Picasso: An Area/Energy-Efficient End-to-End Diffusion Accelerator M-MIM'

with Hyper-Precision Data Type
CastLab Sungyeob Yoo, Geonwoo Ko, Seri Ham, Seeyeon Kim, Yi Chen, and Joo-Young Kim KAIST

m Hyper-Precision Data Type

This work presents Picasso, an end-to-end diffusion accelerator designed Hyper-Precision 8 (HYP8) Data Type HYP8 supports upto INT13
for enhancing the efficiency of diffusion-based machine learning models used Sign (S) 1b1b 6b b _6b  6b
in applications such as image and video generation, and inpainting. Picasso Exponent () HYP8 INT13 [S| Data H DEIEES
introduces a novel hyper-precision 8 (HYP8) data type and a reconfigurable Mantissa (M) Data = (-1)S- M - 16E HYPs [ET0 ﬁa q |§ o] Daa T
architecture designed to significantly enhance hardware efficiency, providin
9 . 9 : y g Y, P 9 Data Coverage of HYP8 FID Score & Memory Footprint Graph
an extended dynamic range without sacrificing accuracy. It also features a
. . . . . . [E=0_ 196.8 460.0
unified engine that streamlines the processing of all non-matrix operations ] , 50 10 o
. : . Provides High 114 ' Near-Zero — c
and employs sub-block pipeline scheduling to reduce overall latency. Resolution o . Range L &40 L 085
Fabricated in 28nm CMOS technology, this accelerator achieves an energy iin - > 583029 -T[ T 0_6§§
efficiency of 4.96 TOPS/W and a peak performance of 9.83 TOPS. 63 i E6x?;reme| 16 a s 20 ° 0.4 gi’
. . . — = O© .
Compared to previous works, Picasso demonstrates speedups ranging from =il covers | Broad m: L=, 0.0 ‘z’%
8.4x to 26.8x while also improving energy and area efficiency by 1.1x-2.8x g /("/ %?,tge 5 ~ 0 0 =
and 3.6%-30.5%, respectively. i ot ] < > > Ours INT8 FP8 INT12FP16
-1008 0 1008 @stable diffusion on COCO dataset
Motivation & Contributions « Supports dual modg (near-zero range / extremely broad data range)
* Low memory footprint w/ no accuracy drop
Diffusion Model Architecture
. . o 2 ([ Convad [ GroupNorm [Add ) Hyper-Efficient Reconfigurable Array
Softmax [] LayerNorm [] SiLU
T ; \H A T R GELU J HYP8 Multiplier (HYPM) Comparison of MAC Area & Power
- = (ResNetBlock |[AttentionBlock) [Sa]Ea Ma X Bb b Mp 5 o 31 T66% S
Image-to-Video Denoising process x(T-1) X Emb| XEmb X Context JJ, unsi gne d =< 2 31% ™
O o
() ResNetBlock (] AttentionBlock - w >®<7 INT6 Mult. % < 1 = Q |§ 12
"A photograph of | - — =N prd = 0 =
an astronaut & 7B '% v W - __ Y. ‘ Ours |NT8 FP8 INT12 FP16
riding a horse - Concat : <<4 << 8|~ T O o 5 o
Text-to-Image — | =] F-_l- - 'l- = GNJ c;: 56% 2
- 00 01 10 11 : R 32% 2 <
i / v - ®) ~ o <) .
Alignment J Zero g <§( ] [l g -
Higher HW Efficiency o[ +/- Padding Ours INT8 FP8 INT12FP16
Lower Memory Footprint QAT PTQ Sign ¢21 b Accum. precision: INT—INT32, FLOAT—FP16
. > ’ 1 E Retraining 0O X | - Evaluated @400MHz, 1.1V
g.émo-s 0.67 25| TrainingTime | @] © Ny ks i e Reconfigurable Hyper-Multiplier (RHM) Reconfigurable Scheme
2 €06 N & weE | T paw | F . s
3w Eo4 £ |pata Requirements| @ | © ' R NN tpf Type Cfg) [Config | H [HYPM -
So = Tl £ 3 — FP16 INT12 INT10 INT8 Hyps o | (HYP8 x HYP8) 'H [HYPM >
2552 Z £ | Training Cost ®|O : Cfg A_>E > INT 1 AIx[B e +»
st = O0LE o = — ol 6 Lower Image Quality Cig B—> > H >
“E @S y e B [AYPM ] >
Lower Bit Precision PTQ: Free from Retraining, Comes with Accuracy vs. Bit Precision Trade-off Ao — HYPM _|-r << 12 :—> 1 ‘_» mlg—z """"" EHYPM """""""" > """""
