Hardware Accelerators for Space Applications

Presenter:-Lucana Santos, with contributions from TEC-EDM
EDHPC, Elche, 13/10/2025
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Introduction Eesa

* Overview of solutions to accelerate algorithms in space by parallelization

* |dentification of challenges and potential solutions.

NB: Wide topic, presentation is more qualitative than quantitative — details in
the sources/bibliographic references
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Why Accelerators?

Single core Multi core Heterogeneous
| g
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50 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten

New plot and data collected for 2010-2021 by K. Rupp
Local memory - P - Processor ALU Interconnect External IfF
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Hardware Accelerators

XILINX. Generic
VERSAL..

XCVC1902 % PO AT =  Instruction Set Extensions

* Processing in Memory (PIM)
« Systolic Arrays
* Vector Processor

» Graphics Processing Units (GPUs)
* Video Processing Units (VPUs)

* Digital Signal Processors (DSPs)

» Tensor Processing Unit (TPUs)

QDSP « Al Engine

TMS . :
390LF2407 APGEA Neuromorphic Processor

CA-8BATIQW
e

» Dedicated cores: GNSS, Image/video compressor, encryption

4

I e I E S =Y o B B SEIEE = i oum im 4] 3 THE EUROPEAN SPACE AGENCY




Parallel Computation Paradigm (Flynn’s Taxonomy) Eecsa

SISD Instruction pool MISD Instruction pool ol
- Array processor or vector processor
AKA SIMT. Each PU has its own
_ independent memory and register file
E S
=]
= [pyl ;IPUﬂ—_L'PU‘—
E =
- Pipelined processor
Data is read from a central resource,
_ fragmented and processed by the PU to
MIMD [ Instruction Pool SIMD s tay chioninoo) then store results in the same central
resource.
—|PU|— —|PU| — |PYI
= 5 - Associative processor
Sl—[puld Lfpuld A|l——|pul- AKA predicated SIMD, PU can make an
independent decision based on local data.
—|PU|— —=|PU|- ———|PU|
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Heterogeneous Computing: Hardware Accelerators Eesa

* Multicore Systems with accelerators (GPU/ Al Core/ eFPGA) and ISA extensions (vector, packed).

 FPGA with hard IPs (GPU/ Al Core/ Multicore processor).

- GPGPU
| N N

Local memory Processor

Programmable
logic

Interconnect

External I/F
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Heterogeneous Computing: Hardware Accelerators Eesa

* Multicore Systems with accelerators (GPU/ Al Core/ eFPGA) and ISA extensions (vector, packed).
 FPGA with hard IPs (GPU/ Al Core/ Multicore processor).
- GPGPU
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Heterogeneous Computing: Hardware Accelerators Eesa

Local memory Processor

Shared memory ALU

Programmable
logic

Interconnect

External I/F
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Eesa

Heterogeneous Computing: Hardware Accelerators

* Multicore Systems with accelerators (GPU/ Al Core/ eFPGA) and ISA extensions (vector, packed).
 FPGA with hard IPs (GPU/ Al Core/ Multicore processor).
- GPGPU

NanoXplore NG-ULTRA Xilinx Versal XQR

NX

@ ultra

NanoXplore

Rad-hard Microprocessor Subsystem

Clock & Reset

Boot SpaceWire
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CoreLink™ NIC-400 Network Interconnect
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Heterogeneous Computing: Hardware Accelerators Eesa

Local memory Processor

Shared memory ALU

logic |

FIEEEITITEIG Interconnect | | | | | | : :|
]

External I/F
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Tighly vs Loosely Coupled Accelerator

Accelerator
Instruc — Fetch CPU Private d
s rivate data memory
tions | Accelerator
Dec Logic
Ctrl
I memaory
Exe _l I
|
L . Status reg.
Data Mem Reg File Accelerator DMA
[ interface Ctrl
Mode reg.
Write
ﬁ Interconnect
Loosely coupled
Instruc — Fetch
tions |
Accelera
Dec tor Logic
|
Exe _I
|
Data T Mem Reg File
|
Write CPU

Tightly coupled
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Software Ecosystem

Software ecosystem is key to ensure efficient use of HW Al Inference Flow
accelerators. i | © e

TS Do i P"e.l;:::ss‘mg ]
. . ) . | | ‘®
SImU|atorS’ ObJeCt tOO|Cha|n, debugger, Compllers and ||brarles, R o G |
Model Execution Prediction

bootloaders, monitors... T seenten

...and it increases in complexity! et rasrien

GPU Programming Models OpenMP Stack Open Neural Network

| : ge ( )
Programming =
Approaches P . @
L ppropin” Easily :;;:'e'“e Maximum Flexibility >
( Nsight IDE CUDA-GDB ) X Envi t
. i - = i i - nvironmen
Development ) Linux, Magand Windows debugger :% Dclrectl\-llesl OpenMP library
Environment y GPU Debugging and NVIDIA Visual - omPrer
\_ Profiling Profiler y, I ——
1
s 9 . .
Open comp“er . aLLVM Enables compiling new languages to CUDA ‘_:‘? OpenMP Runtime Ilbrary
. %]f oy rilen platform, and CUIE)A languages to other £
Tool Chain architectures J i OS/system support for shared memory and threading
4 Dynami HyperQ GPUDirect ) 2
Parallelism B
Hardware . I_‘ 2
Capabilities A - B S
, B Shared Address Space
\. J/

Training Framework Deployment Target
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Space Specific Technical Constraints

 Radiation

 Total ionising dose (TID) and single event effects
(SEU)

» Commercial off-the-shelf (COTS) - needs expensive
testing and system level mitigation

» Radiation hardening by design (RHBD), redundancy
« Vacuum

» Outgassing from package materials - contamination
of sensors

* Vibration
e At launch = stress on interconnects
 Temperature

« Satellites can be very hot and very cold (-55 to 125
deg C) = challenge for timing closure.

