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HARDWARE-SOFTWARE PLATFORM ARCHITECTURE FOR CLOUD COMPUTING
ACCELERATION USING FPGA

The increasing computational load in cloud infrastructures driven by large-scale data analytics
and machine-learning tasks requires efficient hardware acceleration solutions. This paper presents a
hybrid hardware—software architecture integrating FPGA-based accelerators into a cloud platform for
data-intensive and inference-driven applications. The proposed approach combines reconfigurable
hardware logic with containerized software environments, achieving 3—5 x improvement in performance
and up to a 40% reduction in energy consumption compared to CPU-based systems. Experimental
evaluation shows that the FPGA-enabled architecture provides scalable, low-latency execution suitable
for high-throughput workloads in modern data centers.

Keywords: FPGA, cloud computing, hardware acceleration, reconfigurable computing,
hardware—software co-design, machine learning.

Problem statement. Cloud computing has become the de facto paradigm for elastic and cost-
effective data processing. However, emerging workloads—deep neural network inference, stream
analytics, and high-throughput cryptography—exhibit limited scalability on conventional CPU
architectures [1-3]. Field-Programmable Gate Arrays (FPGAs) offer massive fine-grained parallelism
and reconfigurability, enabling domain-specific pipelines with high energy efficiency. Major cloud
vendors already expose FPGA instances; yet, the seamless integration of FPGA accelerators into a
generic, containerized cloud stack remains non-trivial due to orchestration, virtualization, and security
overheads.

This paper proposes a comprehensive hardware—software platform architecture for integrating
FPGA accelerators into Kubernetes-based clouds. We address bitstream management, runtime
scheduling, and RDMA-backed data movement to close the gap between application containers and
reconfigurable logic. We provide an experimental evaluation over matrix multiplication, CNN inference
(ResNet-50, batch=16), and AES-256 encryption showing 3—5x speed-ups and 35-45% power savings
[4].

Related Work. Research on cloud-scale hardware acceleration has progressed along three axes:
(i) FPGA virtualization fabrics enabling partial reconfiguration and multi-tenant sharing; (ii)
heterogeneous platforms coupling CPUs, GPUs, and FPGAs under a unified runtime; (iii) higher-level
programming models (OpenCL/HLS/Vitis) reducing development effort while preserving performance
portability. Microsoft Catapult and AWS F1 demonstrate production viability, while academic work
explores dynamic partial reconfiguration and runtime schedulers that minimize latency spikes. Despite
these advances, challenges persist in standardizing APIs for container orchestration and ensuring strong
isolation for security-sensitive workloads [5].

Hardware—Software Co-Design. The platform follows a co-design approach in which hardware
kernels and software services are co-optimized. A control plane manages bitstreams, admission control,
and QoS policies; a data plane enables high-throughput communication over PCle Gen4 with optional
RDMA; monitoring hooks export telemetry (power, temperature, and utilization) to a
Prometheus/Grafana stack for closed-loop control. Scheduling uses a weighted round-robin policy
parameterized by task priority, latency estimate, and transfer cost [6].

Scheduling score formula: Si = Wi/(Li+Ti), where W; is priority, L; is expected latency, and T; is
transferring overhead [7].

Proposed Architecture. The architecture comprises three layers. The virtualization layer
manages a pool of pre-compiled bitstreams mapped to kernels (matrix multiplication, AES, CNN
inference). The communication layer employs RDMA to bypass the host CPU during memory transfers,
reducing overhead. The management layer exposes REST/gRPC APIs for container-to-accelerator
binding, with admission control based on resource availability and QoS. Partial reconfiguration
multiplexes up to four kernels per FPGA while maintaining utilization under 80% [8].

Methodology and Experimental Setup. We evaluate a hybrid cluster comprising CPU-only and
FPGA-accelerated nodes under identical data and software conditions [9].
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Table 1 — Experimental environment (CPU vs FPGA nodes).

Parameter CPU Node FPGA Node
Processor Intel Xeon Silver 4214 (12 cores, 2.2 Xilinx Alveo U250
GHz)
Memory 128 GB DDR4 64 GB HBM2
Interconnect 10 GbE + PCle Gen4 x16 10 GbE + PCle Gen4 x16
OS Ubuntu 20.04 LTS Ubuntu 20.04 + XRT
Software Docker, Kubernetes, TensorFlow 2.12 Vitis 2023.1, Vivado 2023.1

Workloads include dense 10241024 matrix multiplication, ResNet-50 inference (batch=16), and
AES-256 encryption. Metrics: throughput (GOPS), latency (ms), power (W), efficiency (GOPS/W) [10].
Results and Performance Evaluation.

Table 2 — Performance comparison (GOPS) and speed-up.

