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Heterogeneous Computing
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It enhances computational
performance by accelerating
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processing, artificial
intelligence, and scientific
simulations through
specialized hardware.
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Evolution of Heterogeneous Computing

GPU NVIDIA, NV1, 3D graphics,
parallel shaders, GeForce 256
games, intensive graphics,

Python: TensorFlow, PyTorch,
NumPy. Complex Heterogeneity:
FPGA, networking, cryptography.
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Distributed Computing

A model in which multiple nodes work together in a coordinated manner to solve a

problem, sharing resources to improve performance, scalability, and fault tolerance.

Distributed computing in clusters is a
data processing approach that uses a
set of interconnected nodes to work
together as if they were a single
machine.
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Application of Heterogeneous Computing in Simulation
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What is a FPGA

An FPGA (Field-Programmable Gate Array) is an integrated circuit that can be programmed after
manufacturing

Allows designers to configure hardware behavior

1/0 Blocks instead of just running software
i || L] _ ) :
Made up of logic blocks, configurable interconnects,
(1B (1B (LB (1B and I/O blocks
] [ ]
(LB (LB (LB (1B Common Uses:
E - e Digital signal processing (DSP)
(1B (LB (LB (1B ® Embedded systems
- - e Hardware prototyping
lI'\\ e Al and high-performance computing
(LB (LB (LB (LB \ Key Advantage: Maynor Ballina
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What is a SoC-FPGA

An System on Chip FPGA (SoC FPGA) combines, a traditional FPGA fabric and a processor (CPU)
on the same chip.

i Tight integration between hardware (FPGA) and software

Processing System

Flash Controller NOR, NAND, Multiport DRAM Controller ( C P U ) .

SRAM, Quad SP1 DDR3, DDR3L, DDR2
Faster communication compared to separate components.

= -
SP1

é‘c Lower power consumption and smaller size.

H MPCore

. oan . NEON™ SIMD and FPU |  NEON™ SIMD and FPU
x

PI0

I:LI Typical Components:
= i o = ® ARM processor
K i ¥ e Memory controllers
i i . e e Peripherals (USB, Ethernet, etc.)

=
g
8
g
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Use Cases:

AXI Ports AXI Ports

2¢ ADC, Mux Programmable Logic
Thermal Sensor (System Gates, DSP, RAM)
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What is a MPSoC-FPGA

An Multi-Processor System-on-Chip (MPSoC FPGA) is an advanced version of SoC FPGA with a
Multiple processors (multi-core CPUs) and a FPGA programmable logic.

Processing System

Application Processing Unit
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Block RAM
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High-Performance HP I/O
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UltraRAM

Voltage/Temp Timers,
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Clocking & Debug

TrustZone

High-Speed Connectivity ‘
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Connectivity
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GigE
USB 2.0
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Combines multi-core processing + programmable
hardware

Supports high-performance computing tasks

Can include CPUs, GPUs, and specialized accelerators

Advantages:

e Handles complex workloads
e Enables hardware/software co-design at scale
e Optimized for performance, power, and flexibility

Use Cases:
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High-speed high-density connector

Hyper-FPGA node

A System on Module (SoM) is a small, ready-to-use embedded computer

High-speed high-density connector

High-speed high-density connector

Typical Components:

System-on-Module (Zynqg UltraScale+ MPSoC-FPGA)

Processor (CPU / FPGA / MPSoC)
Memory (RAM, Flash)

Power management
Communication interfaces

CPU: Quad Arm Cortex, Dual Arm Cortex
GPU: ARM Mali 400 MP2

FPGA: ZU4EG

2 or 4 GB RAM
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The HyperFPGA Cluster

MPSoC-FPGA-based experimental cluster
for scientific computing.

e 16 Nodes

e Zyng UltraScale+ MPSoC with APU,
RPU, GPU.

® Flexible Network, HP, HD, GTH, MIO,
Ethernet.

e Debian OS

e Power Monitoring
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Development Workflow

Hardware definition: Vivado Vivado
Board support package SoCFPGA ; Q
ComBlock as abstraction layer ARMAS3 | [ FPGA \‘ "
roject Files
between CPU and user logic Custom “xsa M XSA2Bitpy |  “bitbin,
BSP ComBlock bootgen, xsct * dtbo
Middleware: XSA2Bit r——
Generate device tree overlay from
an XSA and compile sources £
JupyterHUB JupyterLab
M a nage me nt: J u pyte r H u b User home folder SCP wrapper based on asyncssh
Authent|cat|0n b— bitstreams/ I-L:zngst s
. | L. *.bit.bin, *.dtbo

Organized storage | > [fogauti

p— comblock_drivers/ L— configuration of FPGA and device tree

| L. development and debugging

| IPython Parallel
Progra mm i ng: _] u pyte r La b — nodes.json L— instantiation and control of clusters Maynor Ballina
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The HyperFPGA Cluster Management

Infrastructure as Code (laC).
JupyterHub & Microservices for multi-user access.
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Remote Access to the Cluster

Practical experience with heterogeneous computing, facilitated by Jupyter Hub
and Python programming.