Lifetime of satellites up to 20 years longer than
commercial electronics -

* Determinism

* Needed by timing critical control functions (launch,
landers)

» Mixed criticality software

« Different levels of trust, time and space partitioning for
fault containment.

» Specific interfaces

« MIL-1553B
» SpaceWire
» SpaceFibre

» Time Sensitive Networking (TSN) / TimeTriggered-
Ethernet (TTE)

* Low power (TOTAL and operations/watt)
» Security

« PQC Encryption, root of trust, authenticated boot
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Benchmarking/Metrics

» CPU single core metrics « Synthetic benchmarks
Clock frequency Dhrystone (integer) — DMIPS or
Core Count DMIPS/Hz
Cache size Whetstone (floating point)
Thermal design power CoreMark, CoreMark PRO
Instructions per cycle (IPC)  Application benchmarks
Mega instructions per second (MIPS) OBPMark & OBPMark-ML:

https://github.com/OBPMark

« How to compare two solutions?

« Accelerator (Al, GPU)
Trillions of Operations per Second (TOPS)

[int8, int16, int32] Speedup of execution time

Floating Point Operations Per Secod * Note:

(FLOPS) ) [FP32, FP64] Keep track of anything affecting
performance, compiler version, compiler
flags...
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ISA — Instruction Set Architecture

ISA refers to the set of instructions that a computer Instruction Set Architectures

processor can understand and execute. — — =
f ‘
x86 ARM RISC-V

Defines the instructions, data types, registers, and the
programming interface for managing main memory such as Closed ISA Closed ISA Open ISA

. . . Most desktops, Android and iOS Anybody can design
addressing modes, virtual memory, and memory consistency laptops & servers | devices, & new Apple & sell a RISC-V

. . . have an x86 (x86-64) computers, have a processor without
mechanisms. The ISA also includes the in pUt/OUtpUt model of processor from Intel processor based on any constraints on

\ or AMD. ARM IP. their actions. y

the programmable interface.

MIPS32 Add Immediate Instruction
When an Instruction Set Architecture (ISA) is described as -00001 00010 0000000101011110

open, it means that its specifications are publicly available Lo ML
. . . . Equivalent mnemonic: addi
and free to use, without licensing fees or proprietary
restrictions.
ISA

Standard Custom

Specificati extensions extensions

ons
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Why Open ISA for Space?

* Non-dependence: multiple IP sources, or own development.
* Free and open standard, allowing for customization.
» Easier to modify for radiation hardening when compared with proprietary ISA.
* Industry and academia in the game: commercial and open source.
« Stable specification, low complexity, GNU tool chain.
Open ISA allows for competition of multiple IP sources — warrants for
flexibility and non-dependence

> TscesseRcazsngectp

Temic - Atmel - Microchip

SPARC-V8

Frontgrade Gaisler (FGG)

1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

SPARC in space
success story

25 years
5 generations

SPARC is in all our missions
Europe, US, China, Japan
with > 20000 flight parts

sténdard pProcessors
SPARE IP in FPGA
mature S\\. ecosystem
demand in space continues

B --_-+II:=_I II—--— - Ilm‘m--
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RISC-V ISA Extensions

ISA Extension Notes

/E Instructions for basic Integer operations. This is the only extension that is mandatory.
| requires 32 registers, E requires only 16.
M Instructions for multiplication and division
C Compact instructions that have only 16bit encoding. This extension is very important
for applications requiring low memory footprint.
F Single-precision floating-point instructions
D Double-precision floating-point instructions
A Atomic memory instructions
B Bit manipulation instructions. The extension contains instructions used for bit
manipulations, such as rotations or bit set/clear instructions. y
Vv Vector instructions that can be used for HPC.
P DSP and packed SIMD instructions needed for embedded DSP processors.
\o >
18
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RISC-V P and V Extensions

P-extension (Packed-SIMD) V-extension (Vector-SIMD)
T Array processors (parallel ops via multiple Vector processors (reuse processing elements over
arget o .
elements/partitionable datapath) multiple cycles, scalable lanes)
. Reuses general-purpose registers (RV32l: Dedicated vector registers (32 registers, min 128-bit
Registers used 5, 4, i Rvedl: 32x64-bit) wide, scalable)
Parallelism Limited by scalar register width (fewer elements in Scales with vector register width (=128b, can be
RV32l vs RV64I) grouped for larger ops)
Instruction Separate instructions per element size (e.g., add8, Element size selected dynamically (8—64b required, up
encoding add16, add32) to 1024b reserved)
Floating-point  Not supported (fixed-point only) Supported (16-, 32-, 64-bit FP if scalar supports it)

Requires separate vector datapath (ALU, multiplier,

Datapath reuse Shares scalar datapath — saves area/power FPU) — more complex

High performance, scalable with wider vectors & more

Scalability Compact, lower-power, suitable for small designs anes
Area & Power Lovyer area, lower power (no FPU, no extra H|gher arga/pqwer (extra vector register file, duplicate
registers) units, register file transfers)

