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Energy efficiency @ GOPS is THE Challenge >>:<<Chips-IT
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ML & Parallel, Near-threshold: a Marriage Made in

Heaven
> As VDD decreases,

> However efficiency increases=> more
work done per Joule

> Until leakage effects start to dominate

” Put more units in parallel to get
performance up and keep them busy
with a parallel workload

ML is massively paraliel
and scales well

Efficiency (parMatrixMul2) [MOPs/mW]

X< Chips-IT

Efficiency vs VDD chipO1
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PULP Ecosystem XL Chips-IT
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Not All Programs Are Created Equal

> Processors can do two kinds of useful work:

Decide (jump through program parts)
= Modulate flow of instructions
=  Smarts:

= Don’t work too much

= Be clever about the battles you pick (e.g.,
search in a database)

= Lots of decisions
Little number crunching

> Many of today’s challenges are of the diligence kind:

XL Chips-IT

Compute (plough through numbers)
* Modulate flow of data
* Diligence:

e Don’t think too much

* Just plough through the data
(e.g., machine learning)

* Few decisions
Lots of number crunching

> Tons of data, algorithm just ploughs through, few decisions done based on the computed values
> “Data-Oblivious Algorithms” (ML, or better DNNs are so!)
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> Processors can do two kinds of useful work:

Compute (plough through numbers)
* Modulate flow of data
* Diligence:

e Don’t think too much

* Just plough through the data
(e.g., machine learning)

* Few decisions
Lots of number crunching

> Many of today’s challenges are of the diligence kind:

> Tons of data, algorithm just ploughs through, few decisions done based on the computed values
> “Data-Oblivious Algorithms” (ML, or better DNNs are so!)



Multiple RI5CY Cores (1-16) X< Chips-IT

RISC-VEERISC-VERISC-VERRISC-V
core core core core

CLUSTER

Working with RISC-V 7

CIS Edge Al Summer School, Lausanne, 14/06/2022



Low-Latency Shared TCDM

Tightly Coupled Data Memory

Mem Mem Mem Mem Mem

Logarithmic Interconnect

RISC-VEERISC-VERRISC-V
core core core

CLUSTER

X< Chips-IT



High speed single clock logarithmic interconnect >>v<,\<Chips-IT
Processors

Tree

Arbitration
Tree

World-level bank interleaving «<emulates» multiported mem

A. Rahimi, I. Loi, M. R. Kakoee and L. Benini, "A fully-synthesizable single-cycle interconnection network for Shared-L1
processor clusters,” 2011 Design, Automation & Test in Europe, 2011, pp. 1-6.




Shared instruction cache with private “loop buffer” >):(<Chips-lT
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DMA for data transfers from/to L2 >):(<Chips-n
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Event Unit for synchronization on events >):§<Chips-lT

Logarithmic Interconnect
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An additional Host controller is used for 10 >):/§<Chips-lT

Logarithmic Interconnect
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v .
How do we work: Initiate a DMA transfer »X Chips-IT
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Data copied from L2 into TCDM XL Chips-IT
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e e [ [l v .
Once data is transferred, event unit notifies cores »X Chips-IT
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Cores can work on the data transferred >><::<Chips-lT
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Once our work is done, DMA copies data back >><::<Chips-lT
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. . v .
During normal operation all of these occur »X Chips-IT
concurrentlyr____
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Not All Programs Are Created Equal

> Processors can do two kinds of useful work:

Decide (jump through program parts)
= Modulate flow of instructions

=  Smarts:
= Don’t work too much

= Be clever about the battles you pick (e.g.,
search in a database)

= Lots of decisions
Little number crunching

XK Chips-IT



Cheshire: Not only extreme edge loT >>:<<Chips-IT
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Cheshire: Not only extreme edge loT >§:(<Chips-|T

