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The PULP paradigm ICE S
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\
efficient DSPs (CV32E40P)

simple in-order 4-stage
pipeline with RISC-V ISA
+ DSP extensions (xPULP)

RISC-VERRISC-VEERISC-VERRISC-V
core core core core
CLUSTER
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The PULP paradigm ICE€ S
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Tightly Coupled Data Memory

a I
bank interleaving to maximize

available bandwidth in typical

parallel computing scenarios
\ ) m m m m

Logarithmic Interconnect

CLUSTER
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The PULP paradigm ICE S
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Add DMA and I-Cache (IS)

communication infrastructure

\

J

Tightly Coupled Data Memory

Logarithmic Interconnect

interconnect

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

1$ 1$

CLUSTER
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The PULP paradigm ICQS

Tightly Coupled Data Memory

DMA Mem Mem Mem Mem
Everything Open-Source!
SerPad / Apache 2 liberal licenses

core

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

1$ 1$ 1$ 1$

https://pulp-platform.or
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Tightly Coupled Data Memory

Logarithmic Interconnect

interconnect

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

1$ 1$

HOST CLUSTER
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Heterogeneous computing on PULP L% 3

Emerging
Memory ¢

Loosely-

Accelerators

HOST

Tightly Coupled Data Memory

interconnect

Cooperative RISC-VEERISC-VEERISC-VEERISC-V
Accelerators ISA ISA ISA
Ext. Ext. Ext.
1$ 1$ 1$ 1$

CLUSTER
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L2 Memory
2 MiB SRAM
SoC

&
Peripherals
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Embedded MRAM Neural Accelerator
+ DSP Extensions + NN Extensions

At-MRAM Neural Acc.

4 MiB MRAM
4 MiB SRAM Tile Memory Weight Memory
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Vega 22nm FDX Marsellus 22nm FDX Siracusa 16nm FinFE

UNIBO, ETHZ, GreenWaves UNIBO, ETHZ, Dolphin ETHZ, UNIBO, Meta
[1] D. Rossi et al., ISSCC’21 [3] F. Conti et al., ISSCC’23 [5] M. Scherer et al., ESSCIRC’23
[2] D. Rossi et al., JSSC’21 [4] F. Conti et al., JSSC’23 [6] A. Prasad et al., JSSC’24
GRS DF LPHIN RMeta
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Vega: extreme-edge Al MCU ICE S
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Tightly Coupled Data Memory

9 cores with xPULP ISA ext.
XPULP introduces DSP
extensions for the RISC-V cores
(better support for DNNs)

interconnect

 himd
Large embedded MRAM AA) RV 1
provides non—vo.IatiIe are for xPULP I XPULP
DNN weights

HOST CLUSTER
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MobileNet v2

@Vdd_SOC=0.8V, f SOC=250 MHz, f CL=250 MHz | ' WAL i00iA

/O DMA
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Tightly Coupled Data Memory

~

16 cores with xPULPNN ISA ext.
XPULPNN introduces fused
MAC&LOAD + 2/4-bit
asymmetric precision ops

)

RBE is the first generation of
cooperative cluster-based
Neural Engines

Neural Engine
(1st gen: RBE)

HOST CLUSTER
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The Neural Engine family ICE S
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y(Kout) = quant( Z z Zi(wbin(kout» kin) & x(k,))

i=0.Wbit kin

» Partially bit-serial dataflow for CONV3x3, PW1x1,
DWCONV3x3

* 3x3, 1x1 and 3x3 depthwise mode

2x Input Buffers + Act. 2-8b (1st) / 8b (NE16/N-EUREKA), Weights 2-8b
Dispatching Network  Core —receptive field of 1 output px across 32 output

chans = more cores, larger output “tile”

Ctrl &
Regfile

WMEM

o
c
.
R

256b

STREAME

Tcom >
<« LSU
288b

N AN
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y(kout) = quant< z z 26 (Wi (ke ki) ® X(km))> » Partially bit-serial dataflow for CONV3x3, PW1x1,

i=0.Whit Kin DWCONV3x3
* 3x3, 1x1 and 3x3 depthwise mode
Ctrl & 2x Input Buffers « Act. 2-8b (1st) / 8b (NE16/N-EUREKA), Weights 2-8b
—
Regfil ve
- Dispatching Network - Core — receptive field of 1 output px across 32 output
WMEM Block |l Block |l Block [l Block [l Block S Block chans > more cores, larger output “tile”
— > )
;::b E % % % % % % * “Two and a half” generations
< ) : : . . ) * Gen 1 (Marsellus): Reconfigurable Binary Engine (RBE) —
o . . . : COR fully bit serial, full configurability of size in activations &
* Qe oo f ool oo B oo A
Tcom accl accl acc B acc B Acc ACC * Gen 2: NE16 — 8b activations, many more supported layers
<> LSU « Gen 2.5 (Siracusa): N-EUREKA — parametric size,