HPC, ML, DSP, floating-point heavy, scalable high-

Use cases Embedded, low-power, simpler SIMD workloads
performance workloads
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Vector Extensions

ovre] Block diagram of a vector processor

Sequencer

xBar (PEs-banks) PC
- — VRF chunk

! 8 SRAM banks | conirol lines X-Tegs
e = = = xBar (banks-opQueues) Program
|  — - Decoder |

i f memory

. .
Assembly without vector Assembly with vector
SR zZ 2 > = "
Memory e 3 extensions extensions
ordering
Scalar ISSUE STALL m o2 vsetvli x@, x0, e8, ml, ta, ma vsetvli x@, x0, e8, mB, ta, ma
decoder 8 o ; ~n : ~n
© b m 5 & H ml - use a single register ; m8 — use groups of 8 registers
— . —~ (-9
il o o
Prelim. 2 Ne m @ % 3 E o i perform 8 vector additions ; perform 8 vector additions
d‘;i?:;efr = — g flod 8l = vadd. vv v24, ve, v8 vadd.vv v24, ve, v8
2 W= vadd.vv v25, vl, v@
i 5 Non-speculative Commit vadd. vv v26, v2, v1o
- req resp vadd.vv v27, v3, vll
O % vadd.vv v28, vd4, vi2
GC) lnvahdat'ion c°f‘E’e;‘CEI 'eql 'ESDT ‘,_----“" vadd.vv v29, v5, v13
c signa S il vadd. vv v38, ve, vld
(o) vadd.vv v31l, v7, vi1s
O
st
Q .
ot Dispatcher = Ouennd
< (decode + V CSRS)’ Sequencer Requester
£
0)
=

addresses rsl, rs2

\4LUinput vsi data in
muxes Data
rs2
memory

N
address 3 x-regs
> | write-back

J lower 32b " /' logic
upper 32b

OpQueues
I
Z
c

Lanes s Phis,

I

! Reduction
! \\y/ support

|

1]\"!! r A

checks support 3

vsl-vs4
Sequencer addresses v-regs N veregs
(widened) N
CSRs t N ! write-back
| : .
| < Deshutne °oa ,Q: 737 ! __clement index] o logic
1 stride
vector state VLS

: | Exception = Reduction’ v current address /
L °

_________

M. Johns and T. J. Kazmierski, "A Minimal RISC-V Vector Processor for

A rchitecture (o) f the A RA accelerato r Embedded Systems," 2020 Forum for Specification and Design Languages
(FDL), Kiel, Germany, 2020, pp. 1-4

as a co-processor with CVA6 -
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European Processor Initiative (EPI)

Four RISC-V Vector (RVV) tiles composed of the
scalar, two-way in-order Avispado core and 8-lane
Vector Processing Unit (VPU) implementing v0.7
of RISC-V Vector extension ISA.

Two STX tiles consisting of Stencil/Tensor
Accelerator cores.

One VRP tile consisting of Variable floating point
precision core.

European
Processor
Initiative

Avispado
ViU
L2 HN

Avispado
VPU
L2 HN

p EPAC1.0 Test Chip in GF22 Technology
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SIMD Within A Register SWAR for RISC-V and LEONS Eesa

Octacore LEON5 SPARC or NOEL-V RISC-V in 28nm SOl LEONS noeLlv

SIMD extension (SWAR, daiteq s.r.0.) -
- D Wi . \ | | l ][ ' : : : H" ............... :

. within a register (SWAR) | 3 | SR SN SN - et fevesenr] s
extensions enable the use of SWAR UNIT 'I o | =l ol Il Readl ey e mi o[ consoe o1,
packed instructions. — — J [oocre o C““EJMMU C“'“‘JMMU C“"jMMU g Ry

- Computation of a single i B P s e L Y —
instruction on multiple low- —"l_L — 1 — | =9 —
resolution operands without == | el ool eal et g $
pen alties. cmia ] o 1 Fonines cache|mmu | fcache]mmu | [cache[mmu] [cacne[mmu 'Sg'f,‘c"d o ~

« Targeted applications: [ :;\ ook : | T oo i

- GNSS: 16x2b words; [ o L i e —= '|
10x3b words; 8x4b words = =< )

« Audio: 2x16b words \ aon | T =5 | | T~ 1 110 1—'

- Videolimage: 4x8b I D e e i %‘“%’feﬂ
words o . i v -

. Zlew support: data compression; %xi",zg[] 2xlp.o|] |:zc[] IJAH |z:sw|] p— o E e

\ 13+ ' ]

SWAR extensions available as ESA IP Core

SPARC P RISC-\V/°

1
I
1
[
|
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ISA Extensions — Programming esa

. FIR filter - int vs SWAR
Hardware Side 0000 R

* Extensions need to exist in the processor architecture. > e0000 1 A
* Functional Unit design, RTL implementation... . y/'
S 200000 - & -
n ] t: f:f —a— - -
Toolchain Side g S/ gﬁ%ﬁgﬁ%@‘#'
£ 150000 - . -LIN-
- Add opcodes and types. I3 / A T INTRINGBUF
. . . . g 100000 (- // e i INT-LIN-BUF
« Add compiler support to recognise new instructions. & / el
50000 [ A7 ]
= Rapidity Space )
NOEL_V & SVVAR performance ° 0 5 10 15 20 25 30 35 40 45 50
FIR taps
| . .
OBPMark ML . FIR Filter — Exec. Instructions for
Work in

integer vs SWAR. With linear buffer,

I
OBPMark 3.1 | progress ring buffer, ring buffer aligned to 2"n.

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Generic RISC-V 64 (NO SWAR)  mNOEL-V 64 (NO SWAR) NOEL-V 64hp (SWAR)
23
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SPARROW - SIMD Unit for Al Acceleration

Increase the machine learning processing capabilities
of space processors.

Portable, open-source design, integrated with CAES
processors NOEL-V (RISC-V) and LEON 3 (SPARC)
High-performance, Low-cost targeting both ASIC and
FPGA implementations, at least 30% smaller than
conventional vector processors with similar
performance.

Key features: reuse of integer register file, short SIMD
unit (8-bit), swizzling, reductions

Area overhead, 30% when compared with LEONS3.

