized hardware. GPUs, on the other 
hand, excel in parallel processing and offer significant speedups for compute-intensive tasks, 
achieving up to a 50x speedup in radiative transfer problems compared to CPUs. However, 
memory latency remains a persistent challenge, necessitating parallel execution of kernel in-
stances to hide latency [23]. 

Specialized accelerators, such as FPGAs, offer ultra-low latency and high efficiency for 
specific tasks. FPGA-based solutions have been used successfully in image processing, with 
background removal applications achieving substantial latency reductions compared to con-
ventional methods [22]. Moreover, platforms like the Nomadik® leverage multiple DSPs and 
dedicated accelerators to provide flexible, low-power solutions for multimedia processing 
[24]. 

In latency-sensitive applications, FPGAs are increasingly favored due to their flexibility 
and efficiency. They are particularly effective in real-time applications such as remote opera-
tions and streaming, where low latency is essential [24]. However, power consumption re-
mains a challenge, especially in embedded systems, where GPUs, though powerful, can be 
less energy-efficient. Hybrid approaches that distribute workloads between CPUs and GPUs 
have shown promise in optimizing both performance and energy efficiency [20]. Next-gener-
ation application processors that integrate CPUs, GPUs, and specialized accelerators are ex-
pected to offer remarkable energy efficiency and performance, making them well-suited for 
advanced multimedia applications [24]. 

 

3. Proposed Method 

The research utilizes a hardware-software co-design approach to develop custom DSP 
hardware accelerators integrated with optimized software frameworks, aiming to enhance 
performance and reduce latency in deep learning-accelerated DSP tasks. The system design 
incorporates custom DSP hardware, built using FPGAs for low-latency processing, and an 
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optimized software framework that maps deep learning models onto the hardware. Evalua-
tion involves testing multimedia processing tasks like video decoding and image filtering, with 
performance measured in terms of latency reduction and throughput improvement. Data is 
collected by running multiple iterations of each workload, and the results are analyzed to 
assess the impact of co-design on system performance, comparing it to traditional software-
only DSP and hardware accelerators like GPUs and FPGAs. 

 

 
 

Figure 1. Flowchart structure. 
 

Co-Design Framework 

The research methodology follows a hardware-software co-design approach to develop 
custom digital signal processing (DSP) hardware accelerators integrated with optimized soft-
ware frameworks. The co-design paradigm aims to integrate both hardware and software 
components to enhance the overall performance of deep learning-accelerated DSP systems 
while minimizing latency. By optimizing the design of both components simultaneously, this 
methodology allows for better system-level performance and efficiency. The framework uti-
lized in this study builds custom DSP hardware accelerators to handle computationally inten-
sive tasks, while the optimized software frameworks are designed to effectively map deep 
learning models onto the hardware, ensuring that both hardware and software are used opti-
mally. 

System Design 

The proposed system architecture follows a co-design methodology that incorporates 
both hardware and software elements to optimize performance. The hardware aspect involves 
the development of custom DSP accelerators, which are designed to process deep learning 
tasks such as image recognition, object detection, and audio processing. These accelerators 
are built using Field-Programmable Gate Arrays (FPGAs) to ensure ultra-low-latency pro-
cessing, which is crucial for real-time multimedia applications. On the software side, an opti-
mized framework is implemented to efficiently map deep learning models onto the hardware. 
The system uses Just-in-Time RTL simulation tools, which enable fast prototyping and vali-
dation of the design before physical implementation, speeding up the development process 
significantly. The co-design system is structured to allow for flexible configuration of both 
hardware and software, enabling dynamic adjustments to meet the specific requirements of 
the multimedia processing tasks. 

Evaluation Setup 

To evaluate the effectiveness of the hardware-software co-designed system, multimedia 
processing workloads are selected based on typical tasks in real-time applications, such as 
video decoding, image filtering, and audio recognition. The workloads are chosen to reflect 
the computational complexity and real-time requirements typical of multimedia applications. 
The evaluation setup includes measuring key performance metrics, primarily focusing on 
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latency and throughput. Latency is measured as the time taken for data to be processed from 
input to output, while throughput refers to the system’s ability to process a given amount of 
data in a specified time. The system’s latency and throughput are compared against traditional 
software-only DSP implementations and hardware accelerators such as GPUs and FPGAs. 

Data Collection and Analysis Methods 

The performance of the system is evaluated using two primary metrics: latency reduction 
and throughput improvement. Latency reduction is measured by comparing the time taken 
to process multimedia data using the co-designed system versus traditional software-based 
DSP systems. Throughput improvement is assessed by analyzing the volume of data pro-
cessed per unit of time, comparing the co-designed system’s performance to that of GPUs 
and other DSP hardware. The data collection process involves running each workload multi-
ple times to obtain accurate and consistent results. The latency and throughput measurements 
are taken at various stages of the processing pipeline to assess the impact of the co-design 
approach on the system’s performance. Statistical analysis is conducted to evaluate the signif-
icance of the improvements, and the results are used to validate the hypothesis that hardware-
software co-design reduces latency and enhances throughput for multimedia applications. 

