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Differentiable Simulation, Differentiable Physics

tape = wp.Tape()

https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,

EYERE.2FEN,

> 723aA > NECKDMDE
AL =aL—2>3>

> HULLR : M EHEEFIAE
BRIL—LAD—IODRE

(TensorflowX>PyTorchdE FAR%)

> 723aA > NDEBEEERK
> YEalL—2a>EFIE

Z1-3)Iry hO—D%ZE
EBEDORWEEBSATA

> LU TEMEITIREC

ETHRBREA BTSSR 25
LvEmcaTens.
N
WBWBRRTL—ALAT—0
> Taichi, Numba, Warp& 7z D> =aL—> 3> @t
> PyTrochiR EDRE U K DIETS
N i el el el sl
Warp Kernel v v x v x v V0 Mywate v v v
Taichi Hermel v v ® LLVM x
Numba Tonsor/Kerrel o % ® % ® Nvec v x
Slang Kernel 4 L ¥ ® v ® v
CuPy x x T NVEC
PyTorch Tonsor v ® v v ®  wvee v
Humpy v ® 3 ® 2 v x
A Tensor v ¥ *® v v b 4 v
Legate Ferf. approximately equivalent to CuPy on single GPU
Pythran Ne GPU support
https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,
EUFRRRREA BRI ST 26
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EYERE.2FEN,

Cloth Simulation in NVIDIA WARP

https://www.nvidia.com/ja-jp/on-demand/session/gtcspring22-s41599,
ETRRBIREA BRI 27

XL BEBAORETT)

> BRFBEOREbOISHOEFAUEHES =1L —
23 >hEDEAIC > PINNYDifferentiable Simulation’ &

> PINNIZ 9 <{EX DHKMIETRARBIRRICEA T D5

UES > b #iEs =2 L —> 3> EDHA

> Differentiable SimulationJ L —AD—2J DiERICRARF
> FEAY A XDORERE? ARIRLE?

EHRMRAA BRI AT 28
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LB DENEATRER O 7 — 2 fEHTIC X 2 B Y Fiih ORedh

i wE] (RBRFRFABCER TRRAUHERD
Takuji NAKASHIMA (Hiroshima University)

EAED ABHE O 2N FRFE T, KB AR EIR 2 v TS D B IR © 22 ) fi#
WrAFEfmE N, LY ReENEEZ RO ORMZIRER S Tw5b, —J7 T, 2O DfiFfT
RGP KR T — 2@ m2 2 eh b, AFICL o TR TR, FHliT 2 Z & XK
THb, & VARG E 23 L, EERO-GFRRICHKT 2 2013, I
TR WRERLT — X Zfa i L, SEhc A aAEz il 52 c L b EETH 5,
O LX) B OREHh A L LCid, L HNRE(L TR L Lz YL — MERICH T 2 FHA
E2 5 i (POD) ik o [1, 2] 23 i&iénfuxa 7, ABEOZEEMH I hE T,
HE L ORNOMGER P Re v —I1cEH LT, L M oBRR L oBIR% &
LCT&7, 22 C, HROEMDZENEHRERICN T 2 7 — 2@ 2170, il T - AH)
HE D OFRNDOFE L EEE & DBRIC O W T 21T 21X, 2 E T %
NEMTE Lo FEb 2 v o 7eifii & N EREDOBIRIED / v v BEEIIEERE L THEDL
naZEnfFE NG,

Z ZCARHZETIZ, #1200 BED 1/5 27 —roXx X v HHBHEETAZNRE L7722
JEAT RS S 2 DR e S 2 i T 2 700 R EIHIE Y i O KPP EE S 0 7 — 20
IZ POD & [l 7 — 2 i T cH 3 PCA (W41 Z@H L 72[3]. & 5ic, Hith
L7zt e BB E 7 v 022 ) 1ERe & OB 2 HaHRIc ot L, 220k & HHBY
HWMNDOFHEE O c Lz, ZORER, EkoRMRE[4] L —8F 5. v X v RAHHEO
ZESIPTE RS 2 2 — vy Sz, 2, RN RN R TIE T 2B, &
HU) D ZE SR B % F JE 3% PLS (F50 i/ —3) EOBERIIC O W T H AT L, Sl 27
gz i3 2 R E i, BWABA~DTF 5K E e — FAEEN I T n
5 L BRI NI,

BER

1)  Oyama, A., Nonomura, T., and Fujii, K.: Data mining of Pareto-optimal transonic airfoil shapes using proper
orthogonal decomposition. Journal of Aircraft, vol.47, no.5, pp.1756-1762, 2010.