M Od U Ia r P I atfo rm dbg* jtag®  slink* *usb*  axi_ext*
” Based on 64-bit Application-class bevice confas
p ro Cesso r cfg.RegExtNumSIlv reg_ext_siv*

uart*

> Linux-capable and configurable for a wide
range of applciations

i2c*
SP| Host jummdtill

gpio*

i cfg. AXIExtNumMst
i cfg. AXiExtNumSIv

pmmd JTAG Debug
pmd  Serial Link

> Standard interrupt, debug, and memory e AX|4+ATOP Crossbar

(to DRAM)
interfaces
> Access to external DRAMs (HyperRAMs)

xeip_ext*
CLINT pmdidiCs
IRQ Router Sramaliizy
Boot ROM
SoC Regs

Last Level Cache
Regbus Demux

cfg.NumCores



CVA6(S+): Application-class 64-bit RISC-V core >§:(<Chips-|T

| Wider ] Bigger

ITLB
L2 TLB
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DTLB |, & D$
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32-bit inst line LD Unit
from I1$ (1-entry)

ST Queue
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Decoder Buffer Load/Store pipe! Retire
ALU pipe 0! Logic
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48B) 1 new entry . Write
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(32-entry, Int RF CSR
025KB) Scoreboard (32_entry) R Write
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S9VAD <« 9VYAD

Missing support in CVA6S

IF2 IS FPU pipe




CVA6(S+): Application-class 64-bit RISC-V core >):(<Chips-|T

~ Wider | Bigger | New |

ITLB
(16-entry)
DTLB
(16-entry)

L2 TLB
(2-way,

: D$
128-entry) > (@-way,

32-bit inst line LD Unit
from I$ (1-entry)

ST Queue
(8-entry)

Decoder Buffer Load/Store pipe Retire

ENENES RegFiIe
1 new entry . Write

Decoder

Int RF : CSR
(32-entry) ! Write

Scoreboard
(8-entry) Fp RF
(32-entry)

+S9VAD <« S9VAD

IS

Private History Branch History
Table (PHBHT) predictor




CVA6(S+): Application-class 64-bit RISC-V core >>:<<Chips-IT
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CVA6(S+): Application-class 64-bit RISC-V core >>:<<Chips-IT

+S9VAD <« S9VAD




Heterogeneous systems >A>V<<Chips-IT

> Processors can do two kinds of useful work:

Decide (jump through program parts) Compute (plough through numbers)
= Modulate flow of instructions * Modulate flow of data
=  Smarts: * Diligence:
= Don’t work too much + * Don't think too much
= Be clever about the battles you pick (e.g.,  Just plough through the data
search in a database) (e.g., machine learning)
= Lots of decisions * Few decisions .
Little number crunching 13 @iyl ErmEi




Vega: loT Heterogeneous SoC (ISSCC 2021) >):\(<Chips-|T

3000 um

? Transprecision Floating-Point RISC-V Extensions (16/32- V'?Jl et i
bit float) el
”> 4 MB non-volatile MRAM (Weight Storage) ’ R
> Programmable Cognitive Wake-up Unit based on HD o o P2
CompUting g CLUSTER §
ISSCC 2021 / SESSION 4 / PROCESSORS / 4.4 G e

4.4 A1.3TOPS/W @ 32GOPS Fully Integrated 10-Core SoC
for loT End-Nodes with 1.7uW Cognitive Wake-Up From
MRAM-Based State-Retentive Sleep Mode

Davide Rossi', Francesco Conti', Manuel Eggiman?, Stefan Mach?,
Alfio Di Mauro?, Marco Guermandi'*, Giuseppe Tagliavini',
Antonio Pullini??, Igor Lo#®, Jie Chen'3, Eric Flamand?®?, Luca Benini'?
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'University of Bologna, Bologna, Italy
2ETH Zurich, Zurich, Switzerland
3Greenwaves Technologies, Grenoble, France

RISC- V-RISC V.RISC VIRISC-V|
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MARSELLUS: Al-loT Heterogeneous SoC (1SSCC 2023) X Chips-IT

