A-SSCC 2025 Review

KAIST 7| & HASSE HAtarg 0]7h2
Session 7 Application-Driven FPGA Circuits and Systems

O|&H A-SSCC 20259| Session 70{|M& CGIX| AN A S| AA|IZF QIS5 7t

S
MMM 22 @5 AY, HCl EWARD, 3D AEHE & A
T20| 2 Al YAZEE AL Z FPGA 7|9 MX|H.1
T=0| AEACE EF| EFZ
oh Mzl e ftnt 5 Y4
A2, SMX| CIHO|A0NM 4
2 =9[Rt 2 2[R0
Xt stk

o
Pt
o oo rQ o rr or

.

E ooy oY

>~
=2
Hel
oo
rm
rr
MO Ho
oA
<2
>
i
N
e
1o
Ho
mjo
nr oA
HL A
k1

]

#7-1 &2 =2 Fudan University 2t ZTE Corporation O|A ZEDH AT E, Embodied
Artificial Intelligence(EAl) 2tZ0IM EX2| HAIZt dE A=Z ™57 et FPGA
718k SIEQIO] 7IL57|E M eteth 2 2EEEA BOFOA = AlZ HEQF Q10 X[AIE

UHoZ fof AEKHOl HE AFLE 4H5t= Vision-Language-Action(VLA) 2 EO|
F2HtT QOLL, diffusion & transformer Z|HE FXEREZ Qg AA 2FREoF XN
Aol A CIX] =F0M HAZE Mo F7|E TEAZIZ7] OFELE 7[E FE2
HESL 2 FHAHE S ds MHES AZHAXT, dS A= 20| A¢HEe=z
ALE EEE &%= ZH0M= oF Jtstt FU0ME Sge AFdT ALH0|
T EZaot AMD M A7 BT

Z (Velocity-

= ==0AMe ot EME diZsty| flsf H= FF 7lgt dF o
X

o
Estimation-Driven Behavior Prediction)O|2te MZ2 NI A2 HQtstCt A QHe
=

YHS WS MY DYS M BN EAolel, BE E22 SUSH Hsts Al
E20| SoBE S0 Ot Xz YAS LAss U WHOE B THIoE,
220 22 S 0|2 J|HOE % XQE0 O3 SE U JHES FHL, oY
T2H0] ¥ 2502 2A JHSUX|S BERICE O WM ZH ASR)S ALBSHO
WE Bislo] MENS FYHOE ikoln, YW YA ol4Y FS AT TUS oS
Jbs Priez EFt



DDR PS Embodied Al
Action Expert Vision/Language DDR Robofic N
Weight Parameter Key/Value Cache les| | Controller [ |, Edge-side
Control
I Robot State | | Noisy Actions | | CPU | Algorithm
l_, I I 1
L3 3 3
Global Buffer [ Config. Register | [ Top Controller |
| Weight Mem (3MB) £ 2
Action Core
TempiMemi({50KB) Lightweight Action Predictor Action Processing Engine
bypass tokens, Fitting Phase Prediction Phase |
scale factors Velocity C: locity| |
Estimator or Acceleration

—Fl Classifier | Predictor

SIMD Core -| Acceleration |Predicted Action

(IR
|ADDMUL | [EXPISILU |

T
|RMSNorm| RoPE Layer Fusion Scheduler
I—I Transformer Block
1 Block FFN Block

Feature1:

Velocity-Estimation-Driven Global Tiling | I Local FFN

Action Prediction anager Partmon Unit Adder Tree

T.

kL

Action Core Controller I
T ]

v
Feature2: Hierarchical Tile- KV Cache | Result | | Output Buffer (36KB) I
Aware Cross-Layer Fusion Synchronizer Aggreg

[ 2 1] Overall architecture

= 7ts FUoME BT 7|8 A3 49 oY, ol HEOM F=EE &&= E=
IEEE 0|8t i Aits S Chg dss Ydottt ttE, FoiE oLy e
Hetat Zof BHdgdol 2 FUMME 7IE diffusion 7|8t A5 44 ZEAS A2
Mottt 0| Sd TH ds AEL T 4T FE2 MAots U #L0A 12HE
ML TS HAY = A2H, AL SHE WY 225 A0 =22 + ALt
SIERO OF7[HN FHEOA, ==20M= ol2{e &1nZ|SH 0oL

oio|=2tRl +ZE FPGA A0 FHSIRUCE TH AAHZ IAH s Y X2 25,
£ = A MY o EE oF 7 ds MY 2E, d2(n AP FE EZEE
TEECE & FE EEE2 2 o2 AEe ds HOHE MEStn, MdA 2|4
ALES ™SI S5 HEHE Adtotct Ol MY Hot 200 W2l Prediction Phase
L= Correction Phase 2 &% ZZ7} 27|EIC} Prediction Phase O|A= ZHESH At=
s Sl dsS 2AuSHH, O| HE2 0 Z2 XA At Moz +HECEH
Correction Phase OlM&= €78 F7|0iCh MFY =2 ZWE AESHY olF ALE
BEo=ZM, AL ST Al %“é'i%‘ = Ae F8 2XE Moottt olgst fxs
HAHEE RASHHME 30”% P B MRz Y = ULE LA [RUC ET
FPGA AtH & FHOAME, 1H[E A4t FRHo| & BI=EE S0 TN A2H 222

eFAlZICH



Fitting Phase (before Ngy) Prediction Phase (after Ng:)