‘ A1 B1

L |

NETWORK

C3

(7

C1

Co

Program Data size LEON3 SPARROW | Speed-up
Barcel Matrix Mult. | 120x120 | 117,310,797 | 12.632.882 9.3x
s"’""’er:':: " Grayscale 256x256 | 3.221.620 876,633 3.67 %
c‘é’,’,‘:ef puting Filter 256x256 | 39019342 | 11855218 33x
Gontro Nacional de Supercomputacion Cifar-10 32%32 3,784,906 649,618 5.83x
Polynomial 2048 88.145 19.537 4.5x%
24
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Processing in Memory

Computation into or near the memory instead of transferring large amounts of data to and from the

computing unit.
Reduced data movement: Processing data within the memory chip minimizes the need for data transfers

between the CPU and main memory.
Improved bandwidth utilization and lower latency: Direct connections between computational units and local

DRAM banks allow for higher internal bandwidth.
Energy Efficiency: Reducing off-chip data movement lowers energy consumption.

Scalability
« Challenges: _ p PIM Chip §
Main Memory /
P / Control/Status Interface 4——>( DDR4 Interface J
Thermal management £ K A A
@@@@@@@@ - —
. . ip ip ip ip ip ip ip ip / \\
Rad Iatlon tO|erance D DRAM DRAM DRAM DRAM DRAM DRAM DRAM DISPATCH () /#N\
Chrp Chlp C.hlp Chlp Chlp Chlp Chlp TETCHT 24-KB
Programming complexity Ferch J <> eam Y o
READOP1 9 = 64-MB
- READOP2 »| D| 64 bits
READOP3 |.E <> DRAM
5 PIM a PIM PIM ﬁ PIM PIM F‘;’E&";‘T < Bank
hil Chii Chi Chij Chij Ch Chij Ch
ip ip ip ip ip ip ip ip AR 64-KB E (M RAM)
Bz, |5 E ] -
Chip || Chip || Chip || Chip || Chip || Chip || Chip || Chip ALU4 [ || ;)
d MERGE1L _;5;?
PIM-enabled Memory \\L HERGEZ — | I - x8/
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Al Accelerators

26
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Accelerators for Al inference

Al Accelerator

Al accelerator is a class of specialized hardware accelerator
designed to accelerate Al and ML applications, including
artificial neural networks and machine vision.

Most times it is a many core design which features:
Low precision arithmetic
Specialized dataflow architectures
In-memory computing capabilities

Al specialized accelerators is expected to be 10x more
efficient, most times it is up to 100-1000x than general
purpose solutions (GPU).

Lower latency.
Scalability.
Associated SW stack.

Neuromorphic Processor

Brain-inspired: mimic how biological neurons and synapses
process information.

Use spiking neural networks (SNNs) instead of traditional
digital logic for computation.

Designed for event-driven, parallel, and low-power
processing:

Von-Neumann Architecture Neuromorphic Architecture

CPU Layer

Control Unit Hidden
Neuron
Logic Unit Layer

Synaptic
connections

27
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Xilinx Versal SoC and Al accelerators

}

!.....

N X
Versal ACAP — N — B ; e —
Intelligent Enines‘_,,-—-"" T el T . _' T

Mem

Scalar Engines Adaptable Engines

11

*‘*- - -
Al Engine
—— gt R ——
Array — Engln » ngm « ngln 4
Hardware -~ . -\ o Y _---
ESFEnm'm ‘\ 4
LEREL «—— E «— ¥ >
— SN 2 —— [T = o »
&_#/h
NetworkOnChip(NeG) | e ]

Tile,

1GHz+ VLIW / SIMD vector processor

Reqgister Register . -
File Mon-linear File Floating-Point
Functions Vector Unit

Scalar Unit Vector Unit

ISA-based
Vector Processor

Al Vector
Extensions

5G Vector
Extensions

Source: Xilinx
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Xilinx Versal SoC and Al Accelerators

Targeting

Software stack integrated in Vitis.

Multi-precision math support (8/16/32 SPFP, Real,
Complex, INT(4, 8, 16, 32), BFLOAT16) — MAC/cycle
depend on selected precision.

Instruction parallelism: VLIW enabling 7+ operations per
clock cycle.

Data parallelism: SIMD.
Deterministic performance.

Example applications: Radio solutions and CNN inference.

VLIW Instruction (6-way VLIW)

Scalar II 1d ad1, av0 II 1d ad2 , av1 ||mu1v2,v0,v1|| stad3, v2 I
| |

J ¥ \ '

2x Scalar Ops Two Loads One Vector One Store
Multiplication

Vitis Al structure

User Application

Frameworks OPyTorch  “F TensorFlow  gxv ONNX

Vitis Al Models

Al Compiler | Al Quantizer | Al Optimizer

Vitis Al Al Profiler | Al Library
Development Kit

Vitis Al Runtime (VART)

Overlay Deep Learning Processing Unit (DPU)

H
S
.

Source: Xilinx
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Microchip PolarFire SoC Al Flow

B Microsoft CoreVectorBlox IP in Libero® Model Optimization and

CNTK Software (Al Engine) Calibration
+
r caﬂ:ez VectorBlox™ x86 Quantization and Runtime
- Simulator Generation Tool
7{.1}.'5 PaddlePaddle
Pre-trained, Pre-optimized CNNs

€ ONNX

r
m A Framework Support

256KB
Scratchpad

e
e
=
e

O PyTOFCh AXI Interconnect
~ Reference Demos Reference Hardware

‘¢ Tensor

: Chainer Network Software & Binaries

SPI Flash

Trained Model Quantization and Runtime Binary Large
Network Optimization Calibration Generation

Simulator
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Al Accelerator Soft Cores

* Core Deep Learning
Works on 8-bit fixed point.
CNN solution for FPGA implementation.
Scalable.