RTC +
PMU

> XpulpNN + M&L RISC-V Extensions

SLG

128KB Tightly Coupled Data Mem

Bank Bank Bank Bank
#0 ;7] #4 #30

> 2-8b Reconfigurable Binary Engine for 3x3,

|Periph
1x1 DNN kernels j erals |
W

> Adaptive Body Biasing with on-the-fly control i%'.*:;“:":“m" B Shared FPUS

SOC interconnect

4KB L1.51$

CLUSTER

wwgLe

221 A 124TOPS/W @ 136GOPS Al-loT System-on-Chip with 16
RISC-V, 2-to-8b Precision-Scalable DNN Acceleration and
30%-Boost Adaptive Body Biasing<br>

1.94mm

Francesco Conti', Davide Rossi', Gianna Paulin, Angelo Garofalo', Alfio
Di Mauro?, Georg Ruetishauer?, Gianmarco Ottavi', Manuel Eggimann?
Hayate Okuhara', Vincent Huard®, Olivier Montfort?>, Lionel Jure3, Nils
Exibard®, Pascal Gouedo3, Mathieu Louvat’, Emmanuel Botte3, Luca
Benini'2




Siracusa: PULP-based XR glasses SoC
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A. S. Prasad et al., "Siracusa: A 16 nm Heterogenous RISC-V SoC for Extended Reality With At-
MRAM Neural Engine," in IEEE Journal of Solid-State Circuits, vol. 59, no. 7, pp. 2055-2069, July
ZUZZ, dol: TU.TTU9/JSSC.2024.33385937.




The open model led to successful industry collaborations >>:-:<<Chips-IT

&Quickl.oqic" GREENWAVES § )5 DTLPHI AN Meta rumem
(GF22) (GF22) (GF22)
eFPGA with RISC-V loT Processor with  loT Processor with low power ~ (TSMC16)
core ML acceleration modes and event based XR Processor with
computing

NVM technology



And Products... >v>/g<0hips-|T

GTTRRIE MRRRRARARRRRRE  wRaRseRReeRR

: 2 GREENWAVES ,” q .
_is § TECHNOLOGIES

Vega 22nm, ISSCC’21 .
(UNIBO + GreenWaves) G,?:Pg SoC (com.m ercial)
65% of GAP9 is based

\ /PULP open-source IPs
GREENWAVES ”‘

TECHNOLOGIES
DNN Accelerator




Leading Edge Products...