Task CPU (GOPS) FPGA (GOPS) Speed-up (x)
Matrix Multiply 280 910 3.25
CNN Inference 150 610 4.07
AES Encryption 200 990 4.95

As shown in Fig. 1, FPGA-accelerated configurations outperform CPU baselines across all
workloads; the aggregate speed-up is summarized in Fig. 2. [11]. Energy-related metrics are depicted in
Fig. 3 and Fig. 4, illustrating lower power draw and higher GOPS/W for FPGA nodes versus CPU nodes
[12]. Resource saturation for the bitstream used in our experiments is reported in Fig. 5 [13].
Quantitative comparisons are reported in Table 2 (throughput and speed-up) and Table 3 (power and
efficiency gains) [14].

Performance Comparison: CPU vs FPGA
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Figure 1 — Performance comparison: CPU vs FPGA (higher is better).
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Figure 2 — Speed-up of FPGA over CPU across workloads.
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Power Consumption: CPU vs FPGA
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Figure 3 — Power consumption under representative workloads.

Energy Efficiency: CPU vs FPGA
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Figure 4 — Energy efficiency (GOPS/W) for CPU and FPGA.
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Figure 5 — FPGA resource utilization for the proposed design.

Table 3 — Power and energy efficiency.

Task CPU Power (W) | FPGA Power (W) Efficiency Gain (GOPS/W)
Matrix Multiply 120 70 5.57x
CNN Inference 140 85 6.70x
AES Encryption 130 75 8.58x

© Totosko O., Stukhliak D., Stukhliak P., Verbytskyy O.



"[IEPCIIEKTUBHI TEXHOJIOT'II TA IIPUJIAZIA". Jlyyvk, 2025. Bunyck Ne27 23

Discussion. Results confirm that FPGA acceleration significantly improves throughput and
energy efficiency versus CPU-only baselines, with the largest gains observed in highly parallelizable
kernels (encryption) and pipeline-friendly workloads (matrix multiplication). RDMA-based data
movement eliminates host CPU overhead during transfers, contributing to latency reductions.
Remaining challenges include long compile times for bitstreams and multi-tenant security isolation.
Adopting standardized APIs for orchestration (e.g., Kubernetes device plugins) and trusted partial
reconfiguration can mitigate these issues [15].

Conclusion and Future Work. We presented a hardware—software platform architecture for
integrating FPGA accelerators into containerized cloud systems. Our evaluation over representative
workloads demonstrates 3—5x performance improvement and up to 40% energy savings. Future work
involves Al-driven scheduling, fine-grained QoS across multi-FPGA clusters, and in-line security
monitoring IPs to strengthen tenant isolation [16].
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Torochko O. B., Cryxask . IL., Cryxask II. 1.
TepHOMiNbCHKUI HAllIOHATBHUN TEXHIYHUHA yHIBepcuTeT iMeHi [Bana [lymios

APXITEKTYPA AITAPATHO-ITPOT PAMHOI INIAT®OPMM JIJISI TIPUCKOPEHHS
XMAPHUX OBYUCJIEHDb 3 BUKOPUCTAHHAM FPGA

3pocmaioue obuuUcCTIO8ANLHE HABAHMANCEHHA 6 XMAPHUX IHGpACMPYKMypax, CHpuvuHeHe
6EUKOMACUMAOHUMU 3A80AHHAMYU AHANIZY OAHUX MA MAUWUHHO20 HABYAHHA, BUMALAE eDeKMUBHUX
piwens 011 anapamHuo20 npuckopents. Y yiti cmammi npeocmagieHo 2iOpuony anapamuo-npozpammy
apximexkmypy, wo inmezpye npuckoprogaui na 6aszi FPGA 6 xmapwny niamghopmy 011 000amkie, ujo
IHMEHCUBHO BUKOPUCMOBYIOMb Oani ma OA3yI0mbCsl HA BUCHOBKAX. 3anponoHo8anuti nioxio nocouye
PeKoH@icyposany anapamuy 102iky 3 KOHMeUHepHUMU NPOSPAMHUMU cepedosuyami, wo 3abesneuye
3-5-kpamue nioguwenns npodykmusHocmi ma 00 40% 3HUIICEHHS eHeP2OCNONCUBANHA NOPIGHAHO 3
cucmemamu Ha 6a3i CPU. Excnepumenmanvua oyiHka nokaszye, wo apximexkmypa Ha 60a3i FPGA
3abe3neyyc Macuimabosare GUKOHAHHS 3 HUZLKOI 3AMPUMKOIO, fKe Ni0Xo0umsv O0as podoyux
HABAHMAIICEHb 3 BUCOKOIO NPONYCKHOI 30aMHICMIO 8 CYYACHUX YEeHMPAax 00pOOKU OAHUX.

Knwuogi cnosa: FPGA, xmapui obuucnenws, anapamue npuckopeHHs, pexoupicyposani
00yUCTIen s, CRibHEe NPOEKMY8AHHS anapamno20 ma NPOSPAMHO20 3abe3nedents, MauuHHe HaGUaHHs.

Jata nepioro HaIxoXKEHHS Jlata npuitHATTS CTATTI Hara
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