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Physical Al: Artificial Intelligence Everywhere Q%

Humanoid Interceptor Drone

Humanoid,
Interceptor Drone
Py < 200 wW*

*[research.mobiusriskgrou
p.com/p/the-energy-diet-
of-humanoid-robots]
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Physical Al: Artificial Intelligence Everywhere Q%

Nano-Drone Cubesat

Cubesat
Pag<1.5W

Nanodrone
Pavg <150 mW

Efficient and Reliable operation key for Phy.Al!
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Efficiency Challenge

e Model complexity

- o 10x every ~2.5 years

[ 7/10nm

8 ®1614nm Moore’s Law

” 1
22/20nm % 10x every 12 years!

FinFET

Energy
Efficiency

[AMD HotChips24]

Algorithm, Architecture, Design
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Innovation beyond “NVIDIA Gravity” is Challenging!

It’s the software > flexibility key for fast evolution! O  aia

Need an open standard to counter a monopoly

8| SpacemiT K3

RISC-V PROCESSOR

SPACEMIT
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Let’s not Forget Software....

16 PyTorch

Training

- main() {

Quantization/Pruning
float *a = hero_dev_13 alloc(N);

read_data(a);

Host

omp target device(1
map(to: a, N

(]
o
Dee IO —_— Graph Optimization if(core_idx != DMA) 5
p y I\/Iemor aware Accelerator process_data(a, core_idx); o
‘% dan| v mapping }
P <o Oyment save_result(a);

PULP-NN  —

Host

Optimized
DNN library

RISC-V Cluster

Accel.2

«‘;b

COMPILER INFRASTRUCTURE

Open HW-SW platforms & standards are key for open innovation vs “Al Monopoly”

o~ ALMA MATER STUDIORUM
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Efficiency via Heterogeneity: Multi-Domain Specialization Q%

Brain-inspired: Multiple areas, different structure different function!

Somatosensory
"I, Higher Mental Functions @ Association Area
"\ Concentration Understanding of weight,
Planning texture, temperature, etc.
Judgment for recognizing and
Emotional expression comprehending an object
Creativity p e —
Inhibition - Ability to g Visual Areas
control self = . \ ‘ @ Sight
P G X Ability to recognize
4", Motor Function Area  / o o \ pictures
Eye movement and Awareness of size and
placement of eyes shape

Broca’s Area
Ability to talk
Ability to write

Multi-sensor Multi-modal
frame-based Perception Agentic
event-based reasoning

Motor Function Area
Ability to move
muscles

Association Area
Short-term memory
Emotion

Sensory Area
@ Touching and feeling
Auditory Area
6 ERIg FUNCTIONAL AREAS OF THE CEREBELLUM

Wernicke’s Area Motor Functions
@ Written and spoken Coordination of movement
language understanding Balance
Posture
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A Fast-Evolving Model Zoo

RAW EEG SIGNAL
| Ao i
F7-T7 o A P, W)

[Z. Sun et al.] MobileBERT ety

T7-P7 M Y “ﬁ“’ﬂm‘w”v'sljc”‘
Fe-T8 ‘.'».n.l"ﬂ'-”"“ g, ] TN o
M R wa‘ 5 \P \
([ Classifier ) "

iy Y
\
AT n p.‘t'“”\ Wi
.4
p " V

Encoder Transformer .
T&-PB‘W‘ g,

Multi-Head
Attention

DINOv2: Learning Robust Visual Features

4x2048 x1

so | s1 52047
o
3| so | s s2047
<
gl so | s1 52047

so | s1 52047

- samples

[P. Busia et al.] EEGFormer

| POSITIONAL | CONV
ENCODING CLASSIFICATION OF =32 K=5

EMBEDDING STAGE

Encoder Transformer

without Supervision

[M. Oquab et al.]
Encoder

2\ ALMA MATER STUDIORUM
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“Fold the towel"

Learnable
embedding

N N 20 2 P A

NN AN PN A

VLM

ENCODER STAGE
Learned
Tokens  Prelude

o
HN KA
n
o

T]_,[

Al

—»
ouTeuT DADD & NORM

STAGE

MHA
H=8, d=32

FEED FORWARD
h=128 { Funny ]

D MLP

Latent Iterative Refinement

<O

llama2.c running on galixy watch 4 (tiny 44m
model)

‘ K x Recurrent Iterations

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

.
.
S
.