November 09, 2022 — Inference: Tiny v1.0 mlcommons.org

>>:/'\<< Chips-IT

Results
Task Visual Wake Words | Image y ly D
Visual Wake Words Google Speech
Data Dataset CIFAR-10 C ToyADMOS (ToyCar)
Model 1(0.25x) ResNet-V1 DSCNN FCA
Accuracy 80% (top 1) 85% (top 1) 90% (top 1) 0.85 (AUC) |
P & |A (s) & Latency in |Energy in |Latency in |Energy in |Latency in |Energy in |Latency in [Energyin ||
Submitter Board Name SoC Name  |Number Number Software Notes Units ms uJ ms uJ ms uJ ms uJ |
Greenwaves RISC-V Core GAP9 (370MHZ,
i GAP9 EVK GAP9 (1+9) NE16 (1) GreenW: GAPFlow 0.8Vcore) 1.13 58.4 0.62! 404 0.48 26.7 0.18 7.29
Greenwaves RISC-V Core GAP9 (240MHZ,
Technologies GAP9 EVK GAP9 (1+9) NE16 (1) GreenWaves GAPFlow 0.65Vcore) 1.73 40.8 0.95 27.7 0.73 18.6 0.27 5.25
e;
OctoML NRF5340DK nRF5340 M33 microTVM using CMSIS-NN backend 128MHz 232.0 1 316.1 1 76.1 1 6.27 |
STM32L4R5Z |Arm® Cortex®-
OctoML NUCLEO-L4R5ZI [IT6U M4 microTVM using CMSIS-NN backend 120MHz, 1.8Vbat 301.2 15581.4 389.5] 2@36.3 99.8 5830.3 8.60 443.2|
STM32L4R5Z |Arm® Cortex®-
OctoML NUCLEO-L4R5ZI [IT6U M4 microTVM using native codegen 120MHz, 1.8Vbat 336.5 17141.6/ 389.2] 219423 144.0 7950.5 11.7 633.7|
Arm® Cortex®-
Plumerai B_U585I_IOT02A |STM32U585 [M33 Plumerai Inference Engine 2022.09 160MHz 107.0 1071 354 4.90 |
CY8CPROTO-062-|PSoC 62 Arm® Cortex®-
Plumerai 4343w MCU M4 Plumerai Inference Engine 2022.09 150MHz 1925 E N E R G Y GA P 6.70 |
Arm® Cortex®- R -
Plumerai DISCO-F746NG  |STM32F746 |M7 Plumerai Engine 2022.09 216MHz 57.0 64.8, 3 19.1 2.30 |
STM32L4R5Z |Arm® Cortex®- 1 s 7x . 7x 1 - 7x
Plumerai NUCLEO-L4R5ZI |IT6U M4 Plumerai Engine 2022.09 120MHz 208.6 1 173.2 7.7 5.60 |
Arm® Cortex®- TensorFlowLite for Microcontrollers, CMSIS-NN,
Silicon Labs xG24-DK2601B EFR32MG24 |M33 Silicon Labs MVP(1) |Silicon Labs Gecko SDK 111.6 11§9.2 120.9 34.7 36.3 01.9 5.43 47.3|
NUCLEO-H7A3ZI- |STM32H7A3Z | Arm® Cortex®-
STMi Q 1IT6Q M7 X-CUBE-AI v7.3.0 280MHz, 3.3Vbat 50.7 7948.5 54.3 y07.3 16.8 21.8 1.82 266.5||
STM32L4R5Z |Arm® Cortex®-
STMi NUCLEO-L4R5ZI [IT6U M4 X-CUBE-AI v7.3.0 120MHz, 1.8Vbat 230.5 100§6.6 226.9 1@681.6! 75.1 71.7 7.57 323.0||
NUCLEO-U575ZI- |STM32U575Z |Arm® Cortex®-
STMicroelectronics  |Q IT6Q M33 X-CUBE-AI v7.3.0 160MHz, 1.8Vbat et ek 4.84 119.1||
iant NDP9120-EVL NDP120 MO + HiFi Core 2 (98Mt iant TDK Syntiant Core 2 (98MHz, 1 4.10 97.2 5.12 139.4 1.48 43.8 |
Syntiant NDP9120-EVL NDP120 MO + HiFi Core 2 (30MH] Syntiant TDK Core 2 (30MHz, 0 12.7 71.7 16.0. 101.8 4.37 31.5 |
Next
Next Generation  |Generation
Qualcomm Mobile Platform Mobile Qi Qi Sensing
Innovation Center HDK Platform CPU(1) Hub(1) Al Stack 0.098

RISC-V (PULP) Currently Dominates TinyML benchmarks



Al in space cyber-physical systems (satellites) XK Chips-IT

Autonomous operations

* Orbital collision hazard avoidance

* Asset reconfiguration

* Dynamic mission planning and reconfiguration

Object detection and scene understanding
* Phi-Sat-1: Al-based image selection for cloud filtering

e MANTIS Al: Cubesat for Al cloud detection and

FAULT DETECTION, A
ISOLATION AND RECOVERY

filtering

FAULT
DETECTION

Fault detection, Isolation, and Recovery (FDIR) } i N @
ISOLATION Q-
; :
RECOVERY



https://www.sciencedirect.com/science/article/pii/S0376042123000763
https://www.sciencedirect.com/science/article/pii/S0094576524004892
https://link.springer.com/chapter/10.1007/978-3-031-25755-1_10
https://en.wikipedia.org/wiki/Phi-Sat-1
https://en.wikipedia.org/wiki/Mantis_ai_satellite

Al in space cyber-physical systems (satellites) >/\>\'/<<Chips-IT

Autonomous operations

* Orbital collision hazard avoidance

* Asset reconfiguration

* Dynamic mission planning and reconfiguratiog

1

FAULT
DETECTION

Fault detection, Isola } ¥
ISOLATION

Tt
RECOVERY


https://www.sciencedirect.com/science/article/pii/S0376042123000763
https://www.sciencedirect.com/science/article/pii/S0094576524004892
https://link.springer.com/chapter/10.1007/978-3-031-25755-1_10
https://en.wikipedia.org/wiki/Phi-Sat-1
https://en.wikipedia.org/wiki/Mantis_ai_satellite

