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Next stop XR: towards on-sensor PULP computing
for micropower eXtended Reality
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f.conti@unibo.it ‘

@pulp_platform

PULP Platform pulp-platform.org <
Open Source Hardware, the way it should be! youtube.com/pulp_platform »
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Sma rt G IaSSeS, tOday Socially Acceptable form factor > like regular glasses ‘i%

Lightweight = <50 gram
All-day battery = LiPo 167mAh @ 3.7V - 25mW for 24-hour

operation
Qualcomm® Qualcomm* Qualcomm®*
QPA8675 QPA8685 QET4101
Qualcomm®
PMW3101 Cortex-A53 Qualcomm®
%‘ﬁ{,ﬁ,@%@ Qualcomm® SDM429w (;NTRZ%S
d ualcomm®
Qualcomm® SDAL429w T
Qualcomm®
WCN3620 Qualcomm® LPDDR3
Qualcomm’® Adreno™ A504 @750MHz
Ray-Ban Stories WCNS6608

Qualcomm®
WCN3610
Qualcomm®
WCN3980

ISP (x2)

Cortex-MO
[https://www.techinsights.com/blog/ray-ban-stories-smart-glasses-cameras]
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eXtended Reality Glasses, today

Dedicate form factor - cumbersome and uncomfortable in the long

run

Heavyweight = ~500 gram

2/3-hours battery = Li-ion 3640mAh @ 3.85V - ~5W operation

Snapdragon

AR2

Gen1

PURPOSE-BUILT
FOR
AUGMENTED
REALITY

Distributed

Tensor Processor !
Processing

2.5x

Higher Performance Al

Distributed

Processing
AR2
XR2 enmm—

S50%

Lower Power

Thinner & Lighter

L

40% v

Smaller PCB
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L4nm

Process Node

Development
Platform

Qualcomm’” Spectra™
480 ISP

Qualcomm® Adreno™
650 GPU

Qualcomm”Hexagon™
698 Processor

Qualcomm” | Qualcomm® | Qualcomm®
Sensing Processor Kryo™
Security 585 CPU
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How to “fold” XR functionality into smart glasses?

 Many tasks to manage... :';Z::SMO el Camera
+ Eye gaze tracking [1] ~ NNs| | | Event Camera
* Head tracking [2] | SLAM
* Hand tracking [3]
« Spatial beamforming [4] \ | |DSP o | Mics )

Y Y

Diverse compute Diverse sensing

* ... hard constraints to meet on computation!

« a starting point: think of MobileNet-V2 like @
500fps in 25mW

« ~600 MOps -> 300 GOPS -> 12 TOPS/W

Many technological hurdles to address as well!
ETH:zlrich ALMA MATER STUDIORUM E.g., SEE'through hi-res displays [0] 4



Save energy where it counts!
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[E. Beigné, ISSCC Forum 4: Advancing Technologies for Extended Reality (XR) to Make the “Metaverse” Possible]
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Logarithmic interconnect
APB - Peripheral Bus
AXI4 — Interconnect

The PULP value

Composability

+®

« Vast library of silicon-proven IPs o s BN e ey
e Mr. Wolf * Hero
« Ranging from microcontroller to HPC o
Heterogeneity
« LO acceleration: RISC-V extensions, SSR, ...
o I_]. acce | eratio n: HW P ES ( neura | e ngl nes, High-speed on-chip interconnect (NoC, AXI, other..)
TPEs, optimization engines...) Exterml iz
Memory Accelerator mem mem mem mem mem mem
« L2 acceleration: AXI autonomous units (& — - et | | s || e | e || ) s
m u |tI_C| u Ste r) L2 memory —— DMA TCDM interconnect
8 . 2 RISC-V RISC-V RISC-V RISC-V AL:C AL:C
- . < i Accelerator core core core core #1 #2
Effl cien Cy g [puppert core g2 LoACC | |LOACC | | LOACC | | LOACC
« Otherwise it would be the P___ Platform! At el — Cluser 1
- #M
( . ]\ . J ( . J
Support Additional Computing cluster with tightly coupled accelerators

Infrastructure  accelerators

' B B g
ETHzirich = uoumsisigi 6"



A vision for PULP-based XR glasses

Distributed, on-sensor computing

e Collect raw data

* Process directly on-sensor

« Aggregate on larger computing platforms

Acceleration —~— Sao
- ~
* On-chip NVM for DNN weights e ———————— N S :‘_\
| / |
L1 HW acceleration for DNNs I & A I
| . | ! N Meta = & < :
« LO acceleration for diverse processing 1 <A 5@ |
i i
Slracusa a highly heterogeneous SoC |
]