SN\ A\
| @ | 8

Noisy Refined Refined
Latent State

Latent State Latent State

- |

@

P

r/LocalLLaMA - 4 mo. ago

Auto-regressive

Predicted

Coda Actions Execute

VLM Representations as features for cross-attention

Recurrent



Domain-Specific ISA Extensions .%

P

P RISC-\/° Instruction set: open and extensible by construction (great!)

8-bit Convolution

— Vanilla Specialized for Al 2 Mixed precision SIMD (16-2bit)
(\ addi a0,a0,1
addi  t1,t1,1 ﬁ Init NN-RF (outside of the loop) RISC-V
addi  t3,t3,1 Ip.setup
addi t4,t4,1 core N/4 pv.nnsdotup.h s0,ax1,9 core
lbu a7,-1(a0) pv.nnsdotsp.b s1, aw2, 0
N lbu  a6,-1(t4) pv.nnsdotsp.b s2, aw4, 2
lbu  a5,-1(t3) pv.nnsdotsp.b s3, aw3, 4
lbu  t5,-1(t1) pv.nnsdotsp.b s4, ax1, 14
mul sl1,a7,a6 nd
mul a7,a7,a5 Ve
add s0,s0,s1
mul  a6,a6,t5
add t0,t0,a7 . . .
mul  a5,a5,t5 15x less instructions than Vanilla
add t2,t2,a6 .y .
add  6,t6,a5 90%+ ALU Utilization

\/bne s5,a0,1c000bc

Specialization Cost: Power, Area: 1.5x Time 15xJ, 2 E=PT 10x |,

m e h 2\ ALMA MATER STUDIORUM
zZuric S UNIVERSITA DI BOLOGNA 9




A Cluster of Domain Specific Cores
P LD

P

10000
m float 32b int32

Tightly Coupled Data Memory mint 8b int 4b

Hint 2b

o »

=

—

< 100

o

| |

| |

interconnect

1
Vega [7] (Rlscl-(\rfalc(?ﬂster )
1TOP/s/W
HOST CLUSTER / /
2b/4b OPS
ETH:zurich : ONIVERSITA DI BOLOGNA 10



Heterogeneous, Multiscale Domain-Specific Architecture ‘%

Multiple Scales of Specialization
High-speed on-chip interconnect (NoC, AXI, other..)

External L2
Memory Accelerator
Controller #1

mem mem mem mem mem mem
bank bank bank bank bank bank

Tightly coupled Accelerators

L2 memory DMA Tightly coupled data memory interconnect

* Fast offload, coarse sychro

L2 RV RV RV RV ACC ACC
 Shared L1 Host Accelerator core core core core #1 #2

core

#2
Decoupled Accelerators .

L
 Decoupled Peripherals Accelerator Instruction Cache g

#M uster 1
* Shared L2 (or higher) | ) J | ]

| | Y
Decoupled Computing cluster with tightly coupled accelerators

Host, L2, L3 10s
accelerators

RISC-V is a key enabler > max agility, enabling SW build-up, without vendor lock-in

ALMA MATER STUDIORUM
2 75 UNIVERSITA DI BOLOGNA 11
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Carfield: H-DSA SoC for Autonomous Vehicles

Main Computing and 1/0O System

@

Accelerators Domain

L2 MULTI-BANK

FP VECTOR CLUSTER (SPATZ)