2)  Oyama, A., Verburg, P., Nonomura, T., Hoeijmakers, H. and Fujii, K.: Flow Field Data Mining of Pareto-Optimal
Airfoils Using Proper Orthogonal Decomposition. The Proceedings of 48th AIAA Aerospace Sciences Meeting
Including the New Horizons Forum and Aerospace Exposition, AIAA 2010-1140, 2010.

3) M f, hEF R EA NEE, KL B, PR RE, Kk BT, hE SR, A B BXUETis LU
B @{Eﬁdﬁ% Hie Lzt x /ﬂ‘”ﬁﬁ%ﬁﬁ@% HER ROt 55 97 HAVRIR Lol PR 2 3 e
SCEE, Session ID IS-15, 2019.

4)  RER PSS, MH s, R A, WA T, R SR Ao BAIE A MR S ¢ 2 HEE Y o
TAVEE - 2 W e X /ﬁ{di@#iﬁ%tﬁﬁfiomh*%_(«tﬁii% TUARHERR). HABEAE SRR SCER, 75 5,
757 &, p. 1807-1813, 2009.
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®* HE=R

o DHTRREVICEMBINAE RSN Z BN RIEILDE
o BONTMEMARY (BEMAF) O 4FEdht

- EBlEAROD (V525)>79)

- MNISOFFEHE (PCA/PODRRE)

- ZHMREEDEIFEDHT (PCR, PLSR etc..)
o FEH

1

Q HIROSHIMA UNIVERSITY

BEIEZENICHTHER

o RE, EITEENY, ZHES, etc..

o HEERIDO L —FATD
- C, (BRE) vs C, (IRt ZTEE), 0= (5EN), NV (ZBHEES, Z=HIR?)
— BVl vs SRE&: IEXTRLC, vs HERLC,

€

« ZENRE{LRERE
- BHO RARBIBSR (REER)

* Ref. “Shape changes that influence the aerodynamic forces”
(T. Schuetz, "Aerodynamics of Road Vehicles Fifth Edition” p.252, Fig.4.51)

- 28O “BEXREEE (BN

* Ref. “Spectrum of tasks for vehicle aerodynamics”
(T. Schuetz, "Aerodynamics of Road Vehicles Fifth Edition” p.2)

2

HIROSHIMA UNIVERSITY

StERZE/IRIF (Data-DrivenBIBRFEA) [CHATFENSZE

o FIREEAL
- BEMTIVTVZ L
— Kriging / N1 &AL

o T—HYA=>Y
- FEEdm

¢ Ex. Flow data mining from Pareto solutions
(Oyama et al., 2010)

- BEERAOBARE(L (RzzANE ?)

o MHEEFRID(EB)ZER(L
- B0y -MeTIL (BIRES)
- RTTHERIET )L (ROM)
— PINNSs 3
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B, GBSO L ?

m
o F2ZCOFBINRE, TR RNESIITINE, £LVD
BFIOIEFONTERVD ?
- IDBE/NENRT YA > EZ HEEEDOmIINA
o '~ . K e i N T T
‘\r Brobos S i e
(2 EEMALEL BIZIE NGRRNO/NG—>%
18ETS
Q HIROSHIMA UNIVERSITY
Contents
-

o DHTISREUCEMEFIN RSN B sE(LD5E
o ISONIAEARE (EEMEF) O 45t

- BlEARODR (V525)>79)

- MNIZOFEHE (PCA/PODRRE)

- ZZHEEEDEFDHT (PCR, PLSR etc..)
o It

5

‘ HIROSHIMA UNIVERSITY

BERALERBEIL-LD-7

L]
C START ) Multi-objective evolutionary algorithm
1 4 “CHEETAH”
‘ Generate parameter sets ) ‘
for new generation ) Parametric morphing
1 Parameters (text) “DEP MeshWorks”
[ Morphing geometry 17
based on the parameters ) Aerodynamics simulation using BCM-IBM
Geometry (STL file)
- 1 - - \ i llcu BEH
Evaluate objective functions r T -
by CFD simulation )

High-Performance Computing resource
K-computer “Fugaku” supercomputer

Objective functions

79



Crossover

“CHEETAH”[C &2 ZBHR#E1L

¢ Global optimization ability is required = evolutionary algorithm

— Due to non-linearity of fluid dynamics

— Multi-objective evolutionary algorithm suitable for parallel computing

— Developed in JAXA (Japan Aerospace Exploration Agency)

J

e CHEETAH: cHEbyshev-Epsilon opTimizer AlgoritHm (Jaimes, 2015)