« Solutions based on generation of the neural network
with HLS, such as Xilinx FINN.

* FPG-AI (University of Pisa)
« Technology independent framework for Edge Al

deployment onboard satellite.

« Mapping to NanoXplore FPGAs.

4 Specification N
Caffe -

CNN design and Feasibility Study
training with tools
from community  \CNN Model and Training )

a

(" _—
2 - CNN Quantization
Core®Deef? Learning and Finetuning

CNN to RTL v
with CDL flow \_ Core Optimization )

& |
Libefo)

Core Implementation
RTL to bitstream
sl | FPGA bitstream
with Libero flow

()

r—

Model

Description
S —

r—

Dataset

—

|
By user

Modular
Deep Learning ‘E%}
Engine

Model
Compression ?

Design Space E
Exploration

Config File
Generation

Versatile Network
Support

Target

Device
N

E—

Constraints

—
~

By user

A
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Al Accelerators - Axxelera METIS AIPU

* Metis Al Processing Unit (AIPU): Quad-core SoC designed

for edge inference | System .[:LK- | Test Al-Core Al-Core || Al-Core Al-Core

| RISC-V || Scratch \ = eFuse RISC-V RISC-V RISC-V RISC-V

e Performance:

‘ PVT HI,’DCache‘

MeM 4MiB L1 4MiB L1 4MiB L1 4MiB L1

52.4 TOPS per Al core «——{_epo | Repalr - — o e
4——| SPI | Security MeM
209.6 TOPS total throughput | o House BIST DWPU-V DWPU-V DWPU-V DWPU-V
. Keeping
 Architecture: <« AT || oma | SCAN DMA DMA DMA DMA
Uses quantized digital in-memory computing (D- | 1T R
q g y p g ( ( D'el;IJ[ntercu*ec'[¢ T T lT ¢-——-_1T_¢ T & = 'l:L ¢ )
IMC) k Control Interconnect [ High B Crossbar —— ___.——4]
8-bit weights 8-bit activations l H Hr wly wlr - wlr wly
.o . l—" PCI-E LPDDR L2 L2 L2 L2
Full-precision accumulation bane s
interconnect . Dtala” MEM
° Be n efi tS . __} ?E':;L'ff Controller
i -A}{I Bridge
. . . _hannd?\ndth -
Reduced memory cost for weights and activations inercomect | (o ¢ g | | | [[1P00RS | [[LPODRE 8 B - - _—
. . ! I I
Lower energy consumption for matrix-vector RS R R B

ltiplicati MVM
multiplications (MVM) Metis AIPU SoC Architecture

Source: P. A. Hager et al., "11.3 Metis AIPU: A 12nm 15TOPS/W 209.6TOPS SoC for
Cost- and Energy-Efficient Inference at the Edge," 2024 IEEE International Solid-
State Circuits Conference (ISSCC), San Francisco, CA, USA, 2024, pp. 212-214

Maintains neural network accuracy.

32

1
1
1
[
|
.I.
I
I

e B b NI SEIZE = & um im I+ » THE EUROPEAN SPACE AGENCY



Neural Processor - Akida Brainchip

- Scalable fabric of 1-128 nodes
- Each neural node supports 128 MACs.

- Configurable 50-130K embedded local SRAM per
node.

0-1MB
Local Scratchpad

- DMA for all memory and model operations.

Enhanced
HRC DMA

- On-chip communication via mesh network.

AXI Bus Intigrconnect

- Multi-layer execution without host CPU

- Integrate with any microcontroller or application

Processor.
P . . . Row of events
- Efficient algorithmic mesh. UE  [EOHH0H
Eventsin —» Events buffered < .
Height x Width x Channels d II] 'I I 'I I 'I I 'I I 'I1 'I I 'I r
ﬁ.g 8 x Weights LT T T T T T T T | 3. L ¢
(2D Filters) 1 il ~ 3. lineo
NOEL-V FT %%%% I:' D in parallel - i - Events out
RV64GC ! — H
L RISC akida ' '
Single-core processor Neuron Fabric 20, 5P UART 2. Repeat over Channels
for system management Peripheral interfaces
On-chip memory I SP1 Memory I 4, Repegt over Rows
5. Repeat over Filters

33
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System
ISC-V® CPU
Cache
Dual-Core Lockstep Du ockstep RAM
L1 and L2 Cache d
RISC-V CPU
i Boot ROM
Crypto
Dual-Core Lockstep Dual-Core Lockstep
L1 and L2 Cache |l L1 and L2 Cache MRAM/SRAM|  EEPROM

Instruction — Front End
Felch / Decode [ Issue

Scalar Unit

Eg ]
scalar AF

Vect it
HCA packages vetor Und

32 x BZE
CLINT [0 |
MU s
FPL RF

Load/Store Unit Load/Stor Cueus

Peripheral Port

Private L25

2x DDR3/4 | NAND/NOR

TSN Ethernet Switch

RDMA/RoCEv2
IP, UDP, TCP Offloading
240G L2 Switch with
L3 Forwarding
16-ports (10M up to 10 GbE)

Co-processor and Peripheral Interfaces

General (UART, I*C, SPI, MDIO etc.)
7x Spacewire
4x TSN Ethernet (10M up to 10 GbE)
PCle® Gen 3; Optional CXL® 2.0 ¢

Figure 1 — HPSC Architecture (courtesy Microchip Technology) *

VoV L

8 SiFive X280 64-bit CPU cores.

RISC-V ISA, 8-stage dual-issue in-order pipeline. |

Configurable up to 16-cores.
MICROCHIP

Supporting vector processing for Al/ML workloads using PIC64
custom instructions and several datatypes (incl. bfloat16). ‘ Ty

Implements RISC-V Vector ISA version 1.0
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Graphics Processing Units (GPUs)
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GPGPUs - General Purpose GPUs

ALU || AW - -
Hierarchical hardware :

SNECES mm mEmm Most of the transistors parallelism (architecture) GPU_S SIS
devoted to control and multiprocessors, each
memory. Global Memory composed of a set of simple
Achieve high speedups in i T T processing elements working
applications that are control- [ e e — : . .