SAFETY ISLAND SECURITY ISLAND
DATA SPM INSN SPM SPI JTAG | BK | BK | L1 MULTI-BANKED SPM
SRAM WECC | BOOT ROM . BK | BK
IBEX RV-PLIC . BK | BK Lol ARG
CV32E4 CV32E4 CV32E4 BK BK
RI-LO : =2 e e || | | ng" [FPUJe o o FPU e o o
-H- see PE PE
SafeHart | | AES128 =~ OTPs |K-H-MAC oMA 0 cco VRF PE1 [cco VRF |
CLIC INTC WATCHDOG | MAILBOXes MULTI-PORT (AXI) I$ |

I/0s

AND

PREDICTABLE AXI INTERCONNECT

MMU MMU i
PERIPHERALS | LAST LEVEL IDMA L1 MULTI-BANKED SPM
CACHE (LLC) | D$/1$ wECC D$/1$ WECC
TLB LOCAL INTERCONNECT
UA*_"T L CVAG CVA6
SS::I CAN wH-EXT wH-EXT OMA RV
HYPERBUS EPU EPU RVO | RV1 (N-1) Tensor
GPIOs ETH MEMORY Core
WATCH CONTROLLER CLIC INTC CLIC INTC HMR

DOG

12C

SPI

TIMERS

ETHzurich

HOST SUBSYSTEM

2\ ALMA MATER STUDIORUM
| UNIVERSITA DI BOLOGNA

|
HMR ACCELERATION CLUSTER

I$
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Carfield: SoC in Intel16 FinFet

4.085mm

—
M
3.

©
=
™
-
oF
(%)

HOST and System
Interconnect

Dynamic

Reconfigurable

N\

3.925mm

Vector
Cluster

SNgJadAH

AMR
Cluster

Up to 1 GHz, 1.2W @ 0.8V

ETHzurich
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+®

P

100 MHz JTAGS Power
oscillator Delivery

Chip
Socket b\ HyperRAM

RLLALLILL]

hhhhhh

A. Garofalo et al., "A Reliable, Time-Predictable Heterogeneous SoC for Al-Enhanced Mixed-Criticality Edge
Applications," in IEEE Transactions on Circuits and Systems Il: Express Briefs, vol. 72, no. 11, pp. 1625-1629, Nov. 2025



Specialization in Perspective

Using 22FDX tech, NT@0.6V, High utilization, minimal 10 & overhead

Energy-Efficient RV Core - 20pJ (8bit)

acc2

/t

‘ fhost.1 faccl
ISA-based 10-20x = 1pJ (4bit) @
‘ anch
Tightly coupled 10-20x - 100f) (4bit) ¥

Y =
Decoupled 100x - 1fJ (ternary) A

acc2

Specialization game: efficiency vs. utilization Tradeoff with Amdahl’s Law
ETH:zurich A DI BG
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Beyond Perception: Agentic Reasoning .%

LLM Reasoning on Human Commands & Robot Observations

race stack
Human:
"Prioritize a smooth drive" f \
del.cost_ _ext_cost = (
l N art < pets MPC
> * alpha**2 +
weight_qv * (v - V_target)**2 +
-weight_gadv * sdota / freq + # MPCC styl 2
U"“?lg : gauv sdota req style H,}}Ln J(CE, u, q)
LLM: ) st. zeEX
"I have been swerving too much, | u €U ‘
will increase qalpha”
Perception DNN(s) \- J
Reasoning T X
(generation) DNN(s)
State
IRET . https://pjlab-adg.github.io/DiLu/

.
LR B

ETHzurich
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Beyond Perception and Fusion: Agentic Reasoning




Generative Al Scaling Laws .%

o1 AIME accuracy o1 AIME accuracy
during training at test time
100 - 100 -
80 + 80 -
[ ]
> b >
& &
S 60 . ® L S 60 ] ®
O ® 0
&) () ® @)
@ cU
® . ®
9 40 9w 40 A
cU M
Q ° Q
[
20 - 201 ®
0 0

train-time compute (log scale) test-time compute((log scale)
[openai.com/index/learning-to-reason-with-lims/]