ETHzirich = oswasssisse



Siracusa first steps A

* A heterogeneous cluster template ) A N
ARChiMEDES 4 /

A S

N
« A novel acceleratorNEureka
Y S

N\
« Asilicon prototype SoCsSiracus
N
(TSMC16) AN

S DR
o B8 bE

[l found it!] s =

I8
e L.: ::fz:
i

/ X e

JY

Disclaimer: | am not payed by the Siracusa tourist office g _
But seriously, go visit! g



ARchiMEDES cluster template PO

P
Architectural Heterogeneity <-> Compute Diversity

A “classic” PULP cluster with
8 RV32IMCFXpulpnn cores

 private multi-precision FPUs

DSP, Models, and other general parallel
computations -> PULP cluster

e hierarchical instruction cache

=3
<€
pot (4 KiB + 512B per core)
DC Q
1) g _ « Xpulpnn extensions [5] for integer
z g 2 mixed-precision DSP + DNNs
! = ~ @+ 256 KiB of Tightly-Coupled Datz
2 BAEe BERE BABe BAEA BEBA e B — = Memory (TCDM) divided in 16
= L1 Interconnect (Logarithmic Xbar) word-interleaved SRAM banks
4x32b $311

» The Logarithmic Interconnect we
have known and loved since < 2013 ©

9



ARCchiMEDES cluster template

Architectural Heterogeneity <-> Compute Diversity

Quantized DNNs -> Tightly-Coupled Neural Engine _
Stationary Input Buffer
(3rd gen after RBE [5], NE16 ”s) Dispatching network

map input buffer to receptive fields
288b |

Periph interco Shallow branch

54

S

s

5 . L1 Interconnect (Shallow renaming branch)

(@) C C

= IO S g o

= 3 O b4

o =9

2 o :l'fll, €= = === Register File + Control '\ _J
g — end of job "
G -

L1 Intercon nect (Logarlthm/c Xbar bra nch NxM Cores

4x32b $318

1 Core = receptive field of 1x1 px in output
across 32 out-chans
* QOutput stationary, Input quasi-stationary
e Parametric number of Cores (NxM out-px)
* 8b activations, 2-8b weights

ETHzrich = so0oamesrsss 10 "o




ARCchiMEDES cluster template

- [ysram (@ vie) B N 4 viz) ISR
e vl Ev v e
E 256b

W 238b

L1 Interconnect (Shallow renaming branch)

Resolution
L1 TCDM
256 KiB)

L1 Interconnect (Logarithmic Xbar branch)

4x32b $33%
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2x64b
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+®

P

Boost memory energy efficiency

A large power-optimized on-chip
memory for network weights ->
cluster-level weight stationarity

4x 1MiB SRAM banks (64b-wide)
4x 1MiB NVM banks (64b-wide)

Paging support for transparent
network reconfiguration with
negligible increase in overall circuit
area.

11
PULP



Siracusa SoC

SoC FLL
Clus FLL

Periph FLL

2 MiB shared
32 KiB instr
32 KiB stack

Config Xbar (APB 32b)

Camera IF

L2 interconnect (TCDM 32b)

AXI CDC
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64b

SRAM (4 MiB) B8 NVM (4 MiB)

Weight
DI | O

B 238b

L1 Interconnect (Shallow renaming branch)

BN B MM WM mE mE mm mm

bidiloll Ll

L1 Intercon nect (Logarlthmlc Xbar bra nch

4x32b $318

2x64b

Hierarchical IS

AKiB shared + 512B per core

L1 TCDM
(256 KiB)




NEureka — DNN Accelerator Engine Q%

P

: . ' it-serial flow f ) )
y(kout)zquant< Z zz (wbin(kout:kin)®x(kin))> E&z/:/t(lzacl)llx\/l\t/);tx;erla dataflow for CONV3x3, PW1x1

« 3x3, 1x1 and 3x3 depthwise mode

Ctrl & 2x Input Buffers  Activations 8b, Weights 2-8b
H . .
Regfile Dispatching Network .

i=0.Whit ki

Core — receptive field of 1 output px across 32 output

WMEM chans = more cores, larger output “tile”
Ll -----

256b S ~=ao
=
o i
o
)

