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Energy efficiency @ GOPS is THE Challenge 
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ML & Parallel, Near-threshold: a Marriage Made in 
Heaven

As VDD decreases, operating speed 
decreases

However efficiency increasesà 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

3

Optimum
point

Better to have N× PEs running at 
lower voltage than

one PE at nominal voltage!

ML is massively parallel 
and scales well



PULP Ecosystem



Not All Programs Are Created Equal

Processors can do two kinds of useful work:

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

• Don’t think too much
• Just plough through the data

(e.g., machine learning)
• Few decisions

Lots of number crunching

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:
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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Multiple RI5CY Cores (1-16)

Working with RISC-V 7

CIS Edge AI Summer School, Lausanne, 14/06/2022
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Low-Latency Shared TCDM
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High speed single clock logarithmic interconnect
P1 P2 P3 P4

B2 B3 B4 B5 B6 B7 B8B1
Routing 

Tree

Arbitration 
Tree

Processors

Memory 
Banks

N+1N N+2 N+3 N+4 N+5 N+6 N+7
N+8

World-level bank interleaving «emulates» multiported mem

Ultra-low latency à short wires + 1 clock cycle latency

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.
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Shared instruction cache with private “loop buffer ”
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DMA for data transfers from/to L2
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Event Unit for synchronization on events
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An additional Host controller is used for IO
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How do we work: Initiate a DMA transfer
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Data copied from L2 into TCDM
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Once data is transferred, event unit notifies cores
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Cores can work on the data transferred
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Once our work is done, DMA copies data back
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During normal operation all of these occur 
concurrently
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Not All Programs Are Created Equal

Processors can do two kinds of useful work:

Compute (plough through numbers)
• Modulate flow of data
• Diligence:
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Decide (jump through program parts)
§ Modulate flow of instructions
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§ Don’t work too much
§ Be clever about the battles you pick (e.g., 

search in a database)
§ Lots of decisions

Little number crunching



Cheshire: Not only extreme edge IoT



Cheshire: Not only extreme edge IoT

Modular Platform
Based on 64-bit Application-class 

processor
Linux-capable and configurable for a wide 

range of applciations
Standard interrupt, debug, and memory 

interfaces
Access to external DRAMs (HyperRAMs)



CVA6(S+): Application-class 64-bit RISC-V core



CVA6(S+): Application-class 64-bit RISC-V core

Private History Branch History 
Table (PHBHT) predictor



CVA6(S+): Application-class 64-bit RISC-V core

Register renaming to 
eliminate Write-After-Write 

hazards



CVA6(S+): Application-class 64-bit RISC-V core

Floating Point support 
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Heterogeneous systems

Processors can do two kinds of useful work:

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

• Don’t think too much
• Just plough through the data

(e.g., machine learning)
• Few decisions

Lots of number crunching

Decide (jump through program parts)
§ Modulate flow of instructions
§ Smarts:
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§ Be clever about the battles you pick (e.g., 

search in a database)
§ Lots of decisions

Little number crunching



Vega: IoT Heterogeneous SoC (ISSCC 2021)

Transprecision Floating-Point RISC-V Extensions (16/32-
bit float)
4 MB non-volatile MRAM (Weight Storage)

Programmable Cognitive Wake-up Unit based on HD 
Computing



MARSELLUS: AI-IoT Heterogeneous SoC (ISSCC 2023)

XpulpNN + M&L RISC-V Extensions

2-8b Reconfigurable Binary Engine for 3x3,
1x1 DNN kernels

Adaptive Body Biasing with on-the-fly control
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Siracusa: PULP-based XR glasses SoC

RISC-V + Archi Extensions for AR/VR 
Applications

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 

2024, doi: 10.1109/JSSC.2024.3385987.



The open model led to successful industry collaborations

Arnold (GF22)
eFPGA with RISC-V 
core

Vega (GF22)
IoT Processor with
ML acceleration

Marsellus (GF22)
IoT Processor with low power 
modes and event based 
computing

Siracusa 
(TSMC16)
XR Processor with
NVM technology



And Products…

GAP9 SoC (commercial) Vega 22nm, ISSCC’21
(UNIBO + GreenWaves)

DNN Accelerator

65% of GAP9 is based 
on 

PULP open-source IPs



Leading Edge Products…

RISC-V (PULP) Currently Dominates TinyML benchmarks

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



AI in space cyber-physical systems (satellites)

Autonomous operations [1]
• Orbital collision hazard avoidance
• Asset reconfiguration
• Dynamic mission planning and reconfiguration [2]

Fault detection, Isolation, and Recovery (FDIR) 
[5]

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

[3]
• MANTIS AI: Cubesat for AI cloud detection and 

filtering [4]

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
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Astral Soc – unleash AI acceleration in space
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Astral Soc – unleash AI 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

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



Astral soc – host domain architecture

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

Runtime-programmable redundant 
grouping of the CVA6 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

Hybrid Modular Redundant cluster for 
runtime reconfiguration
(TMR/DMR/Independent)

Less then 30 clock cycles fault 
recovery with hardware extension

Extension of the cores’ FPUs with 
temporal repetition with detection + 
correction of internal faults

L0 + L1 instruction cache protected with 
parity for lines replacements in case of 
errors

Memory subsystem protected with 
SECDED from the cores and accelerators
branches down to the memory banks 
(storing ECCs) + memory scrubbers



Astral soc – accelerator domain architecture

Coupling performance with reliability

Wide accelerator subsystem for on-
chip inference and training 
acceleration

FP16 TensorCore accelerator
extended for fault-tolerance for on-
chip matrix-multiplication boost

Transprecision Integer Neural
Engine for onchip CNN inference
acceleration

FP16 SoftMax accelerator for 
transformers acceleration



Astral soc - Secure domain (Opentitan integration)

OpenTitan: open-source Root of Trust from 
lowRISC

Provides secure-boot services verifying the 
security of the Host domain CVA6 code

Internal DMAC
Speed up data transfer during secure boot 

stage

Efficiently serving internal
encryption/decryption accelerators

Refer to OpenTitan docs for more details
(https://opentitan.org)  

https://opentitan.org/


Astral made its way into silicon

Taped out in september 2024
Global Foundries GF12LP+ 12 nm
Received in spring 2025
Currently under submission (results hidden prior
official publication)
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432 RISC-V cores
Chiplets
GF12nm 
1GHz

Supported 
by

OCCAMY: Massive Scaling



Occamy: Next-Generation HPC SoC

7.
0 

m
m

2.5D 2xOccamy+2HBM2 on interposer



Occamy – Massive Scaling

Dual Chiplet System Occamy:
Technology: GF12LP+
Area: 73mm2

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

HBM2e:
16GB HBM2e (Micron)

Fan-out PCB:
RO4350B
52.5mm x 45mm



Thank you