’ HIROSHIMA UNIVERSITY

® Pareto solutions

L ]
N [ o~ ° e .
. y/ tole Gl 5 ¢ ° ‘
- P - o_— B g e =
S —
;  Mutati ii- : 2% . B "E S
: utation | e ' . .
= o g g © . .
g : - : = : 2 °
e T i = Optimal 1
) S, 9
1t 2nd 3rd Objective function 1
generation generation generation (eg. Cp) 7

Q HIROSHIMA UNIVERSITY

“CUBE”IC L DZENfFIT

e CUBE: Complex Unified Simulation Framework (Jansson et al., 2018, Onishi & Tsubokura, 2021)
- EEHSERGEE EVF1>-£1-77% (Bcvm)
* A solver for coupled phenomena: fluid/structure/acoustics/chemical reaction...
* Building Cube Method for the unified data structure (Nakahashi, 2003)
* Easy tune for both single node and parallel performance
— A H#EFRiE (1BM) (Fadlun et al., 2000)
(1) Dirty CAD treatment (Onishi et al., 2013, 2021)
(2) Moving Boundary Method (Bale et al., 2020)
(3) Unified Compressible/Incompressible analysis (Li et al., 2016)
(4) Unified Fluid/Structure analysis (Nishiguchi et al., 2019)

8

‘ HIROSHIMA UNIVERSITY

“CUBE”c & DZE &R

e CUBE: Complex Unified Simulation Framework (Jansson et al., 2018, Onishi & Tsubokura, 2021)

— Key features
« EEEERREREE ENT109-F1-T% (Bem)
o BHIAHETE (1BM)

- XEHR: IEEMEME Navier-Stokes 2T

dii;
o "
dui _ du; _ 13dp ad (O, ;5 )
ot +u]ﬁ'_,' T pdx; uaa:j (&1‘_1) O +h
t: Time p: Airdensity

u: Flow velocity
v: Dynamicviscosity  f: External body-force for IBM

p: Pressure

- RE{EIL— LT - IDOBREREL TOFIR
» RIAUEMEH TS
» E—OFTETFEERL T BT EDRBOEAEAFTEIEE
- SDIE f, ODTROHEEZD
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. ‘ HIROSHIMA UNIVERSITY

B bDXI5R - =4

o 1/5-245—) A R EmIERDZ BN AREL
(RANR” JOS 1Y N CEHE)

« BREEER: 4D
— IR BHIERE
X

Target sedan-type
automobile model

— TEAI (Yaw 8 -0°) & SBHEM(EI0) X
> SATERAME jpen—
o ERETEE 8/(5A—H
_ FEOS SEEEAEICEL

o 2 mm RIFR (2B — L T10mmRIFRICHE)
o N x18EERDEETE

Yo

Control points for morphing

10

SRR AE —

L
o YRR mRERSREREEE) o MUBETI -ZAF—LA
- Etg: 2 Eﬂlls ] - BLAETL: U (mplicit LES)
- Z[E: 1.14kg/m _ ZopEm — 3 .
— R 1.82><10: Pa-s I.Fazﬁf%é:;_ﬁ\(ﬁ’ﬁlﬁ) :
— Re#§: 1.20x10 P
— &7 ; - BE i
REATEST: 2.0 « Cube#k (mesh blocks): 23,458
o FRATREISC IR TR * )L#%: 96,083,968
~ Inlet: TEE—HFFT 20.5m/s * B/IMEFIE: 1.4 mm
— Outlet: W FRHIBER - BFEESSE: Crank—é\licolson
— Sidewall, roof, far ground: g NEE » Deltat: 1.0x10 s
IR BE — [EHPoissonfEE: Red/Black SOR
. STEHRER
— K-computer
— 7 %% 2936¢cores
(367nodes@K)
b Imw — FRH7A%RI: 14 hours/case n
Q HIROSHIMA UNIVERSITY
Contents
m

« HRLEN
o DHTREVICEMBINE RSN Z BN RIEILDE
o IEONTAEMARY (BEmEY) O -FFiEhd
- E@RODHT (I325YU>7)
- MIZORs L (PCA/PODRE)
- ZZNMEELDEIEDHT (PCR, PLSR etc..)
o O

12
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' HIROSHIMA UNIVERSITY

PcA (poD) (C&kAEMMEINEEIZOIFEHH
. 198ENOETMEFLENORITEE (BRITSFENT) > ETRIEDT

Time-averaged velocity fields @ =0° of 198 samples % Here, only 18 samples in 2 generation are shown.
W W T T T R
T e T T s T s N s T
F— TS TS e T

