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tinyML workloads

2

High OP/B ratio
Massive Parallelism 
MAC-dominated   
Low precision OK

COCO: 91.1%, 1B-param, many GOPS 

“Model zoo” fast evolution  need programmable solutions 

[YuTMLR22 - arXiv:2205.01917]

70%, “Tiny” DNNs
5M-param

[Li20 - arXiv:2011.12289 ]

Going “Tinier”

[Wu22, TinyML Forum]
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Perf. + Eff. + Flexibility  Parallelism
• As VDD decreases, operating 

speed decreases as well.
• However efficiency

increasesmore work done 
per Joule
• Until leakage effects start to 

dominate

• More units in parallel
• Get performance up (if you can 

keep them busy)
• Energy efficiency stays high!

Optimum
point

[Rossi et al. IEEE Micro 2017]

N cores running at moderate f, low Vdd are more 
energy efficient than a single core at N×f, high Vdd
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The PULP paradigm

CLUSTER

RISC-V
core

RISC-V
core

RISC-V
core

RISC-V
core

efficient DSPs (CV32E40P)
simple in-order 4-stage 
pipeline with RISC-V ISA

+ DSP extensions (xPULP)
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The PULP paradigm

CLUSTER

Tightly Coupled Data Memory

Logarithmic Interconnect

RISC-V
core

Mem Mem MemMem

RISC-V
core
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core
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core

Mem Mem MemMem

Mem

Membank interleaving to maximize 
available bandwidth in typical 
parallel computing scenarios
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The PULP paradigm
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Add DMA and I-Cache (I$) 
communication infrastructure

I$I$ I$ I$
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The PULP paradigm
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https://github.com/pulp-platform/pulp
https://pulp-platform.org

Everything Open-Source!
SolderPad / Apache 2 liberal licenses
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Heterogeneous computing on PULP
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Heterogeneous computing on PULP
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Cooperative 
Accelerators ISA 

Ext.
ISA 
Ext.

ISA 
Ext.

ISA 
Ext.

Loosely-
Coupled 

Accelerators

Emerging 
Memory
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Heterogeneous computing on PULP

At-MRAM Neural Acc.

Marsellus 22nm FDX
UNIBO, ETHZ, Dolphin

[3] F. Conti et al., ISSCC’23
[4] F. Conti et al., JSSC’23

Siracusa 16nm FinFET
ETHZ, UNIBO, Meta

[5] M. Scherer et al., ESSCIRC’23
[6] A. Prasad et al., JSSC’24

Vega 22nm FDX
UNIBO, ETHZ, GreenWaves

[1] D. Rossi et al., ISSCC’21
[2] D. Rossi et al., JSSC’21

Neural Accelerator
+ NN Extensions

Embedded MRAM
+ DSP Extensions
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Vega: extreme-edge AI MCU
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xPULP xPULP xPULP

4 MB
eMRAM

9 cores with xPULP ISA ext.
xPULP introduces DSP 

extensions for the RISC-V cores
(better support for DNNs)

Large embedded MRAM
provides non-volatile are for 

DNN weights

...
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Vega: DNNs on MRAM/SRAM

MRAM / L2 tiling
(Weights Only)

L2 / L1 tiling
(Weights + 
Activations)

0 1000 2000 3000 4000 5000 6000 7000 8000
Time [us]

Conv 1x1
DwConv 3x3

Conv 1x1

Conv2d 3x3
BottleNeck1
BottleNeck2
BottleNeck3
BottleNeck4
BottleNeck5
BottleNeck6
BottleNeck7
Conv2d 1x1
Conv2d 1x1

Add

‘royale with cheese’

x2 times
x3 times
x4 times
x3 times
x3 times

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Time per Inference [ms]

weights on MRAM
weights on HyperRAM

84.7 ms
87.7 ms

@ Vdd_SOC=0.8V, f_SOC=250 MHz, f_CL=250 MHz

final Conv2d layer is MRAM-bound

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Energy per Inference [mJ]

weights on MRAM
weights on HyperRAM

3.5x less energyend-to-end on-chip computation
1.19 mJ

4.16 mJ

I/O DMA

Cluster DMA

MobileNet v2
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Marsellus: AI-IoT Heterogeneous SoC
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Neural Engine
(1st gen: RBE) xPULP

NN
xPULP

NN
xPULP

NN

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
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The Neural Engine family
• Partially bit-serial dataflow for CONV3x3, PW1x1, 

DWCONV3x3
• 3x3, 1x1 and 3x3 depthwise mode
• Act. 2-8b (1st) / 8b (NE16/N-EUREKA), Weights 2-8b

• Core – receptive field of 1 output px across 32 output 
chans more cores, larger output “tile”

𝐲 𝑘௢௨௧ ൌ 𝒒𝒖𝒂𝒏𝒕 ෍ ෍2௜ 𝐖𝐛𝐢𝐧 𝑘௢௨௧, 𝑘௜௡ ⊗ 𝐱 𝑘௜௡௞೔೙௜ୀ଴..ௐ௕௜௧
Dispatching Network

Block
Block

Block

Block

ACC

Quant

ST
RE

AM
ER

WMEM
LdU
256b

TCDM
LSU

288b

Ctrl & 
Regfile

2x Input Buffers
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The Neural Engine family
• Partially bit-serial dataflow for CONV3x3, PW1x1, 