Noise Scheduler] Velocity Estimator Mask (KA
tena viviviv]v]vIv] unifermv
@start toegin |’4 """"""""" — viv]alv]v]v]-
v Flaton I T o, £ 28 ||| | PV A T2
|| ' _ 288 v|v|[a|v|Vv]|a]|Vv]| Regenerate
=50 RRR RRER 53¢ VAV V][A]V =
" : - - viv]afJv]v]al]v
Uniform velocity fitting — Uniform a

— il Action Seq Uniform
u“ Velocity Sequence | | Acceleration | ag;

Indicator

Acceleration Estimator
@ Calculate acceleration

Jvﬂ.l Vos | Yo | Vos | Vos Flatten
L aen [ 207 s aus RRR R R R

VeVt a8 gy n 0

X g =X+t XV

@ Uniform Lightweight
a=(veviadt acceleration fitting Action Predictor
Linearity Analysis for x; and v; Sequence Evaluation
1.0 1.0 —
4 0.04
c 0.8 08 c M|
£ A 0oz 100
= N |
5 0.6 RN | @
2 .. sz [} fooo 550
5 © 04y | L § »
g.." {1 b -002 0 s n = -
< * 0.2 (5 02 < Libero Spatial Libero Object
& =0.04
- .
0.0 o : Moo b ]
Xz Uniform v ve: Uniform a H
:
*RZ quantifies the goodness of linear fit for the prediction model. Values closer to 1 0 0.5 1
(appearing whiter in the figure) indicate a better fit between predictions and ground truth. Normalized Latency

[Z13 2] Velocity-estimation-driven behavior prediction mechanism,

HetEl 7t&7|s M 22 33 A= AlL2[20M EItEReH, X 1025 Hzo| A

s A= F7|& ZEotACE £t o|F 7(E AN dEs SO o M2 S22t 20
AL
T

#7-2 & =& Tsinghua University Shenzhen ZHmHA ALAZXIIF AMD 2] & G+E, 3D
Gaussian Splatting 2 ZHIY X CX| 2HF0M HA[Zte= FAAHSHI| 2ot FPGA 7|t
dH@ T2 M A MobileSplat & H2HSECH 3D Gaussian Splatting 2 NeRF CiH| HiHE
Y 2ot 52 AZ4HE FEHE CHYst 3D HIT S80|M FFED oLt Cif9
Gaussian primitive & Et® THe|=2 X2|oiof st2=z ALMED Hz2e] HZ H|80] A
AX| =FoM| HA[ZH 1o

JIE ATEL GPU JlE BT MR M5 HEoioLl, M2 2Ret AIAH H|E
SEO|A BHHY SO MK YOO, Gaussian HOIEIQ BHEE 2oz QI
oo Y2S LMo HTo| OHCL Ol BAS HHH| Yo B 2L

Gaussian Splatting 2| ¢4t 2 OOl HZ& S8 245t Eact AL H2e|

e #=H2Z M7Hote StESRIO OF7[HME A etetot.

Ot



MobileSplat Overall Architecture

N
Preprocess Engine (PPE) 4-Way Cache External DDR4 SDRAM
4GB 64bit
Points ATAE Core
bl Adaptive AABB _
ing Unit Valid
3D Cov to

Array Top Controller
2D Cov Scheduler

SH2RGB
Encoder

-

BRAM Interface

| Data Restructuring Unit |

| DDR Memory Controller l
LRU

0# NOAM
L# NOAX
S# NOAN
L# NOAA

WR Logic Array
OUTPUT A Inst. Config. Status&
FIFO Query Logic decoder Constants
b I S\ 1 / I
Interconnect Network k:)l%
. - h ( A
Radix Sort Unit (RSU) Volume Rendering Unit
MEM Crtl. | Sorting Crtl. | QOutput Crtl. -
% I Early Termination Controller ]
BLSU #0 | BLSU #1 | BLSU #2 | BLSU #3 £ 5 o
I 4
4 Storage Bucket Element Counter & E E3 %
[} 0n
o g E
13 73
kS - =
BRAM #0 | BRAM #1 | BRAM #2 | BRAM #3 s £ 3
1024x512b | 1024x512b | 1024%512b | 1024x512b So H 5
e Q
I °
a