_ . . =Tl ] - in SIMD (single instruction
flow intensive. EENE EEE 0 =EER= .
= === ==—5 multiple data) mode.

GPU MP1/ MP2 MBS Each multiprocessor has
Most of the transistors GPU jifferent elements, including
devoted on small arrays of EI [ [T T TTTTTTTT] local registers, shared
X ion uni i h HEEEEEEEEEEEEN Constant cache .
crecution units, dispatehes. Qe T FITT T memories and the
small volumes of shared LI IT I IITIITITITIT] ot . .

exture cache processing cores.
memory and memory AT T T T T ITTTTT] T T T
controllers: E: : || : : || : || : || : : lI : : Frocgse | rocgmr [ Frocger Dramatically increase
All this does not accelerate = HEEEEEERRRREEN Rogisars | | Regster | computation speed in
streams, but allows to

Shared memory

process several thousands of
hr in parallel. .
ERER LD [peliEl MultiProcessor (MP)

- == 4 ]]

I
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GPGPUs for space use

« GPUs in general are a good fit for highly flexibly high- . NVIDIA Jetson Orin NX
performance on-board processing. * Al Performance: Up to 100 TOPS (INT8, sparse) for
the 16 GB model
« COTS low power GPU SoCs have high-performance and « Compute: 8-core ARM Cortex-A78AE CPU + 1024-

core Ampere GPU with 32 Tensor Cores

are suited for new space applications where component . Memory: 8 GB or 16 GB LPDDR5, ~102.4 GB/s

qualification is not critical. bandwidth.
o _ _  Power: Configurable 10-25 W, up to ~40 W in Super
« Radiation testing & FDIR required. Mode
:  Benchmarks: Runs YOLOv8n at ~52 FPS (FP16), or
GPU IP Cores could be a way forward for increased ~65 FPS (INT8) on Orin NX 16 GB
reliability,but requires significant investment. * Use-cases: Edge Al, robotics, drones, and
_ autonomous machines.
« OBPMark benchmarks available. « Use in space with shielding.

$ES :
& 4 | < |
- GANVIDIA. ' NVIDIA |

37

I e I E S =Y o B B SEIEE = i oum im 4] > THE EUROPEAN SPACE AGENCY



GPGPU - GPU-like IP Cores

* IngeniARS GPU@sat .
o . © il MIAOW Architecture
« |magination Technologies Sl MLk 1':]; "
= = ) Ultra-threaded [
— @ Dispatcher g Foteh Decods Schedul
N 8 a etch Decode Schedule
IMG AXM series IMG AXM g il
e | : z = NI
* ThinkSilicion NEMA GPU e e oot - o || e | s
that balances performance, battery life and ry ! L Y
. . z low silicon area into one highly efficient o 4%{
® O pe n SO u rce— rese a rCh Orl e nted R = package. It delivers the performance needed Q o Y 4 Y
. H for smooth Uls, 60fps gaming and powerful F3 QE> L2 Cache oS Vec;zr[Ges';e’aJ ety
Al, in a compact silicon area. O = <> ReglsmwaFR) GPR

MIAOW - AMD architecture
synthesizable on FPGA,
OpenCL

FlexGrip > NVIDIA
architecture, CUDA

Memaory ControllerA |:| Memory |:| Logic - IP
(a) GPU Architecture (b) Compute Unit

FlexGripPlus SM

CONTROL Warp IDO
LOGIC Warp_ID |

A

o 4 Warp ID 31
Limitations = memory _:(r s o) |
) ) . N’ SYSTEM laal Iy _ ’ S',,"
interface, instruction support. = el =
| GPU@SAT =15 =] |
- Generally, IPs are very expensive, t

Closed deSignS_ S ” ‘ RE(;ISTllCRFlLF.

|
SHARED CONSTANT GLOBAL |
STREAMING MEMORY MEMORY MEMORY  |!
MULTIPROCESSOR —
38
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GPGPU - GPU-like IP Cores

Vortex GPU

* Open-source RISC-V GPGPU: Designed to support general-
purpose GPU workloads with RISC-V ISA extensions.

«  SIMT architecture: Supports parallel threads/warps, multiple cores,
units like ALU, FPU, LSU, SFU, etc.

- Software support: Compatible with OpenCL 1.2 for running kernels.

« Configurable pipeline: you can tune number of cores, threads, warps,
cache hierarchy (L1, L2, L3) and shared memory.

« Hardware-software integration: extensions to RISC-V ISA to support
OpenCL kernels.

« Supports both 32-bit and 64-bit RISC-V variants (RV32IMAF and
RV64IMAFD) depending on configuration.

« Layout in 15 nm educational cell.
« Good scaling with #cores when using Rodinia benchmark.
« Arria 10 FPGA -> 192 MHz

-.:::::::'.:::Y:c!qsf:??g?:l{::::::::::::::; Offline Compilation
E' Warp Scheduler i1 i| OpenCL kemel |:
TR POCL :
2 Fecn || CREIOAM||[i L FOSL h
3 111 1[_LLVM Compiler |:
|| Decode FH A
L Register File o
™ Scheduler R ittt
18- 11+ | OpenCL program|;
QI AL LY 11/~ [ POCL Runtime |
|| Writeback Shared Mem ‘N1 Vortex Runtime ||

___________________________________________________________

Runtime Execution

Fig. 1: Vortex System Overview

;Z "Ihhl”llh. ”Iu.. Hllln

Flg. 4: Vortex v0.1 performance for Rodinia benchmark with
normalized cycle and energy utilization on Arria 10 FPGA

(b) Power density distribution

(a) GDS Layout

Fig. 3: GDS layouts for a single-core 8-warp 4-thread config-

uration synthesized @300Mhz produced 46.8mW total power 39
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Design Challenges
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Application or Technology Driven?