By —» : |0
Challenge 2: Optimizing the Latency of Non-Matrix Operations : : IQ (INTK HX‘P& H[HYPM H<<6 }—»>
: Al — [<<6 ||, HIT'L BV H<=<6}>| "
Colors are based on 0.4I9°/o O'O|2% 0.02% 0.07% O'O|5% O'1|3% 0.02% B, —» HYPM —|T b ™ |24p B
Number of [Convad] 51.61% [Linear] 47.60% : ' l:{ +Hr> X H [HYPM =
Operations |- =2 _ — _ Ay — <<06 }~>[; oo R I o I e i g
T T - By —|HYPMLT—-""} | onlig B [(AyPM H=<12} >
Latency | 9.98% [Conv2d] 26.89% 7.89% [Linear] 37.84% 7.89% Zero - (INT x INT) H [FvPM H=<6 |
Measured @stable diffusion, Titan RTX 1 a5 1130, 3:54% 3.38% 23 P HYPM Padding > AH[AL H [HYPM H <<6 > ™
Non-Matrix Operations Account for a Small Portion in the Operation Count, but Cause Significant Latency 3 ™ ) ¢ BH B|__ E HYPM >
X Contributions « HYPM supports HYP8 multiplication hardware-efficiently
. . « RHM rts INT8-INT13 w/ reconfigurable hardware for high accurac
1.Hyper-Precision Data Type (HYP8) supports 8 3 w/ reconfigurable hardware 9 y
* Provides high resolution and a broad data range without losing accuracy
2. Hyper-Efficient Reconfigurable Array (HERA)
« Supports HYP8 enabling dynamic range extension with no accuracy drop Normalization Softmax Reformulated Operations
3. Unified Non-Matrix Processing Engine (UNPE) Processing Flow Processing Flow X =
« Streamlines all non-matrix operations and reduces end-to-end latency nput & Norm(X) A Input ¢ Softmax(X) A _| EXI= =2 Ex?) = =
De-Quaniizer De-Ouaniizer ] . P o ST
C S rad = las =
Overall Architecture R 1 |8 e e R
Adder Tree Mac Array : Max SUbtraCt E ..-...-....-.)&._-.E.[.)i] -------- )-(--_--E-[)-(-] --------------
| . . . S | Norm(X) = —
___ On-Chip Network J[Ext '| Hyper-Efficient Reconfigurable Array (HERA) Accumulator Xi ~Xmax §—— 2| "= VEX2] — Ep2
41 1 1 t Ul wvem Il Controller |.]  Processing > X * * 3 x2 LUT Gl 3 [
1] % o || 2 { Element (PE — ¢—'|—¢
Cluster#3 || || 2 [®°XB)fl 5 = t( ) DITEE] Xe Xmax = max(Xg, X1, X, - -, Xy)
' n < | E e [ Tex? Adder Tree |IMac Array [ | |...ooeieiiiii e
D vEM || = 32x8 @ “1 | X:—X 1
HERA #0 ': g (21 KiB) S PE x‘ Subtract Max Accumulator g Xe = e’ N~ "MaX Grad = X Xrmax
! GE) Array \‘ % E Square Root |Reciprocal Square Root |Reciproca| § ............................ Z c. I ................
oll—1lla = %\AEI\Q b = Q Divider Softmax(X:) eNi2max Grad x X
ortmax(A:) = = Grad *
sl el 1 B HERA #1 (32 KiB) Accumulator ‘1 £ LUT - ] " 5 Xi—Xmax ©
% % ..% Grad, Bias Grad
| J 0O Ours O Conventional Cluster |_. Linear LayerNorm Linear
, IMEM Controller |, =1 5 0 ’ | —ppzg . >
/ o } o ' T -5:—' T—' HERA #1 EEEEN
t y % (32 KiB) 5 MAC Array 008 33*/° 23y 36*/0 “HERAZ | - X —> _:’ﬂ X
a0 c | 1 O ; S -1 . n >
UNPE > = || Adder Tree | 5 06 [CONPE ][+, x w Linear ~ Norm W
£ |OMEM || . 5 802 Z HERAS (Op. Ours Conv. )
© |(96 KiB) || SFU 8 8— x § rof = go-z 8 UNPE — . '
\ = (e e & E S Group Layer goft » [near O~y O~
Top Controller PLL |} Accumulator | 2 Z Norm Norm o mox SHERZS Reduces Norm 1~n n~2n-
\ atenc
Y Avg. cycles evaluated @stable diffusion o 0 1 "1 n_ e ém > Linear n ~ L2~ )
. Emahsslo includes 4 clugtle_lréi_\;c'zp Conc;trolljlr\i F|>D|IE_L and network-on-chip Supports complex non-matrix operations efficiently by operation reformulation
* Each cluster contains S, anda The sub-block pipeline scheduling maximizes the utilization of a cluster