Astral Soc — unleash Al acceleration in space >>:<<Chips-IT

L11$ L1D$ L1D$ L1I$
MMU FPU | FFU MMU

RV64 RV64
Redundant Unit




Astral Soc — unleash Al acceleration in space >>:/-\<<Chips-IT

Cluster Domain

Multibank Tightly-Coupled Data Memory (ECC)

ECC-protected Memory Interconnect

Redunant Unit

RV32 RV32

1$ (ECC)

Crossbar Peripherals
AXI Crossbar

Multibank ECC
Scratchpad

L11$ L1D$ L1D$ L1I$
MMU FPU | FFU MMU

RV64 RV64
Redundant Unit




Astral Soc — unleash Al acceleration in space >>:/-\<<Chips-IT

m Secure Domain Cluster Domain
Multibank Tightly-Coupled Data Memory (ECC)
Seattio ECC-protected Memory Interconnect

(SHA2 |

Redunant Unit

RV32 RV32 RV32

P T e p——

1L2 Mem. Domain |

RV32

Lockstep

Multibank ECC
Scratchpad

L11$ L1D$ L1D$ L1I$
MMU FPU | FFU MMU

RV64 RV64
Redundant Unit




Astral Soc — unleash Al acceleration in space

> First-of-a-kind mixed-criticality heterogeneous
platform

> Fault tolerance — architectural extensions for
redundancy, error correction, and real-time
recovery

> Fully open-source — all IPs are open-source and
released under Apache-like license

> Highly parametric — straight-forward integration
of additional IPs

External
DRAM

> Ease of programmability — boots full-fledge
Linux OS

> Performance&Security — powerful multicore
accelerator + Root of Trust

> Development - Plug&Play flow for AMD Xilinx
Ultrascale+ VCU118

Secure Domain ,
HMAC

=l

'Em
' Ea | omac |

RV32

RV32
Lockstep

Periph Domain

HyperBus

TAS-l IPs
TMTC
LLC SpW
HPC

Multibank Tightly-Coupled Data Memory (ECC)

ECC-protected Memory Interconnect

Redunant Unit

RV32

L11$ L1D$ L1D$ L1I$
MMU FPU | FFU MMU

RV64 RV64

Redundant Unit

RV32

99() bayzIXVy

XL Chips-IT

Cluster Domain

P T e p——

1L2 Mem. Domain |

Multibank ECC
Scratchpad




Astral soc — host domain architecture

System-Level AXI Crossbar
L

gy o

DMAC

MMU

RV64 PLIC QCLINT

29(Q) bayzeIxXv
(/)
-~
>
A

XL Chips-IT

> Linux-capable multicore (1 - 4) cache-
coherent cluster of 64-bit CVA6 cores
based on the ACE protocol

> Runtime-programmable redundant
grouping of the CVAG6 cores to balance
reliability and performance

> Less then 100 clock cycles fault
recovery with hardware extension

> SEC-DED extension of the CVA6 TLBs
and Branch Predictor

> ECC extension of the L1 data cache of
the cores for SECDED

> ECC extension of the L2 cache for
single error automatic correction, and
cache re-fetch/IRQ notification in case
of multiple errors on clean/dirty lines



Astral soc — accelerator domain architecture >):§<Chips-|T

Multibank Tightly-Coupled Data Memory (ECC)

> Hybrid Modular Redundant cluster for
B0 ECC § B1 ECC [§ B2 ECC § B3 ECC § B4 ECC [§ B5 ECC || B6 ECC || B7 ECC § B8 ECC B15 ECC ; ; ;
(TMR/DMR/Independent)

Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber > Less then 30 clock cyc|es fault

I S A N R recovery with hardware extension

ECC-protected Memory Interconnect > Extension of the cores’ FPUs with
A

HWPE Subsystem Cluster Peripherals|f temporal repetition with detection +
DCLS Unit Multiplexer Event Unit correction of internal faults
RISCY RISCY