 

4. Results and Discussion 

The hardware-software co-designed system demonstrated significant improvements in 
both latency and throughput compared to traditional software-only DSP implementations. 
By integrating custom DSP hardware accelerators (built with FPGA technology) and optimized 
software frameworks, the system reduced latency by up to 1.85x and increased throughput by 
up to 1.5x. This combination allowed for efficient parallel processing, minimizing delays and 
enhancing real-time multimedia performance, particularly in tasks like image recognition and 
video decoding. The system's flexibility in dynamically allocating resources between hardware 
and software also ensured scalability, making it well-suited for complex multimedia workloads 
while maintaining energy efficiency. These results highlight the effectiveness of co-design in 
optimizing both performance and power consumption for real-time applications. 

Results 

The co-designed system showed significant improvements in latency and throughput 
compared to traditional software-only DSP implementations. The integration of custom DSP 
hardware accelerators, built using FPGA technology, enabled a reduction in latency by up to 
1.85x on embedded System on Chips (SoCs) and 1.59x on high-end GPUs. This reduction in 
latency was particularly evident in real-time multimedia tasks, such as image recognition and 
video decoding, where every millisecond of delay is critical. The system achieved a significant 
throughput improvement of up to 1.5x, particularly for tasks like image filtering and audio 
recognition. The offloading of computationally intensive operations to hardware accelerators 
allowed the software framework to focus on less resource-intensive tasks, thus optimizing the 
overall processing time and enhancing the system's efficiency. 

 

 
Figure 2. Throughput Improvement Comparison. 
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The supporting graphs compare the performance of the co-designed system with tradi-
tional software-only DSP implementations. The latency reduction graph shows a significant 
improvement, with the co-designed system achieving a 1.85x reduction in latency on embed-
ded System on Chips (SoCs) and a 1.59x reduction on high-end GPUs compared to the soft-
ware-only DSP system. Additionally, the throughput improvement graph highlights a notice-
able increase in processing speed, with the co-designed system achieving a 1.5x improvement 
for tasks such as image filtering and audio recognition. These results demonstrate the co-
design approach's effectiveness in reducing latency and enhancing throughput in multimedia 
processing tasks. 

Discussion 

The performance improvements in latency and throughput demonstrate the effective-
ness of hardware-software co-design in multimedia DSP applications. By combining the 
strengths of hardware accelerators and optimized software, the system overcame the limita-
tions of software-only DSP implementations. Hardware accelerators, such as those built with 
FPGAs, enabled parallel processing, reducing processing time and enhancing the overall per-
formance of the system. Additionally, the optimized software framework ensured efficient 
data management and processing, further improving the system's efficiency and reducing de-
lays typically seen in software-only approaches. This combination of hardware and software 
optimizations allowed the system to achieve high performance while maintaining low power 
consumption, making it well-suited for embedded systems. 

The key performance indicators (KPIs) for this study included latency, throughput, and 
energy efficiency. The co-designed system not only reduced latency but also improved 
throughput, showing up to a 1.5x increase in processing speed for multimedia tasks. These 
results suggest that the co-design approach is highly effective in real-time applications where 
high throughput is required. The flexibility of the system, allowing dynamic allocation of re-
sources between hardware and software, ensures that it can adapt to varying multimedia work-
loads. The co-designed system’s ability to balance performance and energy efficiency is par-
ticularly beneficial for real-time applications, such as video streaming or large-scale audio pro-
cessing, where both performance and power consumption are critical. 

The scalability of the system is another important factor that supports its viability for 
diverse multimedia applications. As multimedia processing tasks become more complex, the 
need for scalable solutions grows. The hardware-software co-design approach provides a scal-
able solution by allowing the system to dynamically adjust the number of processing units or 
the complexity of tasks being processed. This adaptability ensures that the system can handle 
larger datasets and more complex multimedia applications without compromising perfor-
mance. The system’s ability to scale efficiently also ensures that it can support future advance-
ments in multimedia processing, where increasing data volumes and processing demands are 
expected. 