ETHzurich
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There is no Other Way to Go, but UP .%

Multiple Scales of specialization
Local, Global, Off-Chip Interconnect

* Fast offload, coarse synchro
B RV RV RV RV ACC ACC
e Shared L1 Host | Accelerator core core core core #1 #2
core #
Multiple Decoupled Accelerators

External L2
Memory Accelerator
Controller #1

mem mem mem mem mem mem
bank bank bank bank bank bank

Tightly Coupled Accelerators

L2 memory |

L2
e Decoupled Peripherals | Accelerator Instruction Cache
#M Cluster 1
* Shared L2 (or higher) | Y | Y ] \ Y |
Decoupled Computing cluster with tightly coupled accelerators

Host, L2, L3 10s
accelerators

m o h ALMA MATER STUDIORUM
ZUuric INIVERSITA DI BOLOGNA 18
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Patterson’s Law (aka Roofline), Little’s Law .%

P

Mean jobs in system = arrival rate x mean response time

_ BW FLOP
wn .. .
T limited limited ‘
O,
§ A BufferSize (B) = Bandwidth (B/s) x Latency (s)
E V4
- —t—
Y Eg. 1KB/ns x 100 (ns) = 100KB

BW

Arithmetic Intensity (FLOPS/BYTE)

Need 10-bandwith, on-chip Buffering, and latency tolerant Architecture

i
2] ALMA MATER STUDIORUM
S UNIVERSITA DI BOLOGNA 19
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Spatz: RVV Unit for Snitch

Set of uA optimizations for VPEs

+®

P

* Decoupled VLSU interfaces

o , , Troop reaches L1-memory roofline!
* Dynamic Priority allocation and buffering
* Improved vector chaining Baseline RVV roofline! —
P ~.
. 0.96- 398 0.08-
Fully utilize L1-memory BW + tolerate L1 latency (Troop) 100 /
He
VRF ;\; * F | [Bandwidth-to-compute 2:1
GSRe Bank0 Bank1 Bank2 Bank3 [i=g = St conpen 1
(VI’ Vtype) (@) ? * Spatzax—troor
:.g i [ J S.F;atZB.ASE-'L-INE
9 N LA saum
. X|F E ® Ara
e Scoreboard ; 3 e
o 107 s St
FPU H- 2 £
Sequencer gHig s
L1 memory s

101 10! 102

Operational Intensity (OPS/element)

LT memory

ETH:zirich -

) ALMA MATER STUDIORUM
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Snitch Cluster: The Fundamental Compute Block

« 2 Snitch+Spatz compute cores
8 SIMD FPU

« 128 KiB Shared TCDM

« 32-bank, low-latency shared scratchpad
» Shared I-cache and peripherals

 DMA engine
 512b interface to interconnect

« HW support for multi dim. transfers

« Shared DMA (10% overhead) for latency
tolerance of L2+—>L1: 100s vs 10s cycles

praiEoN
o~y [F 55058 ALMA MATER STUDIORUM
E'HZUI”ICH 2L 005 UNIVERSITA DI BOLOGNA 21




How Large should a Cluster be? P

* The push for “Larger”

« Better global latency tolerance if L1

sive > 2X L2 o X L2 i (Little’s law + double buffer)

» Smaller data partitioning overhead

« Larger Compute/Boundary bandwidth ratio: N3/N? for MMUL grows linearly with N!

« Alarge “MemPool”: 256+ cores and 1+ MiB of shared L1 data memory
MemPool Cluster

MemPool Tile Group

T|Ie T|Ie
Multi-banked
Scratchpad Memory
*—

T|Ie T|Ie Tile T|Ie
12 13

21 ALMA MATER STUDIORUM
NIVERSITA DI BOLOGNA 22
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Scaling UP: Efficient and Flexible Data Movement Q%

P

* Problem: HBM Accesses are critical
in terms of
* Access energy

* High latency

[stam Cracchs, * Instead reuse data on lower levels of
the memory hierarchy

* Between clusters

* Across groups

Cluster Cluster Cluster Cluster * Smartly distribute workload
* Clusters: Tiling, Depth-First
* Chiplets: E.g. Layer pipelining

Big trend!