[ 3] Overall Architecture of MobileSplat

= =Z0A HMQetet MobileSplat 2| el AA Hot2 git FRHo| M2l £
AHCH HEE mo|z=atel FMuto|M KXz|sioF & OlojEo| & AtME E0|1 OolH
32 Za3st= O UL OlF i A vmzE E=E J[E2

Architecture O|C} H|QtEl Pre-culling 7+& &= Gaussian o £& =
£ EtY0 F&2 O/X|X| %= Gaussian = HEHE mO|ZztQl X7(0f HATSZMN
=R AMES X5, HEHo2 M25iof St= EtY = ZQICL & #nf iz
24F= Gaussian HIO[H2S| HH=EHQl HZ Bd& 8ot 23 JHA F=OICL
MobileSplat 2 4-way set-associative T+Z2| Gaussian Render Cache & FPGA L&
BRAM 22 53810 X 20| A= Gaussian CIO|HE XZEDICL A BHMZ, 2
== 0|AM= Gaussian Splatting 2| A2 £4E 12{3 Mixed-Precision Computation

= —
Path & Aottt ZE Qs STt WERER sAdSt= O, =F =0 DjX|=
o Z
—

0

S
dTo| MLMoZ e AMe MEULE XN2stn DS Aator 1™ ARE E6
STtz QAN ©ME ARE FoICh ol FZE2 2 A R dsjEa
StEQI0] AN 2l AFBED e FHE-TE EYo|EmE T gtgst Arget
g = QUL o222 ¥WE 2A3LE s MQtE Gaussian Data Prefetching Strategy(GDPS)
ES 2 =229 &8% 7|0 & LIO|Ct. GDPS = Gaussian HIOJH FHZ mjHES
2M5t0] g Feg A2 odEl= OHO|HE 02 DRAM OlAM giojet L



orojz=2tolof] SEe 2N, oF HEZZ 2 Xgs R I EN 7)1 TH
AEHEY XS 22 = 2tefottt

4 Way LRU Gaussian Render Cache

S s
100 128b
Porta Porte A6 Full System LUTs
«— & Rasterization Time
(WR)  EER—  (RD) 0 | Lineo
1 Line 1 r 53% Time Saved -
DP BRAM Way#3 - 1
- miss 1022 | Line 1022 lCZ“mL:aLs
»I Valid Reg Array [4x1024] Ad:m 025 [k 102

P-LRU Reg Array [3x1024]

wio Direct 4 Way

cache Mapped Set-Assoc.
Query Tag matching Dataout

N Y 76% Time Saved
Valid Wa Sel =0 Tag Way0
¥0 r_
N Y 5% LUTs
Valid Way1 @ Sel =1 Tag Way1 line[offset] 1] overhead
Y N
N Y
Valid Way3 @ Sel =3 Tag Way3 linefoffset] (3]
¥ N
) wio GDPS  Ours w/GDPS
Sel = LRU[offset] Miss.

Gaussian Data Prefetching Strategy (GDPS)
Hierarchy Pre-fetch based KV storage

Rasterization Data Read and Write Pipeline

Cyelet Cyclez Cycle3 Cycles Cycless
Render Queu DR Data | o) FatenGso | GsoA
o
> G50 FIFO GS1 | _FotcnGS1_| GS1Miss | Query GS1 from DRAM
Gs1 6s1
4 o5z ‘Original Pipeline GS2 | Fetch GS2
% =] GSo| FetchGSO | GSOHit
@ GS1 | _FetchGS1_| GS1 Miss Query GS1 from DRAM |
GS? | PreFetcnGsz | Gs2Hit
v DDR to Chip G53 | Proer
| On Chip Rasterization BRAM | Cache to RAM

N
i

[3 4] 4 Way LRU Gaussian Render Cache

A ALl HQtEl MobileSplat 2 CHEe 3D ZHO| CHs{ X|CH 105 FPS o AA[ZE
Ao ds2 ZESRALE Pre-culling 7|1EH2 Sl B EIY =& %0 35%7HX|
LA AZiO O, Gaussian Render Cache 2F GDPS & 3| rasterization THAIC| =3 A|ZHS
37 tHESHACE Lot KoHEl FPGA XY LHOIA 30| 7tsEE 2, ¥ =g
FHOME ZHY SHFo| Host =FS ZYSQACt IEEE 2 =82 3D
Gaussian Splatting 2| E33 AN SI7to| ZHZB 2X| @1, HO|f O|s1t HEe|
M 2EONM THZlotRACt= HolA 2|o|7t A0t

X XpE R

0|7k MARZRY rHaHEl
A% BEIMI|Y W] Y WRBeE

ATE0F: CIX|E 2|2 44
O|H € : gelee@ics.kaist.ac.kr
SHO|X| : https://idec.ork