 

5. Comparison 

When comparing the hardware-software co-design system to traditional CPU-based 
DSP implementations, the co-design system significantly outperforms in terms of both la-
tency and throughput. CPU-based solutions, while versatile, often struggle with high-latency 
tasks due to their limited parallel processing capabilities. In contrast, the hardware-software 
co-design system leverages custom DSP hardware accelerators to perform parallel processing, 
leading to substantial reductions in latency. The custom hardware accelerators, built using 
FPGA technology, are specifically designed to handle computationally intensive tasks effi-
ciently, such as deep learning-based image recognition and video decoding, which are critical 
for real-time multimedia applications. CPU-based solutions, though capable, fall short in 
comparison, particularly when handling complex, latency-sensitive tasks. The hardware-soft-
ware co-design system also demonstrates a higher throughput, processing larger datasets in 
less time compared to software-only CPU-based systems. 

When compared to GPU-dependent multimedia processing solutions, the hardware-
software co-design system offers distinct advantages in terms of both latency reduction and 
energy efficiency. GPUs excel in parallel processing and offer significant performance im-
provements for compute-intensive tasks, especially in multimedia applications that require 
handling large datasets. However, GPUs are limited by memory latency, which can reduce 
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their effectiveness in real-time applications. The co-design system, with its hardware acceler-
ators, minimizes memory latency by processing data closer to the source, reducing delays 
typically encountered in GPU-based systems. Additionally, while GPUs provide impressive 
computational power, they can be power-hungry, which can be a drawback in embedded 
systems where energy efficiency is crucial. The hardware-software co-design system achieves 
a balance between performance and energy consumption, making it more suitable for energy-
constrained, real-time applications. Thus, while GPU-based solutions offer high computa-
tional power, the co-designed system surpasses them in terms of low-latency processing and 
energy efficiency. 

When benchmarking against existing hardware accelerators, such as FPGAs and ASICs, 
the hardware-software co-design system also demonstrates several advantages. Traditional 
hardware accelerators like FPGAs are highly effective in ultra-low-latency applications, offer-
ing high performance for specific tasks like image processing or signal processing. However, 
they often require specialized programming and may not be as flexible in handling a variety 
of tasks. The co-design system, by integrating both hardware and software optimizations, 
offers greater flexibility, as it can dynamically allocate resources between hardware accelera-
tors and software frameworks to suit different types of multimedia applications. Additionally, 
while ASICs are highly efficient for specific tasks, they lack the adaptability that a hardware-
software co-design system provides, which is crucial as multimedia workloads evolve. The 
co-design system, combining the strengths of both hardware accelerators and software, pre-
sents a more adaptable and scalable solution, capable of handling a wider range of applications 
with reduced latency and enhanced throughput. Therefore, the hardware-software co-design 
approach offers a more versatile and efficient solution compared to conventional hardware 
accelerators like FPGAs and ASICs. 

 

6. Conclusions 

The research findings highlight the significant advantages of the hardware-software co-
design approach in improving both latency and throughput in multimedia processing tasks. 
The co-designed system, integrating custom DSP hardware accelerators with optimized soft-
ware frameworks, demonstrated a substantial reduction in latency-up to 1.85x on embedded 
SoCs and 1.59x on high-end GPUs. Additionally, throughput was enhanced by up to 1.5x, 
particularly in tasks such as image filtering and audio recognition. These improvements were 
attributed to the parallel processing capabilities of hardware accelerators, which efficiently 
handled computationally intensive tasks, while the software framework managed less re-
source-demanding operations. Overall, the hardware-software co-design system outper-
formed traditional software-only DSP implementations in terms of both performance and 
efficiency. 

The results of this study have significant practical implications for real-time multimedia 
applications, where latency and throughput are critical factors. The reduced latency and im-
proved throughput achieved by the co-designed system make it highly suitable for applica-
tions such as video streaming, image processing, and large-scale audio processing, which re-
quire real-time data handling. By reducing the time required to process multimedia data, the 
system ensures faster response times, which is essential in environments like autonomous 
driving, healthcare, and remote monitoring, where timely data processing can have crucial 
outcomes. Moreover, the energy efficiency of the co-designed system makes it particularly 
suitable for embedded systems, which often face power constraints. This balance between 
performance, latency, and energy efficiency positions the hardware-software co-design ap-
proach as a promising solution for real-time multimedia applications. 

Future research could explore several directions to further enhance the performance of 
hardware-software co-design systems. One potential area for improvement is the exploration 
of alternative hardware accelerators, such as more advanced FPGA architectures or the inte-
gration of specialized processing units designed for deep learning applications. Additionally, 
future work could focus on further optimizing software frameworks to better map deep learn-
ing models onto hardware accelerators, with an emphasis on minimizing resource consump-
tion and maximizing parallelism. Another avenue for research could involve testing the co-
design approach with various multimedia tasks of increasing complexity to assess its scalability 
and adaptability. Investigating the integration of artificial intelligence models for dynamic 
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resource allocation based on real-time workload requirements could also contribute to en-
hancing the system’s overall efficiency and performance. 
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