. ]UD‘G:.:‘ User
e https and websocket gm—- SR
¥ authentication

i

: File Edit View Run Kernel Tabs Settings Help

+ c [ 01-Tutorial_configuration.ipy X | +
+ X O [ » m C » Markdown v

‘ Filter file Q | « print_state(): Displays the metadata for each node.
1 - / . . . . .
u 2 S Load nodes config file into a Python dictionary
= ame - odifie
To set up and load data from a JSON file in Python, you need to use the get_nodes()

HyperFPGA Cluster % ™ hyperfpga_conf 3mo ago

8 scratch 3m6 ago nodes = get_nodes()

- } nodes.json 2mo ago Assigned Nodes:
|
!
|

node: €
model: 4
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Remote Access to the Cluster

https://hyperfpga.sti.ictp.it

Username:

Password:
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Development Workflow - Vivado
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Development Workflow - Vivado

inference_0

|+ apctri

P ap_start
= input_r Viis™ HLS
=+ IAp T ’ result_ap_vid =

P input_r_TVALID
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Development Workflow - Vivado

rst_ps8_0_299M

slowest_sync_ck
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Broad spectrum of computational tasks

A

Parallel

HPC BASICS
IPYPARALLEL
MPI
SSH

r

Heterogeneous

OVERLAYS
CPU-FPGA

o

Accelerators

HLS
HLS4ML

B
-

Distributed

REPLICATE
COMPLEMENT
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Dynamic platforms for interaction with FPGA

C

lusters

Collaboration with the Politecnico di Torino.

Fault Evaluation of Complex IC Designs using
Hyperscale Computing

The workflow was evaluated on a set of IC design
benchmarks, demonstrating practical usability and

significant speedup in fault injection
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Methodology for profiling computing problems on

heterogeneous edge devices.

e Definition of a methodology in the context of computing problems.
e Testing of parallel and distributed implementations of the same algorithms.

PHASE 1: ANALYSIS PHASE 2: HARDWARE PARTITIONING

| CPU

Serial / Control Logic

Workload
Profiling cpy DataParallelism (SIMT)
Identify Massive Floating Point & Dense N
bottlenecks &

characterize
compute intensity

VS. memory

bandwidth.

Streaming / Custom Logic

| FPGA

0
1
2

0OS Management & Complex Branching

g

Matrices

HLS Optimization & Bit-level Manipulation

Algorithm
CSR
ELL
Ccoo

PHASE 3: INTEGRATION

8

System Co-
Design
Interconnect (AXI/
PCle) & Memory
Management.

PHASE 4: VALIDATION

©
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Memory Usage (CSR, ELL, COO
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True Label

True Label

ML compression techniques and validation thought parallel
testing
* Profile and Test different compression techniques on a machine learning model.

* Deploy different models on a distributed cluster.
e Test and validations on parallel, reducing time.
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Validation of communication protocols for data intensive
computing problems

* Test different communication protocol thought different ports.
* Implementation of distributed architectures.
» Split of large computational models.

Settings  Help

jupyter-mballinaadm@Hypei X 01-Tutorial_configuration.ipy X agents_com_test.ipynb X gmarl_testipynb

B + X O 0O » m C » cCode 2
arge_uis e Gnan_xey
i (len(avgl)):
avgl_arr[i dec2fixed(avgl[i],4,
avg2 arr[i dec2fixed(avg2[il,4,

plt. (figsize-(19,6))

plt. (avgl_arr, label )
plt. (avg2_arr, label-"Agent 2")
plt. (avgl_arr + avg2 _arr, label
plt. ("Age earning
plt. (loc
plt. (“Ite
plt.
plt.
plt.
Agents Learning in Competitive Quantum Games

10

8
=
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i
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Education and collaborative projects

g _ Distributed
v/ From Algorithm to )
. computing
Hardware: Machine
Learning in Heterogeneous
computing
Embedded Systems. .
v Het Fault Injection
© eroseneous simulation
computing. Data driven ML
v HPC fundamentals Srchitectures
g J

4 /'

Used in 3 courses with over 150 students across different countries and 7 different collaborative projects.
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Conclusion:
Why is heterogeneous computing necessary?

Performance Optimization: GPUs excel at massive parallel processing, while CPUs are better
suited for complex sequential and control tasks. FPGAs allow for specific customization of
critical tasks and real-time optimizations.

Energy Efficiency: Some accelerators, such as FPGAs, are more energy-efficient than CPUs or
GPUs, which is crucial for simulations requiring extensive computational resources over long
periods.

Scalability: Accelerators enable simulations to run efficiently at larger scales. Without
heterogeneous computing, some simulations requiring real-time data processing or massive
scale would be unfeasible.

Latency Reduction: In certain problems, such as those needing real-time simulations or
immediate feedback, FPGAs and other accelerators can significantly reduce system latency.
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