288b

embedded weight memory
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A
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Marsellus: Al-loT Heterogeneous SoC
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495 mm

&
<

1.94 mm

Prototype implemented in GF 22FDX

> flip-well LVT & SLVT cells, 2.43mm? for CLUSTER

> Combine heterogeneous
architecture, quantization, vVdd
scaling and Adaptive Body Biasing

—

Freq @0.8V: 420 MHz — architecture
5.53pJ @0.65V+ABB: 420 MHz | | TTTTTTTT > quantization )
@0.5V: 100 MHz — — — = Vpp scaling + ABB (no freq scaling)
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Not only academia! GAP9 |C
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TECHNOLOGIES
[ o [ L3 L3 [ I
* Best I lat d ff MLPerf Tiny 1.0
est-in-class in latency and energy efficiency in erf Tiny 1.0!
Benchmark Results
Task Visual Wake Words Image Classification Keyword Spotting A ly D i
Visual Wake Words Google Speech
Data Dataset CIFAR-10 C ToyADMOS (ToyCar)
Model M 1 (0.25x) ResNet-V1 DSCNN FC AutoEnc
Accuracy 80% (top 1) 85% (top 1) 90% (top 1) 0.85 (AUC) 1
Processor(s) & |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 uJd ms uJ ms uJ 1
Greenwaves RISC-V Core GAP9 (370MHZ,
Technologies GAPS EVK GAPS (1+9) NE16 (1) GreenWaves GAPFlow 0.8Vcore) 1.13 58.4 0.62 40.4 0.48 26.7 0.18 7.29
Greenwaves RISC-V Core GAP9 (240MHZ,
Technologies GAP9 EVK GAPS (1+9) NE16 (1) GreenWaves GAPFlow 0.65Vcore) 1.73 40.8 0.95 21.7 0.73 18.6 0.27 5.25
A orte:
QOctoML NRF5340DK nRF5340 M33 microTVM using CMSIS-NN backend 128MHz 232.0 * 316.1 76.1 6.27 |
STM32L4R5Z |Arm® Cortex®-
OctoML NUCLEO-L4R521 [IT6U M4 microTVM using CMSIS-NN backend 120MHz, 1.8Vbat 301.2 15531.4 389.5 20236.3 99.8 5230.3 8.60 443.2]1
STM32L4R5Z |Arm® Cortex®-
OctoML NUCLEO-L4R521 |IT6U M4 microTVM using native codegen 120MHz, 1.8Vbat 336.5 7131.6 389.2| 213423 144.0 7950.5 1.7 633.7]1
Arm® Cortex®-
Plumerai B_U585I_IOT02A |STM32U585 [M33 Plumerai Inference Engine 2022.09 160MHz 107.0 107.1 35.4 4.90 |
CY8CPROTO-062-|PSoC 62 Arm® Cortex®-
Plumerai 4343w MCU M4 Plumerai Inference Engine 2022.09 150MHz 192.5 193.1 61.4 6.70 |
Arm® Cortex®-
Plumerai DISCO-F746NG  |STM32F746 (M7 Plumerai Inference Engine 2022.09 216MHz 57.0 64.8 19.1 2.30 |
STM32L4R5Z |Arm® Cortex®-
Plumerai NUCLEO-L4R5Z1 |ITBU M4 Plumerai Inference Engine 2022.09 120MHz 208.6 173.2 71.7 5.60 |
Arm® Cortex®- TensorFlowLite for Microcontrollers, CMSIS-NN,
Silicon Labs xG24-DK2601B  |[EFR32MG24 |M33 Silicon Labs MVP(1) |Silicon Labs Gecko SDK 111.6 113 120.9 1234.7 36.3 401.9 5.43 4731
NUCLEO-H7A3ZI- [STM32H7A3Z |Arm® Cortex®-
STMicroelectronics  |Q IT6Q M7 X-CUBE-AI v7.3.0 280MHz, 3.3Vbat 50.7 7978. 54.3 8707.3 16.8 27218 1.82 266.5]1
STM32L4R5Z |Arm® Cortex®-
STMicroelectronics  [NUCLEO-L4R5Z1 |IT6U M4 X-CUBE-AI v7.3.0 120MHz, 1.8Vbat 230.5 10066. ‘ 226.9| 10681.6 75.1 3371.7 7.57 323.0|1
NUCLEO-U575ZI- |STM32U575Z |Arm® Cortex®-
STMicroelectronics  |Q IT6Q M33 X-CUBE-AI v7.3.0 160MHz, 1.8Vbat 1334 3364.5 139.7 3642.0 44.2 1138.5 4.84 119.1]1
Syntiant NDP9120-EVL NDP120 MO + HiFi Syntiant Core 2 (98MH] Syntiant TDK Syntiant Core 2 (98MHz, 1 4.10 97.2 \ 5.12 139.4 1.48 43.8 |
Syntiant NDP9120-EVL NDP120 MO + HiFi Syntiant Core 2 (30MHj Syntiant TDK Syntiant Core 2 (30MHz, 0 101.8 |
Next L o ~
Next Generation |Generation t 1 7 3 t 2 9 G A P 8
Next Generaion | Generation datency 1./75ms (agains ms on
Qualcomm Mobile Platform Mobile Qualcomm Kryo |Qualcomm Sensing
)