- How do we choose the best accelerator for a given

it e
- What processor/accelerator do we develop for the future? application

- New target
EE B pplication

Accelerator . Accelerator
design manufacturing
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Application or Technology Driven?

- How do we choose the best accelerator for a given
application?

Very different application

from original
needs

- What processor/accelerator do we develop for the future?

New target
E ‘ application
iIinnnn
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Profiling, Co-design, Design Space Exploration

- Profiling: parallelisation capabilities, potential bottlenecks, type of

operations, required accuracy... Specifications
. : : : v
- Hardware/Software (HW/SW) co-design: simultaneous consideration oo
of hardware and software within the design process. It involves co- | ‘ '
simulation in a Virtual Platform that models the hardware. 9 mod HW/SW Interface Swmoce
HW and SW are simultaneously developed :
Co-SimL:’IIaattifc:)r:gVirtual
Fast simulation speed and high observability.

HW/SW partitioning.

HW model |

Simulation and
performances OK

A 4

Reduces the risk of choosing the right architecture to then (vHDL
realise there is no software ecosystem, software stack needs [

Platform

SW model (c)
Co-Verification in Virtual

to be developed from scratch -> expensive!

- Design Space Exploration: find the right architecture: memory size,
memory hierarchy, external (Host-Accelerator) Interface bandwidths,
number of processing cores/clusters number of accelerator functional
units, any other dedicated functional unit/IP.

43

N ol N 1= 0N

— N7 —_—
- uu EH bha Il 2 2= E = B Em am v

% THE EUROPEAN SPACE AGENCY



Desing Space Exploration

Functionality implementation on SoCs is becoming more sophisticated with heterogeneous complex computing

units: CPU, GPU, VPU, e-FPGAs, systolic arrays, parallel vector engines, neuromorphic engines.

* Full SoC can be mapped to one or more FPGAs, enables validation,

FireSim
Open-source simulation platform for cycle-
accurate full-system benchmarking.

Siemens [
Crystal X |3 Cx

[ ] [ ]
‘ | | ( ! : ; | | I I Fast & reliable compile ¥

Comprehensive debug and
use modes

Emulator With Custom Device

Qesa

Need for Cycle-exact microarchitectural simulation platform to simulate heterogeneous complex SoC.

Mentor Veloce, ProFPGA

D AMD VP1902

Highest runtime performance

Fast and c t transiti
ast and congruent transition A seen perilessts

from Veloce X

Scalable capacity/performance 7
AMD VP1902 D '

Enterprise Prototyping with FPGA Device m

Software Prototyping with FPGA Device

44
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Application Examples
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Future processing needs

« Application drivers: increasing demand for on-board processing.

Machine learnging powered FDIR, autonomy in exploration (landers,
rovers), GNSS.

On-board data processing (Earth Observation), high data volumes.
Software Defined Radio (Beamforming, DVB-S, 5G-NTN).
Cryptography and quantum key distribution.

« Algorithms:
Machine Learning is increasingly important.

Filters, correlations, CNN with extensive use of parallel/vector

oprations.
. . . The Copernicus Hyperspectral Imaging Mission for
Memory footprint and organisation. the Environment, CHIME, will carry a unique
visible to shortwave infrared spectrometer to
Non-linear fUﬂCtiOﬂS provide routine hyperspectral observations to
) support new and enhanced services for
. . tainabl icultural and biodi it
Data type support for quantized computations (INT16, 8, 4), P anacement. as well ae Soil property.
BFLOAT1 6 characterisation
« Common denominator: vector and matrix operations i
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Applications Needs

- Signal processing example:
Digital beamforming on Rx and Tx
RFI detection and mitigations

« Processing increasingly larger bandwidths of

signals at increasingly fast rates o Rx A = =i
Fast filtering, FFTs, correlations,
Char sor =\
convolutions, resampling ... S
pling . : H =y 7 :
« High precision operations SPFP32. ° ° ol Fa) &
o
« Potential HW targets: \i’?hafe%—
FPGA + Accelerator — Rx — A7 =lppc| | FIR N,
S . & - inshi?tsﬁrgﬂ
* Application domain: | Sl
hani ’rocessor 100
Rx - EO and Telecom
Tx =2 NAV and Telecom
47
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Applications Example

Image processing:

* Image processing generally involves processing of Raw _ _ . Spatial
’ gy e e promeEne oo (O STyt T L o0yl sy o0
vectors of matrices in floating point precision. Frames (2x2)

 Amenable to GPU, but control or memory bound

applications can limit the performance - low

verformance/watt ratio - Example: Hyperspectral data compression:

, o GPU-like: Block based, lots of operations in parallel.
 Many times FPGAs are selected due to the flexibility

to optimize parts of the algorithms. Prediction-based - data dependencies.

» Challenge: increase in sensor resolution. Transform-based (DWT) = memory operations.

Bit-wise operations involved.

Euclid NIR High 2048 Megapixel/s CUDA grid
Msamples
120 CUDA block /sec

1]

150

100  96.90544311

LCE
mCCSDS 123

&0

W Nvida Xavier

Nvidia TX2

58.14368542 Hikey 970 .
50
i 0 L —

Mpixels/s

V16058

W Leon2

40

PowerPC 750

2867520588

20 17.23712978 16x16 b.lock 16x16 block cpu GF FPGA
. Mapping compression to Hyperspectral compression in
Boards GPU different targets "
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Applications Example

* AlI/ML example: Deep Learning Inference (Conv. Nets)
Application: Modulation Recognition, Waveform Classification

CNN for classification

 Involving mainly low resolution floating-point MAC
operations and memory operations.