TCOM > ACC

<+« SU
Quant
ol o

' . IR
ETHzUrich 0 twosaisrgiesy



NEureka — DNN Accelerator Engine Q%

P

y(kyye) = quant< Z z 21 (Wi (ks Kin) ® X(kin))> « Partially bit-serial dataflow for CONV3x3, PW1x1,

i=0.Whit ki DWCONV3x3
« 3x3, 1x1 and 3x3 depthwise mode
Ctrl & 2x Input Buffers « Activations 8b, Weights 2-8b
Regfile Dispatching Network e
« Core —receptive field of 1 output px across 32 output
WMEM chans = more cores, larger output “tile”
a0t g ~ [ Block | Block [ Block | Block 'l Block Block . Stationarity
256b UEJ Block 8 Block @ Block /| Block ‘B Block Block
< - - - - - - « Output -> fully stationary in Accumulators
E - : - - "  Input -> quasi-stationary in Input Buffers
« Weights -> non-stationary (but stationary @ cluster level,
TcoM ¥ ACC thanks to WMEM!)
<+« LSU
288b o Quant « Dispatching network —maps input across Cores
- ~— ~ + Accumulator — 32x32-bit registers to store partial sums
NxM Cores

« Quant—= Normalization, Quantization, ReLU

T . K g
ETHzirich = uoumsisigi 14



NEureka — DNN Accelerator Engine

Y(kout) = quant( Z z Zi(wbin(kout: kin) ® X(kin))>

i=0.Whit kip
Ctrl & 2x Input Buffers
Regfile Dispatching Network

— —
r Block dimension
a0 g ~ B Block W Block [ Block [ Block [ Block Block ADIDIES (ac o5 Bl Sellinis SO)
256b =
2 SHIFTER .
F-‘_é : : : : = o
7 @
S
room >l [
B
<
(. ~ J
NxM Cores ACCUMULATOR

L ST
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NEureka scalability and performance

! ]
i
2 i
| 80 700 1200
S I
] 70 i
=1 j 600 1000 -
1
i
O -
22 33 44 55 48 | 66 | -
. LB B ‘ g}
B Streamer BN BinConv E Ctr . 5
B Input Buffer BB Accumulator \ g
. \ S
NEureka Complexity (MGE, 22nm) § =
---_--—----—__-------—_—--i---_-l-
l 80 700 r r~ r=r 4000 A [ I
I =707 600 3500 1 Ui I
I 560 7 500 - 3000 - I
50 - i 2500 1 dse
b 540 200 2000 I
L 3009 1500 - I
I =90 200 1 1000 - 1
1 = 10 - 100 500 - [ DepthWise PointWise 1x1 Convolution 3x3
I o- 0- 0- I without WMEM with WMEM
I RO R BB R D 2% 0 B0H B D 200 BH B D | . .
I 8458 LL &4 3E8LE &4 B5ELE | Comp|ex|tysca|mg
1 DepthWise PointWise 1x1 Convolution 3x3 |
| U273 Without Prefetch (Ideal) ~ Il Without Prefetch |
I (a) NEureka with 36 (6,6) columns with variable weight precision I
d

To appear at DAC’23 (A. Prasad et al.)

I—---------_-_-——_—--—--——_--——--—
Weight-precision scaling
ETHziirich SRR ALMA MATER STUDIORUM [A. Prasad, L. Benini, F. Conti, “Specialization meets Flexibility: a Heterogeneous Architecture

L4 UNIVERSITA GNA 16 L .

for High-Efficiency, High-Flexibility AR/VR Processing,” DAC 2023 (to appear)] SULP



Siracusa SoC — prototype in TSMC 16nm

* 4mm Xx4mm
e A cornucopia of memory
e 4 MiB of WMEM-NVM
e 4 MiB of WMEM-SRAM
2 MiB of L2 SRAM
e 256 KiB of L1 TCDM

L2 Memory
2 MiB SRAM

SoC

&
Peripherals

I-Cache

Cores

e Largest NEureka configuration
* 6X6 =36 Cores

To appear at ESSCIRC’23 (M. Scherer et al.)