DWCONV3x3
• 3x3, 1x1 and 3x3 depthwise mode
• Act. 2-8b (1st) / 8b (NE16/N-EUREKA), Weights 2-8b

• Core – receptive field of 1 output px across 32 output 
chans more cores, larger output “tile”

• “Two and a half” generations
• Gen 1 (Marsellus): Reconfigurable Binary Engine (RBE) –

fully bit serial, full configurability of size in activations & 
weights

• Gen 2: NE16 – 8b activations, many more supported layers
• Gen 2.5 (Siracusa): N-EUREKA – parametric size, 

embedded weight memory

Dispatching Network

Block
Block

Block

Block

ACC

Quant

ST
RE
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ER

WMEM
LdU
256b

TCDM
LSU

288b

Ctrl & 
Regfile

2x Input Buffers

Block
Block

Block

Block

ACC

Quant

Block
Block

Block

Block

ACC

Quant

Block
Block

Block

Block

ACC

Quant

Block
Block

Block

Block

ACC

Quant

Block
Block

Block

Block

ACC

Quant

NxM Cores

𝐲 𝑘௢௨௧ ൌ 𝒒𝒖𝒂𝒏𝒕 ෍ ෍2௜ 𝐖𝐛𝐢𝐧 𝑘௢௨௧, 𝑘௜௡ ⊗ 𝐱 𝑘௜௡௞೔೙௜ୀ଴..ௐ௕௜௧

1st gen https://github.com/pulp-platform/rbe
2nd gen https://github.com/pulp-platform/ne16
2.5th gen https://github.com/pulp-platform/neureka
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Marsellus: AI-IoT Heterogeneous SoC
Combine heterogeneous 
architecture, quantization, Vdd
scaling and Adaptive Body BiasingCLUSTER

HOST
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132fJ

-1.4x -3.8x -1.4x
-2.4x -4.1x

-7.3x -1.4x

architecture
quantization
VDD scaling + ABB (no freq scaling)
VDD + freq scaling

R
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-2.3x

R
BE
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~40% gain with no 
performance loss

7.86pJ
5.53pJ

1.46pJ 1.35pJ

186fJ

Freq @0.8V: 420 MHz
@0.65V+ABB:  420 MHz
@0.5V: 100 MHz

Prototype implemented in GF 22FDX
 flip-well LVT & SLVT cells,  2.43mm2 for CLUSTER

1st gen RBE (9-cores)
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Not only academia! GAP9
• Best-in-class in latency and energy efficiency in MLPerf Tiny 1.0!

Latency 1.73ms (against ~29ms on GAP8)
Energy 41uJ (against 1450uJ on GAP8)

2nd gen NE16 (9-cores)
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Siracusa: towards XR computing
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At-MRAM NE
(N-EUREKA) ...

N-EUREKA is a much larger 
NE configuration

(~8x larger than RBE)

MRAMTight coupling with MRAM
provides ultra-efficient 

weight storage & access
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Siracusa: towards XR computing

[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)]

Siracusa[5][4]Marsellus [3]Diana [2]Vega [1]

16nm FinFET22nm40nm22nm FDX22nm FDX22nm FDXTechnology

16mm28.76mm225mm28.7mm210.24mm210mm2Area

6400 KB SRAM
4 MB MRAM (L1)

1428 KB768 KB1152 KB SRAM896 KB SRAM1728 KB SRAM
4 MB MRAM (L3)

On-chip mem

698 GOPS146 GOPSN/A90 GOPS140 GOPS32.2 GOPSPeak Perf 8b

2.68 TOPS/W0.7 TOPS/W0.94 TOPS/W1.8 TOPS/W2.07 TOPS/W1.3 TOPS/WPeak Eff 8b

8.84 TOPS/W 
(2x8b)

0.7 TOPS/W60.6 TOPS/W 
(1x1b)

12.4 TOPS/W 
(2x2b)

4.1TOPS/W 
(2x2b)
600 TOPS/W 
(analog)

1.3 TOPS/WPeak Eff (WxAb)

65.2 GOPS/mm258.3 GOPS/mm2N/A47.4 GOPS/mm221.2 GOPS/mm23.2 GOPS/mm2Area Eff

[1] D. Rossi et al., JSSC’21
[2] P. Houshmand et al., JSSC’23
[3] F. Conti et al., JSSC’23
[4] M. Chang et al., ISSCC’22
[5] Q. Zhang et al., VLSI Symposium’22

Balance efficiency, peak performance, area efficiency
without compromises in precision

N-EUREKA 36-cores configuration

2.5th gen N-EUREKA (36-cores + MRAM)
https://arxiv.org/abs/2312.14750
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Conclusion
• A taste of the PULP experience with 3 embedded AI SoC’s...

• Vega: full PULP concept for embedded AI, embedded NVM
• Marsellus: more architectural heterogeneity, 1st gen NE
• Siracusa: at-MRAM tightly-coupled computing, “high-performance” architecture

• Fully European design
• Switzerland🇨🇭 + Italy 🇮🇹

• Open-source hardware💡:
https://pulp-platform.org
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