Specification
ISSCC22[2] | JSSC22(3] | ISSCC23[4] | ISSCC'23 [5] This Work Acknowledgements

Technol . .
=ity | 28 _ 16 - 12 28 _ 28M - This work was partly supported by Institute of
ttention, , iffusion Mode . . .
Supported Networks Transformer Linear Transformer Transformer Transformer Informatlon & com.mun|cat|ons Technology
Data Precison INT12 FP8 FP4/FP8 INT8 HYPS8/INT8-13 Planr“ng & Eva|uatI0n (”TP) gl'antS funded

by the Korea government (MSIT) (No.2022-0-
01036, Development of Ultra-Performance

End-to-End Support)
Diffusion Model X A A A O

Accruacy (FID Score | )2) - 460.0 196.8 196.8 26.9 PIM Processor SOC with PFLOPS_
Die Area [mm?] 6.82 8.84 4.6 3.93 21.9 Performance and GByte-Memory & No0.2022-
Core Voltage [V] 0.56 - 1.1 055-1.0 0.62-1.0 0.64 - 1.03 062-12 0-01 037, Development of High Performance
Core Frequency [MHz] 50 - 510 130 - 573 77 - 717 20 - 320 25 - 400 Proces)smg-ln-Memory Technology based on
DRAM
Peak Perf 5) 5) .
ek Dertormance 0.52 117 0.367 (FP8) 0.49 9.83
Energy Efficiency * 4.25°%) 4.46 1.77 (FP8)® 4.31% 4.96 ¥
[ToPSY g;gg;gpéw ' ' ' ' : If you have any questions,
> o, 0.0762 ° 0.0432 0.0147 (FP8) 0.125 % 0.449
Ch Ph t h ;) ﬁ Not supp;ortmbgl] ngrf:cnallzatlonh éTgotablle Sccuraqr/] loss with 8- t:gllghpo's:tltt)raémng %Egt%atlozn? 11) p
| O O ra ccura(I:Zyo stable diffusion wit applied at (Iaa:c pr%<0|5|ons e core " IS ! °
P grap Zﬁ Maasared @o. %%mz?ﬂh”zo'°H9Yyp%idﬁy52‘%r§eyr§ffo%eES’VWe e o sparaity ue 10 meutciont oarsiy T ttusion model. sungyeob.yoo@kaist.ac.kr




HOTCHIPS 2024

Picasso: An Area/Energy-Efficient
End-to-End Diffusion Accelerator
with Hyper-Precision Data Type

Sungyeob Yoo, Geonwoo Ko, Seri Ham,
Seeyeon Kim, Yi Chen and Joo-Young Kim

KAIST @ CastlLab




Abstract

This work presents Picasso, an end-to-end diffusion accelerator designed for
enhancing the efficiency of diffusion-based machine learning models used in
applications such as image and video generation, and inpainting. Picasso
introduces a novel hyper-precision 8 (HYP8) data type and a reconfigurable
architecture designed to significantly enhance hardware efficiency, providing an
extended dynamic range without sacrificing accuracy. It also features a unified
engine that streamlines the processing of all non-matrix operations and
employs sub-block pipeline scheduling to reduce overall latency.

Fabricated in 28nm CMOS technology, this accelerator achieves an energy
efficiency of 4.96 TOPS/W and a peak performance of 9.83 TOPS. Compared to
previous works, Picasso demonstrates speedups ranging from 8.4x to 26.8x
while also improving energy and area efficiency by 1.1x to 2.8x and 3.6x to
30.5%, respectively.
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Diffusion Model

» The state-of-the-art powerful generative model

« Diffusion models are transforming the generative Al market with their exceptional performance in emerging applications.
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Diffusion Model

= Diffusion models start processing with initial random noise and perform iterative denoising process.

= U-Net architecture consists of ResNet blocks and Attention blocks.
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Challenges of Accelerating Diffusion Models

» Challenge 1: quantization with low bit precision
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» Challenge 2: optimizing the latency of non-matrix operations
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Non-matrix operations accounts for a small portion in the operation count, but cause significant latency.
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Overall Architecture

= Hyper-Efficient Reconfigurable Array (HERA)

SRR | Hyper-Efficient Reconfigurable Array (HERA) » Processes matrix operations (e.g., Conv2d and Linear).
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Hyper-Precision Data Type

= Hyper-Precision 8 (HYP8) provides an extended
dynamic range and efficient memory footprint without

any accuracy loss in diffusion model.