PN
. [ 12 ALMA MATER STUDIORUM
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Physically Scalable NoC: FlooNoC

* Key Ideas in FlooNoC
* Fully AXI4 compatible

« Wide physical channels
(multiplane vs. VC)

« Over-the-Macro-Routing

* Only 3% of std. cell area taken up

by NoC

« Used only ~10% of available

routing resources

- Big area/performance gains
 High Bandwidth: 629Gbps/link

« High Energy-Efficiency:
0.19pj/B/hop

T
m Tt h «TQ _\;\ ALMA MATER STUDIORUM
zZUuric B J7° UNIVERSITA DI BOLOGNA
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» 16 clusters totaling 144x
RISC-V cores with
FP8-FP64-bit support

o Host Til

« 8x 1MB of on-chip L2
* Linux capable CVA6 Host

16X « Peripherals (JTAG, SPI, 12C)

C|US'[6I‘ TlleS | « Running at 1+ GHz (WC),
> 256 GFLOP/s (FP64)
> 2 TFLOP/s (FP8)

4x Memory Tiles

« Tape-out August 2025

tEUPIL{T

Efficiency v ... What about Reliability?
ETHziirich -

£ ALMA MATER STUDIORUM
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Space Processing - The Cost of Reliability

Jetson Xavier Jetson Orin_

" LX2160-Space \
. Pact—g) - )
//// - . P . ////7 .
ol L o0
. - 4 . //,,’ . //// /‘ Jetson /-[/X’z
. RC64  PIC64-HPSC -
Polarfire .-~ .
2 o699 Ji
.~ , . - AraXL 64
= . 0\ Carfield
& “Gaisler GR740 / )
; - A > e ‘ L? L
P pad L7 . / -
o SAMRH71 .~ -~ Myriad 2 )
& . /,’ ) ’ ) )
_ .~ Spatz .
~ Cheshire Buckbeak .- 7 )
. - % /

,

PERFORMANCE (GFLOPS)

8 Space multicore CPUs 8 GPUs & Manycore DSPs

ALMA MATER STUDIORUM
NIVERSITA DI BOLOGNA
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Open RISC-V designs

2

N

<.

’
.,
.,
,
.

.,

,
,

Picobello
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The Reliable Cluster

HOST
DOMAIN

HMR

CLUSTER [JEE (%" L1 TCDM L1 TCDM L1 TCDM L1 TCDM
BANK 0 BANK 1 BANK 2 BANK 3 - BANK M

L1 TCDM INTERCONNECT

PREDICTABLE AX14 SYSTEM INTERCONNECT

CLUSTER PERIPHERALS INTERCONNECT

RISC-V RISC-V RISC-V

COREO CORE1 COREN
PERIPHS
& TIMERS

HIERARCHICAL INSTRUCTION CACHE

ETH:zurich

Need to protect
* Cores

* Memories

Tensor Engine

Interconnect

Event Unit, Synchronizer, DMA

Key challenge: reduce the silicon
cost of the large area contrbutors

e For “small stuff” TMR is OK

27



Hybrid Modular Redundancy (HMR)

Independent Mode: high performance, no reliability

Core Inputs
(instructions, data, ...)

= ey e

__/ \__/

System

Memory Az i

I,,l Core Ouptuts

(request, status, ...)

PoitioN
2f -5%) ALMA MATER STUDIORUM

7= UNIVE RSITA DI BOLOGNA 28
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Hybrid Modular Redundancy (HMR): Reconfigurable

DMR Mode: good performance, good reliability, slow recovery

Core Inputs
(instructions, data, ...)

System

Memory

I,,l Core Ouptuts

(request, status, ...)

