Design-Space Exploration of Cost-Efficient Point
Cloud Processing on Embedded FPGAs

Keisuke Sugiura

August 2024



5
®)

i ?ﬁ? 31 % E No.1
WERS | @ z @ | K4 | K

T im L E A4
Design-Space Exploration of Cost-Efficient Point Cloud Processing on Embedded
FPGAs (fiA7» FPGA IZ351F 5 =1 A FANRO BV LB D F% EH 22 PR SR)

(NEDEF)

K= A Mo SRS o3 (LWDAR 70 &) OBGICLY, Sl ey a - akhy b
A7 TS, ﬁﬁ%ﬁT—&%ﬁk&otoﬁﬁm—X&xﬁiL%\%%mT/FLf%
ET 20, ZhborRy MIEHEHIND L9 72my T AOFHEGIRIL, DO FEE Y
TINEA LEWESEDIIAT 0 THD, AKaslE, = V73 AMADIR BT AERRES) & |
JSRER—2 % 27 (LiDAR SLAM., ##&EHA, LA FL—33 ) OEVEHRESRE DX v v
TEMDHZ ERENET S,

LiDAR SLAM (2 L Cix. GEM (Greedy Endpoint Matchjng) & CSM (Correlative Scan
Matching) & X35 2 DDOAF ¥ o~ v T o VT REERGIZ, UV V=2 RO LWEHHT 7'
T L—X (GEMCore\ CSMCore) #1254 %, Zbid, /MU FPGA R— RD—>Th D
Pynq-Z2 RIZZEEESH, £Rk% 72 SLAM © A7 A (/\~74 IINT ANE T T TR—A A%
Yo~ /7’“/7/\~7\ SLAM) |ZfiaSid, IP aT7I2k - T, HiTEE bIE T AE L,
U T NEA IEREOR G % I8 %, CSMCore Id, AX v~ v F o 7 BIOVL—7 R
ZEOR 14.84 15, 1892 fimidb L, SIEOMREZ FK 4.67 {5 L T D,

2D/3D FREEFHENI OV TIEL, B TRESE~— A DT P3Net (PointNet-based Path
Planning Networks) &, #ZiAZ FPGA (Xilinx ZCU104) Zxf5L L7-FHHIP =27
P3NetCore #2539 %, P3Net |3, HamieR 347z MPNet 713U X ADOHEMRTH D, 2D
F—H¥ v MW, P3NetCore I%, Nvidia Jetson & H~THek 143.62 (FEndi @ ES D,
HEENIHED 0.255W TH Y, GPUHEHDOU —27 27— 2 A% L Tiek 1278.14 (5007
TR EFHLL T D, P3Net 1Z, MPNet (2 T=a2—F /L3Ry hO/RT A —2H% 32.32
FEHIE Lo, REEEEHBEIORIIER 2 ek 28.2% 043 L, FamlZimV 2 i T& 5, i 150)
PEREUGEIL, TP 27 OMRER L OV VY —AEE O IEHE/ET M & | RIS U 7Rk HERRERI
S TERR STV D,

LA ML= g AR LT, Bl B « oA MRL PR M L—y g 7T
A Uk, fiAAR FPGA (Xilinx ZCU104) FIZ5EHIT 5, PointNet R HES<
Correspondence-free 72 GiLBEIFRICHEAT L7eVY) TE, FHZ PointNetLK & ReAgent @ 2 OIC
HHL., EH77+E7 1L—4% (PointLKCore, ReAgentCore) #Bi%9 5, ZNoHD7 77 L
— 41X, Nvidia GeForce GPU & il U Tk 213.58 5D RV F—4h3R &30k L/“Cl/ \Zo i
ALV &, SRHEOREZ 2T A RS L GHEIETH S 9 2. 15ms At ClE T s
FRZIGR L, U T H A MERREFEEL T,




% 6

(3) Keio University
Thesis Abstract
No.
Registration ‘KOU” o “0TSu” . _
Name Keisuke Sugiura
Number No. *Office use only
Thesis Title

Design-Space Exploration of Cost-Efficient Point Cloud Processing on Embedded FPGAs

Thesis Summary

Point clouds have become a popular data format in a wide range of vision and robotic tasks, thanks to
the development of low-cost sensors (e.g., LIDAR). While point cloud-based tasks are usually deployed
on mobile robots, they often lack the computing power to run recent methods in real-time. This thesis
aims to bridge the gap between the limited computing power of embedded devices and high
computational complexity of three robotic applications: LIDAR SLAM, path planning, and point cloud
registration.

For 2D LIiDAR SLAM, this thesis proposes two resource-efficient accelerators, GEMCore and CSMCore,
to address the time-consuming scan-to-map matching based on GEM (Greedy Endpoint Matching) and
CSM (Correlative Scan Matching). They are implemented on the Pyng-Z2 board and integrated into
various SLAM methods, including particle filter-, graph-, and scan matching-based ones. The proposed
design achieves real-time performance and high accuracy that is even comparable to the
state-of-the-art. CSMCore effectively speeds up scan matching and loop closure detection by up to
14.84x and 18.92x, yielding up to 4.67x overall performance improvement.

For 2D/3D path planning, this thesis proposes P3Net (PointNet-based Path Planning Networks), a
lightweight deep learning-based method inspired by the recently-proposed MPNet, along with its
dedicated IP core (P3NetCore) targeting embedded FPGA SoCs (Xilinx ZCU104). In the 2D case,
P3NetCore runs up to 143.62x faster than Nvidia Jetson, consumes only 0.255W, and is 1278.14x more
power-efficient than a GPU workstation. P3Net improves the success rate by up to 28.2% with 32.32x
fewer parameters than MPNet, and plans near-optimal paths. These performance improvements are
attained through accurate performance and resource modeling, as well as rigorous design-space
exploration of the IP core.

For 3D point cloud registration, this thesis develops a fast, accurate, and robust registration pipeline on
embedded FPGAs. Two custom accelerator cores, PointLKCore and ReAgentCore, are designed for
correspondence-free methods based on PointNet feature extraction (PointNetLK and ReAgent). On the
Xilinx ZCU104, they achieve up to 213.58x better energy efficiency than an Nvidia GeForce GPU. The
proposed cores are more robust to noise and large initial misalignments than classical methods and

quickly find reasonable solutions in less than 15ms, demonstrating real-time performance.
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