ERS
(PODE—F) HBDIRE—=2 vy, (= EHS) D

BAES (EMEHa,) TREND

[%Efﬂﬁ%ﬁna)ﬁﬁﬁﬁi’mi }

Vehicle A &/! = agWo t AWt Ay Wy t a3 Y3 0
. same same I same

Vehicle B !§ ‘. = agWo t ayg Wy t agp Wy + oazp s ot

Note) Mode vectors are inverted from the
distributed PDF file for ease of explanation. 13

. HIROSHIMA UNIVERSITY

PcA (poD) [C&BZEMMEDEES DS

o DHFRT—H
- X (§=0°) REOTNBOBEHH
- EMRADOBRKERL (FE) 0F-I0HEH RCHH
o XEUBBHIOIRS. & T EMESARRIEL TE AN

=> 4.7M nodes X 3 components X 198 samples (cases) = 2.8G degree of freedom.
- BHNSEENZT0vY (Cube) [FXIHHBERF
> EAREOERN LR ERRIT3TD

Analyzed domain ST (G RHE) POD E—F(EERHD
Sepal ~ I BN E—)

Excluded mesh blocks (cub;s:) e

including vehicle body —
= 14

PIFRNIZOE 1 EHD

o B 1ERDHERIFHEVHENS
~ VBSPIREAE | BRSO TR
(5 LIRSl T EEOREZTL)
- ERERUE : #5158
« BRBEUCRNSOBIHRIE

Laovo +ouv: B




Q HIROSHIMA UNIVERSITY
Contents
-
- Bx¢En
o DMTIIRELICEMBINERRENIEZ BN SRIEILDE
o BONIEAEF (BEMEF) O -1FEdhn
- BlEAROD (V325)>9)
- MNIZOFF L, (PCA/PODRRE)
- ZHMREEDEINFDHT (PCR, PLSR etc..)
o Tt
PCA (poD) (C&BZEHMEIDEEIZEZENEEDREFROERIE T
L
« ERABREZNFEBOEIIBAIF 7 FOR: Frinspe! Compenents Fegressen
- —R&(CPCR (ERSEINR) tﬂﬁ'zlzﬁ'ﬂ%?iﬁmﬁm
HETRHO (EHSD) B EAER BN RN
6%;)@1;% &’! = agWo Flap AWy |Gl Fa s ?)gﬁ% Cpar [ra
mgf;; & >:' L. = agWo T aplWy eV Fdsp|Vs e %2’%@ Cop ) tre:
Rl e 1 At DEM: v, = ola,) v, FFARIE
gole T FRAAH. M RREBE LS ERIMAT B
2o R, T > BEOMRE—HT H1ER
T O =
% w| ¥ ‘,q.%
BEmse - a5 o . EfER i
ERFEROBE A1 ERMER a0,/ ola,) = L — ~Th L@ :Li4
BT SSRED T (553 PODE—R)
m
o REMOFEERE DMHLOINOZER/NFI—> c
- HEmE: FEZL (Th) OKXEZ|U =00150, (i)
- HHEEO®: U, OiERERE (80 /L) *
o EIFDAFERLD, MEHRICHD (C MEXRLEBEDHZIE—R zands
BEEZLENAKEGEE AES—iB —
ARSPOR =] = ] \\ e msmoEE
< : HAEH SRAOBINE
T4 HARETR (Nouzawa et al.,
> THABEMTD 2009) EXTiG J
7OV & (R E)
> SMAl~NER TS
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o HtHEH
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- MBORs L (PcA/POD)
- ZEHMHREEDEIFEDHT (PCR)
o LB
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* HIROSHIMA UNIVERSITY

E o))

 PCA (or ZNITHATBFE) (CLD FNIBORFEHILZIT.
BRI (BIZEEMRDER) EZENFRBUBEORIFEDIHTNS.
B U BRI NIB O/ 5 — S e Z D IEREL DRMRZ DU
- fEROARE—ET 3. IR AEASE SR - Mhithans
- PLSOLSBENEROERE SHOIFFEEMBETE,  (HRBS)
BNEHAOTSHIAENE- MBIt Nk

20
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BTS2 BT 24T — 2 E{LoFE
Koy B CRBORFAR A BEEERE T e b
Tomohiro OTANI (The University of Osaka, Graduate School of Engineering Science)