S,

- (sf & 2] ALMA MATER STUDIORUM
ETH:zurich =
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Hybrid Modular Redundancy (HMR)

TMR Mode: low performance, high reliability, quick recovery

Core Inputs
(instructions, data, ...)

System

Memory

I,,l Core Ouptuts

(request, status, ...)

S,

. . .":.I‘-‘ FUEEY ALMA MATER STUDIORUM
ETHzurich -

S UNIVERSITA DI BOLOGNA 30




Rapid Recovery: shared hardware extension

« Cycle-by-cycle backup of (£CC Protected)
the cores state in ECC- SSR| o | Com Recovey
protected Status Registers = - Recovery PC | 4
Helper Helper (ECC Protected) | ,
Core Core /

Recovery RF  |*
(ECC Protected)

* Quick recovery procedure
(24 cycles!)

Rapid
Recovery
Controller,

RF Addr -
Gen |~

« Shared logic between
TMR and DMR modes

o\
2] ALMA MATER STUDIORUM
S/ UNIVERSITA DI BOLOGNA 31
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The Cost of HMR

Cluster Area breakdown with HMR Unit

Cores (Even IDs) Cores (Odd IDs)

15%

. HMR Unit

, AXI Interconnect

TCDM

DMA
Instruction Cache

HMR Unit Area Breakdown

@

Area Overhead of HMR Configurations
PULP Cluster Area [mm?] Overhead

P

79 Baseline 0.604 -
° Control DMR 0.605 0.3%
B DMR Checkers TMR 0.608 0.7%
B TMR Voters HMR 0.612 1.3%
B Rapid Recovery With Rapid Recovery
DMR 0.654 8.4%
TCDM Interconnect TMR 0.657 8.8%
HMR 0.660 9.4%
HMR Unit Recovery and Switching Mode Latency
DMR TMR DMR Rapid TMR Rapid
Recovery Recovery
Recovery Latency Application 363 24 24
[cycles] dependant
Mode Switching 703 508 I 603 515 I
[cycles]

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

ETH:zurich
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Error-Correcting Codes (ECC) for Memory

Hsiao code for efficient encoding

* Single Error Correction, Double Error
Detection

32bit word stored as 39bit with parity

Read-modify-write for efficient byte-
wise access

req

Scrubber for continuous correction  _ !

we/be

« Avoids latent errors causing uncorrectable addr
error e
~—rdata

2 ALMA MATER STUDIORUM
5/ UNIVERSITA DI BOLOGNA

ETHzurich

BEEE
I

wi

CONTROL UNIT

req

we/be

MEMORY

addr
SCRUBBER

wdata

<4—rdata

err —]

A4

rdata wdata

addr

BANK

A

rdata wdata

33



relOBI: reliable low-latency interconnect

« Open Bus Interface (OBI)
« SRAM-like with flow control

 TMR for Handshake signals
* Minimal overhead for critical
signals
« ECC for data signals

* More compact for transport

* Reuse memory encoding
* En- & decoding for standard

 Reliable interconnect IP
. In—flig__ht correction
ETHziirich =

(<A ELETE) ALMA MATER STUDIORUM
B4R 1S UNIVERSITA DI BOLOGNA

AA A

relOBI
encoder

Fully Reliable
Interconnect IPs

relOBI
decoder

(—-'Jl"'r_other_ecc“ :

YYVYVYY

req—> req

gnt : <—gnt
g ——addr—> ECC dec addr aé
% wdata—>> ECC dec wdata %‘,
< we ve : > we <

be—> : be : > l be
ra_optional® : d_optional—:—) : —a_optionaIL

et ECCenc & St JI---a_other_ecc---:----)---I

— I | —_
T —rvalid—eralid#ﬁE—(—rvalid— T
c | 1 c
% rdata de == I___-rdata_eccmrm—(—rdata— %
o r_optional—lm:r(—|r_0pti0nal : W‘r_optional— e
- U I i -

34



Who Checks the Checker?