Siracusa: A Low-Power On-Sensor RISC-V SoC for"
Extended Reality Visual Processing in 16nm CMOS

Weight Memory
Bl 4 MiB SRAM

R R L L s e i R R R R s s e e R R T AR I

ETHzirich = ez
\Q“//

Neureka

Weight Memory
4 MiB NVM

S R T T YT YT U U TR T




Siracusa Performance and Efficiency 0%

P

RISC-V cores (GP, DSP, ...) NEureka

4

10 —4x103 .————N-EUBEKA1X1 Mode ‘ | |
Kernell E o I 37 TOp/ | Weight Width [Bits]
S 2ol o 1 106 GOp/s | 20
* A4bint V) -—
Q 8b int 1.46 TOp/) = 3 = 4b
o . 61.4 GOp/s >3%107 = - + 5b
(@] [ 6b
g 629 GOp/J S be s + = MR
g 10 29.3 GOp/s g A )Y i ; - A 8
|
= 311 GOp/J A 5y 103 Ai; +=
® % ]
- 14.5 GOp/s § Ci = A Yo+ 1.6 TOp/)
o 615 GOp/J b Ade
S ., % 120.6 GOp/s o As 274 GOp/s g s i
T - 290 GOp/J L I 9.9 TOp/
144 Gop/l__§ 57.5 GOp/s N-EUREKA 3x3 Mode 1533 Gop/s |
167 = 10 S g
1 10° 8'
Performance [GOp/s] 5]
=6x 103 -
O " n
c " n
L 4x103 . * e 4o, o
Very near to out target S .3 W e, ‘e,
A + 2
- hundreds of GOPS S Aagteae
=2x10 Ag 2.0 TOp/)
c
- ~10 TOPS/W £ BGOs
10 5x10 10
Throughput [GOp/s]
" TRl MATER STUDIORUM i”ﬁ4é
mzurICh EA ORIV STHBIBENA 18
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The Evolution of the Accelerator Species

Good for efficiency,
bad for hair... :

w.r.t. Mia Wallace (2015)

GREENWAVES

TECHNOLOGIES

GAP9 w/ NE16

Improvement [min.precision]

Mia Wallace

Vega (2018) Marsellus

—@—Performance —@—Efficiency

ETH:zirich

Mia

m]"> Wallace

(2015)

Fulmine
(2016)

Vega
(2018)

Marsellus
(2020)

Siracusa
(2021)

65

65

22

22

16

<l UG HW Accelerator
(year) (nm)

HWCE (gen. 1)
Conv 5x5
16x16b

HWCE (gen. 2)
Conv 5x5

HWCE (gen. 4)
Conv 3x3

RBE (NE gen. 1)
Conv 3x3, 1x1

NEureka (NE gen. 2.5)
Conv 3x3, 1x1,
DWConv 3x3



The real challenge: using it!

L)
$r-20500
Zus
SIRACUSA

PCA

| - u =
-F ol e Hi -2

ELEEE RN RN

.
e o

1) (8 iﬁfjtypedef struct {
L ¢ in T‘)’ t *DeeployNetwork_Deeploy BUFFER__NCHW_TO_NHWC_MAXPOOL_H d f d
T i e bt g gy et pesrey The need for automate Deployment tools:
5 int8 t *DeeployNetwork_| Deeploy BUFFER NCHW TO_NHWC_ CONV PASS

) IR P8 chusterTork e see Moritz+Alessio’s presentation tomorrow!

static void _MERGE_CONVRQ_PASS 3 cluster_fork(void *_MERGE_CONVRK

MERGE CONVRQ PASS 3 cluster fork args t *args = ( MERGE CONVRQ PASS 3 cluster fork args t *) MERGE CONVRQ PASS 3 cluster fork args;
int8 t *DeeployNetwork_| Deeploy BUFFER__NCHW_TO_NHWC_MAXPOOL_PASS_2 TransposeOut Out =
args->DeeployNetwork Deeploy | BUFFER NCHW TO NHWC MAXPOOL PASS 2 TransposeQut Out;
void *DeeployNetwork_Deeploy BUFFER__MERGE_CONVRQ_PASS_3_buffer = args->DeeployNetwork Deeploy BUFFER MERGE CONVRQ PASS 3 buffer;
int8 t *DeeployNetwork Deeploy BUFFER__NCHW_TO_NHWC_CONV_PASS_3 TransposeOut Out =
args->DeeployNetwork Deeploy BUFFER NCHW TO NHWC CONV PASS 3 TransposeOut Out;

pulp nn _conv_u8 i8 i8(DeeployNetwork Deeploy BUFFER NCHW TO NHWC MAXPOOL PASS 2 TransposeOQut Out, DeeployNetwork Deeploy BUFFER MERGE CONVRQ PASS 3 buffer,
NULL, DeeployNetwork Deeploy BUFFER NCHW TO NHWC CONV PASS 3 TransposeOut Out
DeeployNetworkaeeplonyUFFERfcla551f1er OL REPLACED ~INTEGERIZE PACT CONV2D PASS 3 _weight,
DeeployNetwork Deeploy BUFFER classifier QL REPLACED INTEGERIZE SIGNED ACT PASS 0 mul,
DeeployNetwork Deeploy BUFFER classifier QL REPLACED INTEGERIZE SIGNED ACT PASS 0 add, 1, 18, 4, 4, 64, 4, 4, 128, 3, 3, 1, 1, 1, 1,

1, 1, 1, 1);

ETH:zurich




Back to the vision!