Resnet-50 visualization. Kaggle.com

« Target HW platform: dedicated accelerator, GPU, many

core with instruction extensions, FPGA e
Convolutional
— Layer
Processing
) Relu + Max ) Qutput Predictions E
Convalution Pooling Flattening

References:_“Applied Deep Learning - Part 4: Convolutional Neural Networks”
Towards Data Science (blog).

Image

Pooled

Fully Connected

Feature Maps Features Flattened Data Layer
49
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Why Accelerators?

T ) T 1 & =] L
7 L _ AA A
10 ud #XE T Transistors
108 b 4ca | (thousands) o
5 EY vl Single-Thread
- & ATA .
10 RS A *® ¥ performance *
ot | ph 2% 30° |(SpecINT x 10%)
50
3 :A‘ A1 " Il*l“ﬂ |'|"u.| Frequency (MHz)
108 F AA M, o '# §4o |
LA 'y v| Typical Power 3
102 - A i-- gl'_ v",v';,vvww vi’ﬁ v:.:g o3| (Watts) gso
1L - - '.:'! A2 vy '* 77| Number of B
10 At LI ‘ b :g **[ Logical Cores |
10° 7‘ + T e B ere e comm wmenn oo ]
1 I ] ] I 10|
1970 1980 1990 2000 2010 2020
Year L

Single core

Multi core
|

Amdahl's Law

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

[——100% parallel

~———95% parallel
90% parallel
——— 80% parallel
~———75% parallel
25% parallel

x ¢ ni i 1 1
10 20 30 40 50
Number of cores

-
60

70

Heterogeneous

Next (?)

Local memory - P - Processor ALU Interconnect External IfF
50
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Bandwdith Interconnect and FLOPS increase

Scaling of Peak hardware FLOPS, and Memory/interconnect Bandwidth

H100
A100 ®
1000000 HW FLOPS: 60000x / 20 yrs (30X/2yr5) TPUV3 PS | _L.
DRAM BW: 100x / 20 yrs (1.6x/2yrs) o ©® | TPUV4
Interconnect BW: 30x / 20 yrs (1.4x/2yrs) KL @™
K40 ‘ *
® * ® J
10000 ® GTX5809 g™
g ° .I I Y ®
S o * o ®
wn
o ° e O
o | e o © HBM2E
‘_g 100 Itanium 2 : _ ¢ HBM ° HB.MZ .. .o
S | ® ® PY ®
= ! GDDR5 ® o ® .
GDDR4 @ [ 2PN ® NVLink 4.0
| GDDR3 ® ® , PCle 5.0
R100007 ° NVLink 1.0
14 & 4 L PCle 3.0
. PCle 2.0
Pentium Il Xeon PCle 1.0a
0-01 \\Il\IIIIII’IIIIIII’IIIIII\’I\\r\\ll\I\II\\I\\Ir\IIIII\rIIIrIIIrIIIIII\lII\III\\I‘\\I\I\\\\l\\\\I\\\Il\\l\l\ll\lll\l‘l\ll
199 1999 2002 2005 2008 2011 2014 2017 2020 2023
YEAR

A. Gholami, Z. Yao, S. Kim, C. Hooper, M. W. Mahoney and K. Keutzer, "AI and Memory Wall," in IEEE
Micro, vol. 44, no. 3, pp. 33-39, May-June 2024
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Why accelerators?

Single core

Multi core
Bl | [ ]

Heterogeneous

T T T T =
7L At ‘LA | , — [
10 g # *%" N Transistors - , Am‘?a“' S ng
108 | P | (thousands) [——100% parallel
A Y : A 95% parallel
105 F EYYER o e Single-Thread B i
‘miA ” o ms ® Performance 3 75% parallel
1 04 - A ‘* "‘ * i (SpecINT x 10 ) 50 - 25% parallel
a y A2 o el Frequency (MHz g Chiplet 2
10° } aa f;:ﬂ"g‘q* " “:-“.l quency (MHz) =
hd . [
a e gl * o3v% | Typical Power & o
10% | ot < "m v o v;;\,"‘-““f :.:.3.; (Watts) 35| CEEEE
1L 4 - B VY YY Y YT Leett Y| Number of 8
1000 =« - W . M ¥ I +*| Logical Cores l Chiplet 3| |Chiplet 4
iom v v v v¥ vv . A
100 —sv D R R R XY ST RO -
] | ] | I 10 |
1970 1980 1990 2000 2010 2020 Interposer
X ear 0oL 11) 20 3‘0 4;) 50 6; 70 PaCkage
S:g;;els;f::z;tézlt:;l;:g;:;?g:g;%lz%l;ﬂ g;\dKFEtulje]g by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten Number of cores
Local memory - P - Processor ALU Interconnect External I/F
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Takeways

« Hardware accelerators constitute a fast evolving landscape.
« Use of COTS is many times limited: radiation tolerance and power comsumption.
 Efficiency of the solution will depend on many factors:
Accelerator design and adequacy to intended application.
Internal and external connectivity bandwidth.
Software stack.
« One single architecture will not fit all applications.
« Design methodology can help: hw-sw co-design, fast prototyping or emulation.
e Continuous development:

New IP cores focused on acceleration for space: ISA extensions, Al-inference, neuromorphic, PIM,
GPGPU-like

IP building blocks: high-speed ADCs and DACs, SERDES, NoC, AXI interconnect.
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