RISC-VERRISC-VERRISC-V
o . . core core
« Main domains in system now protected

« Cores, memory, interconnect

* No protection in between! Q

« Connections, Voters, En-/decoders

encoder

 |ldea: overlap the protection domains

interconnect

* Encode Interconnect before voting cores
* Encode for memory before decoding interco.

* Intermediate faults handled by

overlapping protections! encoder

Mem

LY
E'HZUI”ICh (<f HE) ALMA MATER STUDIORUM
55 D675 UNIVERSITA DI BOLOGNA
A 35




What About the Tensor Engine? FiReS-Al

The heat table: Each row is a model in one number format, and each column is a bit. Each cell
shows how much the model's score drops when that bit flips, and different metrics can be chosen.

Per-bit sensitivity - activations - net mean metric drop (%)f8 or bf16 element word

columns = what the flip DOES, so a column means the same event in every format

E8MO block-scale byte

green = harmiess, red = worst, outlined cell = the worst bit of that row, log colour scale, ** = the format has no such bit, (+x) = the row's noise band, from one seed unless stated, net = minus the bit-0 drop at the same flip positions
Sign Exponent Mantissa - changes the value by up to Block scale (EBMO0)

bfl6 - efficientnet (+0.24, 2 seeds) | 0.03 0.01 -0.01 0.00 -0.00 0.01 0.00 0.00

bf16 - mobilevit (+0.27) 0.00 001 001 -001 -001 -001 -000 0.0
bflé - qul‘ﬁ_O‘ﬁb (£0.05) 0.00 -0.00 -0.00 -0.00 -0.00 0.00 -0.00 0.00
bfl6 - vit (+0.39) 0.00 000 000 -000 000 000 000 000
fp8_eam3 - efficientnet (+1.61, 2 seeds) | 0.06 008 004 002
fp8_e4m3 - mobilevit (+0.88) -0.01 0.05 0.07 0.00
fp8_ed4m3 - qwen3_0.6b (+0.12) -0.01 -0.01 -0.01 0.00

fpB_e4m3 - vit (+1.52) -0.05 2001 -001  0.00

g

fp8_e5m2 - efficientnet (+2.09, 2 seeds) | 0:09 0.01 0.00 b

<]

]

fp8_e5m2 - mobilevit (*+1.42, 2 seeds) | 0.03 0.02 0.00 Y

T

fpB_e5m2 - qwen3_0.6b (+0.18) 0.00 0.01 0.00 E

5

@

fp8_e5m2 - vit (£1.49) 0.00 001  0.00 ;

| 10-2 &
mxfp8 - efficientnet (+1.64, 2 seeds) -0.20 0.09 -0.12 -0.23 -0.27
mxfp8 - mobilevit (£1.08) -0.04 - o 002 001 -002 @ 0.02 0.02 0.00 -0.03  -0.03
mxfp8 - qwen3_0.6b (+0.09) -0.01 -001 -0.00 -0.01 -0.00 | -0.00 -0.01 0.01 0.00

- 103

mxfp8 - vit (£0.98) = 0.02 0.03 002 -0.00 0.00 0.06 0.04
mxfp8_e5Sm2 - efficientnet (+2.00, 2 seeds) -0.01 -0.02 0.00 -0.08 0.00 0.02 -0.07
mxfp8_e5m2 - mobilevit (+1.11) -0.01 0.01 0.02 -0.00  0.00 -0.03  0.00
mxfp8_e5m2 - qwen3_0.6b (+0.14) 0.00 -0.00 -0.00 0.00 0.00 0.04 0.04
mxfp8_e5m2 - vit (+1.32) -0.03 -0.01 0.01 0.00 0.00 0.05 0.05
sign e7 e6 e5 eq4 e3 *£50% *25% =*12% £6.2% shl shO
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What about the Tensor Engine?

a b
C
MAC unit with shadow Unit 1 1
Reduced precision MAC unit for all FP types |