Distributed, on-sensor computing

e Collect raw data

* Process directly on-sensor

« Aggregate on larger computing platforms

Acceleration
* On-chip NVM for DNN weights
« L1 HW acceleration for DNNs
« LO acceleration for diverse processing

5 gx ) ALMA MATER STUDIORUM et
ETHzUrich = semsisisi 21



Back to the vision!

! Dlstrlbuted on-sensor computlng

. CoIIect raw data

* Process directly on-sensor

« Aggregate on larger computing platforms

\\\Smart Image Sensor (3D-IC)

UTSV/  on-Sensor
P%%ior [ Aggregator \
{53

CIS layer

ADC layer

On-Sensor From focus on single node towards
T %) [ Memory ] Y
_g r emo! i i -
Hls A S— distributed network of on-sensor nodes

[J. Gomez et al., Distributed On-Sensor Compute System for AR/VR Devices: A Semi-
Analytical Simulation Framework for Power Estimation]

ETH:zirich MM TERSTUBIO 2 Y
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Distributed on-sensor computing simulation with GVSOC

Siracusa-3D On Chip Off Chip

Palermo

i
1
1
1
1
(I !
a > V Cl r|Erk|
|R Custe NEureka | |

;Cluster Domain

RV Cluster|| NEureka |[DMA

Cluster

a g |RVCIuster” NEureka |
< 8 uTSV D |§QQI ona !l

;Cluster Domain

RV Cluster|| NEureka |[DMA

RV Cluster|| NEureka |[DMA

Cluster Cluster

SoC Domalri Multi-Cluster Domaml

(I !
a > RVCIuster | NEureka |
<8 uTSV D | |(QQ; ional )l

ﬁluster Domain
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Siracusa Team @ ETH / UNIBO

o

s

-

Alfio Di Mauro
Interfaces integration
Top-level verification

Manuel Eggimann Arpan Prasad Moritz Scherer
Top-level design & verif. NEureka design Silicon measurements
WMem subsystem & verification Applications

Silicon measurements System-level simulation

Davide Rossi Luca Benini

Siracusa architecture NEureka architecture Siracusa architecture
Siracusa architecture Project lead

ETHZUrich = cwossmssmssms 24 V=



References

« [0] M. Abrash, “Creating the Future: Augmented Reality, the next Human-Machine Interface,” in 2021 IEEE
International Electron Devices Meeting (IEDM), Dec. 2021, p. 1.2.1-1.2.11. doi:
10.1109/IEDM19574.2021.9720526.

« [1]Y. Feng, N. Goulding-Hotta, A. Khan, H. Reyserhove, and Y. Zhu, “Real-Time Gaze Tracking with Event-
Driven Eye Segmentation,” in 2022 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), Mar.
2022, pp. 399-408. doi: 10.1109/VR51125.2022.00059.

« [2]S.Huangetal., “A new head pose tracking method based on stereo visual SLAM,” Journal of Visual
Communication and Image Representation, vol. 82, p. 103402, Jan. 2022, doi: 10.1016/].jvcir.2021.103402.

 [3]F. Zhangetal., “MediaPipe Hands: On-device Real-time Hand Tracking.” arXiv, Jun. 17, 2020. doi:
10.48550/arXiv.2006.10214.

« [4] A. Li, W. Liu, C. Zheng, and X. Li, “Embedding and Beamforming: All-Neural Causal Beamformer for
Multichannel Speech Enhancement,” in ICASSP 2022 - 2022 IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP), May 2022, pp. 6487-6491. doi:
10.1109/ICASSP43922.2022.9746432.

'y '] 3 )
ETHzUrich . twosasrgissy .


https://doi.org/10.1109/IEDM19574.2021.9720526
https://doi.org/10.1109/VR51125.2022.00059
https://doi.org/10.1016/j.jvcir.2021.103402
https://doi.org/10.48550/arXiv.2006.10214
https://doi.org/10.1109/ICASSP43922.2022.9746432

dEw

i