Data Coverage of HYP8
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enables the precision of INT8-13.
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HYP8 Multiplier

= HYP8 Multiplier (HYPM) supports HYP8 multiplication while maximizing hardware efficiency.

= HYPM is area- and power-efficient compared to other MACs.

HYPM Architecture Comparison of MAC Area and Power
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Reconfigurable Hyper-Multiplier

= Reconfigurable Hyper-Multiplier (RHM) supports both HYP8 and INT operations in a reconfigurable
manner using 4 HYPMs.

» RHM provides 3 different configuration schemes depending on the input data type.
« Using RHM, we can balance between better throughput and higher accuracy.

RHM Architecture Reconfigurable Scheme
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Unified Non-Matrix Processing Engine & Sub-Block Pipeline Scheduling

= Unified Non-Matrix Processing Engine (UNPE) efficiently supports various complex non-matrix
operations in a single unified engine.
» Streamlines normalization and softmax operations into 2 steps:
(D Computing coefficients (gradient & bias) @ Performing linear operation
* Minimizes non-matrix operation latency.

= Sub-block pipeline scheduling optimizes end-to-end latency and maximizes cluster utilization.
« Tasks are divided into sub-blocks, allowing HERAs and UNPE to operate concurrently within the pipeline.

Optimizing Non-Matrix Operations in UNPE Sub-Block Pipeline Scheduling
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Chip Summary

Chip Photograph Chip Specification Voltage-Frequency Scaling Generated Image
5
Technology 28 nm
On-Chip Memory 1.36 MiB 1
Data Precision | HYP8/INT8 - INT13 %4 -
o
Die Area 21.9 mm2 O
Top.Controll EXCIF | _ ]
& Oorpomrler | Core Voltage 0.62-1.2V
Core Frequency 25 - 400 MHz S 1
‘ l
| | Peak Perf .83 TOPS (HYP
T o S o RSNPRR || | Poak Performace | 9.83 TOPS (HYP8) 06 08 10 12
| | Energy Efficiency 4.96 TOPS/W Core Voltage (V)
Area Efficiency | 0.449 TOPS/mm?
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Performance Comparison

Picasso shows an 8.4x to 26.8x speed-up, 1.1x to 2.8x higher energy efficiency, and
3.6x to 30.5x higher area efficiency.

ISSCC'22 JSSC"22 ISSCC'23 ISSCC'23 This Work
Technology [nm] 28 16 12 28 28
, _ Diffusion Model
Supported Networks Transformer Attention, RNN, Linear Transformer Transformer £ ——
Data Precison INT12 FP8 FP4/FP8 INT8 HYP8/INT8-13
End-to-End Support 1)
Diffusion Model X A A A O
Accruacy (FID Score ) 2 - 460.0 196.8 196.8 26.9
Die Area [mmZ] 6.82 8.84 4.6 3.93 21.9
Core Voltage [V] 0.56-1.1 0.55-1.0 0.62-1.0 0.64 - 1.03 0.62-1.2
Core Frequency [MHz] 50 - 510 130 - 573 77 - 717 20 - 320 25 - 400
Peak Performance 5) 5)
[TOPS or TFLOPS] 0.52 1.17 0.367 (FP8) 0.49 9.83
Energy Efficiency 3) 5) 5) 5) 4)
[TOPS/W or TELOPS/W] 4.25 4.46 1.77 (FP8) 4.31 4.96
Area Efficiency 3) 5) 5)
[TOPS/mm2 or TFLOPS/mm2] 0.0762 0.0432 0.0147 (FP8) 0.125 0.449
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Summary

H H B 5 E S

HOTCHIPS 2024

d8'0 SIXSI
vosayze

Picasso is a 28nm end-to-end diffusion accelerator designed to
maximize hardware efficiency without sacrificing accuracy, featuring:

» Hyper-Precision Data Type (HYP3)
» Hyper-Efficient Reconfigurable Array (HERA)
 Unified Non-Matrix Processing Engine (UNPE)

Picasso achieves up to 26.8x better performance, 2.8x better energy
efficiency, and 30.5x better area efficiency than prior accelerators.

Picasso maintains high image quality comparable to FP16 without
accuracy degradation.
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Thank you

= Any questions? Feel free to contact us!
« E-mail: sungyeob.yoo@kaist.ac.kr
« Slack: #p-kaist-picasso
« Lab website: https://castlab.kaist.ac.kr

Sungyeob Yoo
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