e R oA emreecENErgy 41ul (against 1450u) on GAPS)
2" gen NE16 (9-cores) Fconti|Unh &



Siracusa: towards XR computing |CS
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Tightly Coupled Data Memory

N-EUREKA is a much larger
NE configuration
(~8x larger than RBE)

At-MRAM NE
(N-EUREKA)

Tight coupling with MRAM MRAM
provides ultra-efficient

weight storage & access }LUSTER
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5 SoC <z 22nm FDX 22nm FDX 22nm FDX 40nm 22nm 16nm FinFET
= & > [
g Peri phera|5 5 é«- 10mm? 10.24mm? 8.7mm? 25mm? 8.76mm? 16mm?
= Neureka gV
= om= 1728 KBSRAM 896 KB SRAM 1152 KBSRAM 768 KB 1428 KB 6400 KB SRAM
bl SY s 4 MB MRAM (L3) 4B MRAM (1)
=
L b 32.2 GOPS 140 GOPS 90 GOPS N/A 146 GOPS 698 GOPS
= r N =
1.3 TOPS/W 2.07 TOPS/W 1.8 TOPS/W 0.94 TOPS/W 0.7 TOPS/W 2.68 TOPS/W
1.3 TOPS/W 4.1TOPS/W 12.4 TOPS/W 60.6 TOPS/W 0.7 TOPS/W 8.84 TOPS/W
(2x2b) (2x2b) (1x1b) (2x8b)
600 TOPS/W
(analog)
3.2GOPS/mm2  21.2 GOPS/mm2  47.4 GOPS/mm?  N/A 58.3 GOPS/mm?|  65.2 GOPS/mm?
4 MiB MRAM

4 MiB SRAM Tile Memory Weight Memory [1] D. Rossi et al., JSSC'21

2] Hooshmard et ol 155C'23 Ba.|lance effncnency,. pea.k perfo.rl.’nance, area efficiency
[3] F. Conti et al., JSSC'23 without compromises in precision

[4] M. Chang et al., ISSCC’'22
N-EUREKA 36-cores configuration
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[5] Q. Zhang et al., VLSI Symposium’22

[A. Prasad et al., “Siracusa: a 16nm Heterogeneous RISC-V SoC for Extended Reality with At-MRAM Neural Engine,”
IEEE Journal of Solid-State Circuits (accepted)]

2.5t gen N-EUREKA (36-cores + MRAM)
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Conclusion IC*??S
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« A taste of the PULP experience with 3 embedded Al SoC’s...
* Vega: full PULP concept for embedded Al, embedded NVM
« Marsellus: more architectural heterogeneity, 1st gen NE
* Siracusa: at-MRAM tightly-coupled computing, “high-performance” architecture

* Fully European design
» SwitzerlandcH + Italy 1T

- Open-source hardware @ : :
https://pulp-platform.or
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