Cluster Control >

Unit LO + L1 instruction cache protected with

parity for lines replacements in case of

il '$| TPU NPU  SMU

:I RedMulE  N-Eureka SoftEx Unit errors
Crossbar Periphera|sﬂ , ' ’ ! . Timers > Memory subsystem protected with
i L ' SECDED from the cores and accelerators
branches down to the memory banks
(storing ECCs) + memory scrubbers

iCache Control

Host Domain



Astral soc — accelerator domain architecture )):(<Chips-IT

Accelerator Domain

Multibank Tightly-Coupled Data Memory (ECC) Coupling performance Wlth reliability

Wide accelerator subsystem for on-
chip inference and training
acceleration

Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber Scrubber

ECC-protected Memory Interconnect

> FP16 TensorCore accelerator

:

]

]

]

; - ' extended for fault-tolerance for on-

DCLS Unit Multiplexer Event Unit '
:

]

]

]

]

]

chip matrix-multiplication boost

Cluster Control

S > Transprecision Integer Neural

Engine for onchip CNN inference
acceleration

iCache Control

I$ (ECC) Unit

Crossbar Peripherals q

Timers

> FP16 SoftMax accelerator for

b RCER transformers acceleration

Host Domain




Astral soc - Secure domain (Opentitan integration) >>::<<Chips-IT

HMAC Entropy Source
AES

> OpenTitan: open-source Root of Trust from

Key Manager lowRISC
KMAC
TRNG > Provides secure-boot services verifying the
OTBN Accelombre security of the Host domain CVA6 code

Secure Storage

OTP Ctrl Flash Ctrl > Internal DMAC

> Speed up data transfer during secure boot

SRAM Ctrl | ROM Ctrl
stage

Lifecycle Alert
Cirl Handler

DCLS Unit

199Uu02Jaju] YuITlIL

> Efficiently serving internal
encryption/decryption accelerators

IXVurisjiL

> Refer to OpenTitan docs for more details

lbex0 | Ibex1 (https://opentitan.org)

Host Domain


https://opentitan.org/

Astral made its way into silicon >>:/-\<<Chips-IT

> Taped out in september 2024
> Global Foundries GF12LP+ 12 nm
> Received in spring 2025

> Currently under submission (results hidden prior
official publication)




432 -RISC-V cores
Chiplets

GF12nm
1GHz

&
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_ —) é’ Occamy: A 432-Core 28.1 DP-GFLOP/s/W 83% FPU Utilization Dual-Chiplet,

Q Dual-HBM2E RISC-V-based Accelerator for Stencil and Sparse Linear Algebra
- Computations with 8-to-64-bit Floating-Point Support in 12nm FinFET

Gianna Paulin,” Paul Scheffler”’ Thomas Benz,’ Matheus Cavalcante,’ Tim Fischer,” Manuel Eggimann,”
Yichao Zhang," Nils Wistoff,” Luca Bertaccini,” Luca Colagrande,” Gianmarco Ottavi,*
~ Frank K. Giirkaynak,” Davide Rossi,* Luca Benini**
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Occamy: Next-Generation HPC SoC
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Serial Link Die-to-Die
10'456.608
x 870.656




Occamy — Massive Scaling

Dual Chiplet System Occamy:
> Technology: GF12LP+
> Area: 73mm?

Interposer Hedwig:
> Technology: 65nm, passive (only BEOL)
> Area: 26.3mm x 23.05mm

HBM2e:

> 16GB HBM2e (Micron)

Fan-out PCB:
> RO43508B
> 52.5mm x 45m

\

gobOooOOOODOOOOOOODDOOEBOODODDDORDO

10.975 mm

........................

(NODOYOOyOOoDDOpooopooooooomo

goooooDpoOODDEOODOODOODDDODDODDDD

goooo0o0OOOODOODODODOOODOOEDDD

o ..............................................................................................................................

-7

Interposer / Hedwig

() L) )

EEEEENRENEERE XK



Thank you
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