Retry
E.g. FP32 shadowed to BF16, FP16 to FPS.. *

Working principle:
* Main FPU computes at “nominal” precision

« Shadow FPU performs approximate computing

* Exponent width preserved

 Fewer mantissa bits

* Qutput checking done on exp + few mantissa bits

Advantages
« Reduced area for FPU-protection (66% wrt DMR)

« Fewer recovery procedures compared to DMR

2 ALMA MATER STUDIORUM
5/ UNIVERSITA DI BOLOGNA 37
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What about the NoC? Q%

3 e FlooNoC router (open source, AX|4)
— 2-cycle latency per hop, no internal
e peli
= NI pipeline stage
) — 3 physical links: 512-bit wide data, 2 x
. 64-bit narrow req/rsp
% 5 :
il I — network interface (NI) maps AXI
R 2 transactions onto flits
ETH:zurich ) NMATER STUDIOKUM 18



TMR Protection Variants for the NoC

Coarse TMR State-only TMR Full TMR

ina— e — ¥ outa

—

¥ Logic
inB FﬂLoutB in—

inC outC
clkA—
clkB
clkC

08

Is it Affordable? See Chen Wu's Talk, later today!
ETH:zurich
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Astral PULP S H DSA for Space

Host Subsystem |

"
DMR Cores 5
¥
3
¥
, X
1 11 ' ¥
1t X
liot | ’ & Technology Global Foundries 12 nm LP+
|1V ‘ B o X n
[ . 3 Area 5 mm?
" i 3
o 5 Acherator Voo (B 380 mW (Host)
o 31 '»“ g Fowes 350 mW (Accelerator)
Y : T 780 MHz (Host)
i § & ‘ ey 620 MHz (Accelerator)
X | - INT Performance 578 GOPS
b § | . INT Energy Efficiency 4.7 TOPS/W
'y Secure FP Performance 58 GFLOPS
i ;" stem v FP Energy Efficiency 557 GFLOPS/W
3 SUbSy L 17.5 ms (CloudViT)
3 ' E2End Appl. Latency :
- DITMR 1.5 ms (Reliable An. Det.)
2 ECC TCDM Cores : Fault Recovery Latency 38.6 ns
DIORUM .“.
s Chips-IT ThaIesA/erf la ETH zurich
FONDAZIONE  a Thales / Leonardo company pace
ETH:zurich D R IVEReLTA DI BOLOCNA 40



Space Processing: PULP’s Trajectory

=
o
Ll
=
o
& ,
ETH:ziirich

0 e o Pr e
RC64  PIC64-HPSC
Polarfire -~
uTe99 - ® _
o Carfield
@ N\ . /
“Gaisler GR740
il /// ) /// ‘ ‘ i
e e ; / .
SAMRH71 - . Myriad 2 \Astra[
_ -~ Spatz
-~ Cheshire Buckbeak .- -’
. ) %

8 Space multicore CPUs

ALMA MATER STUDIORUM
NIVERSITA DI BOLOGNA

,

PERFORMANCE (GFLOPS)

8 GPUs & Manycore DSPs

/”/i_X2160-Space\ \ \

’ s
s/ ,
, ,

Jetson Xavier Jetson Orin_

’
, .,
s .,
, ,
.

.,

| N J
Jetson TX2

,
, .,
s s
y Ve
7 7
,

\ Spatziale

~ ™ Picobello

-~ AraXL 64

Open RISC-V designs
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What’s Next: 3D!

3.5Dvl
« 3D stacking on logic + 2.5D HBM (AMD MI300)
 Face (top) to Back (bottom)
 Die (top) to Wafer (bottom)

Logic die
Memory + |0 die

MI300 Instinct™

V1
SRAM+NOC+IO at the bottom

L2+L3
Long interconnect

L1

Comb tech3

Comb tech?2
Comb techl

LO

LMA MATER STUDIORUM
JE] UNIVERSITA DI BOLOGNA 42



» youtube.com/pulp_platform

Tha n k You ! @¢» pulp-platform.org

, @pulp_platform