ELEREicsnc, BEMMNOERT — £ 180 (IFRER O M o B, % izl
XIRDORA DI E o THIPUEHAC A F L 72, 2 oufe <, BEM L o MBI T 2 1M
TRENRE O BUETA I F 3R (1] %, At 4 A — 2 v 7" (Magnetic resonance imaging: MRI)
I X B M A D IR IR [2] 70 &, MGRENAE 2 1L ~ o )~ fif o FRARG B A o Bl 58
DD b, BRI BN 2ICH PRI ~FERE L. —77C, BEFE IS
oz EEL - BB e, FHREEORMED &, MRIGHINC 31 2 fRHE D K L EE O R
M (N4 T R) ORARLE, FA2OFEOHIK - RASAEMLI N 2 &icz Y, 7854
RICEHEF BEHMNA ) = 2 VORERFEL > T 5,

FERE DR TFIEDO—D & LT, MRIB{ROEMHFETERSI NIRRT %G1
T2 BUET — X EULEA OB A RE I 0 [3] AFEIXEHN L BRI R 2 h 2
N O FLE I DR/ MUREC H Y, BUEEH O W - B2 5HE 2 FlIHZ R L B < BOE R
LR LB I, FEFABGECHREYHIC X 25t REFE O ED b Tw 3.
727 L, BERKBOERICH:Y, MRLICHT 554 7 ZRBASRE L 705 25, #AEDKE
Bt il T 28l F AL, MR ICH$ 2 ik T — 2 RO R, #E
DHEPNSWEEZ NS, B KINERN: EICHlfI I N T 7.

FEH O I LRl Hig L, BEAOWE SR IS LT, FEEo MRI OFHlIE%
S L 72 MRIGREIGHA OB S 3 2 L — 2 OREEEZED T 2 [4]. R CIX, SRS
DEIANICHE S BRI AL ER) 2 fiF &, WSS OIS o HEHRK £ To—E D FH
TR T 5 2 T, FHllRESUBIc s 2 EEEEOBERACZOEAE T IT
5. R x, IR B C, FE O OMEDEH ICOVTHE L2 DT
HY, UTICGHEECTHWZ2 74 F(o—i)%2HMNT 5.
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@ Personalized simulations using clinical images
Oshima et al., CMAME, 2001

@ Risk assessment using large patient datasets
Shojima, Oshima et al., Stroke, 2004, 2005

@ Fluid-structure interaction of arterial hemodynamics&:
Torii, Oshima et al., Jpn Soc Mech Eng J, 2004, Compt Mech, 2006 ]

4 3D-0D coupling to model peripheral resistances Oshima et al., CMAME, 2001 Eﬂ?k'?az‘o?]ih'ma etal,

Torii, Oshima et al., Compt Mech, 2010

NH e

‘y&:; Computer methods

P in applied

E& mechanics and

W= engineering
ELSEVIER Comput. Methods Appl. Mech. Engrg. 191 (2001) 661-671

ot preoye—

Finite element simulation of blood flow in the cerebral artery Torii, Oshima et al., Torii, Oshima et al.,

Marie Oshima “*, Ryo Torii °, Toshio Knhuyillshi B Compt Mech, 2006 Compt Mech, 2010

Nobuyuki Taniguchi ¢, Kiyoshi Takagi B *(Dml??u‘.;""ﬁ[i E %Eo)gﬁﬁﬁo) 5 7"{75\ E):JRQ':
¢ Biomechanics Lab., Dept. Mechanical Science & Bioengineeri
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RAETE GtH) OERBA - RE ERD R

EXLH - ZARHOREE LTEREA~NS A
- BREB (DFE) HTH
SHERRNSAERETLEVOATBBECMG EMELIET 4 71416, DBMA

- (BEEA2D) SHEEHELSTH
SE—REEEISE T < mERBR ORI
SEATPLD EBBALL éx. REWEER, MABEOF=—21— %, HEEROBEDREER)

RO REAIETIRED ?
- BRER : RREROY—LE LTHIEHEEHA
(ex. MERE - EROHBET Lk, BREVROLEMEOER - BAL - AHik)

- BEELZORNIHNYT 5 RBFHEDFTME - ERLA
(ex. 58 (BER -MR) - T—42ED

Biomechanics Lab., Dept. Mechanical Science & Bioengineering,

; Graduate School of Engineering Science, The University of Osaka, Japan

MRIIZ & 2 FithstHAl . EAMRIDOBIR D Ei&

- REBOAMTILITYXLOREL
(=AM - BEHRANZFEE

Moran, Magn Reson Imaging, 1982
© PEMWBRTHATLI) XLORE

Pelc et al., Magn Reson Med., 1991
- DEERMICEY, HBRORAIICHE

Markl et al., J Magn Reson Imaging, 2003
¢ BRHFMEISMOY—ILELT,

4D flow MRI & FEFf, BRI LHIEEA

Markl et al., J Magn Reson Imaging, 2012

BABSARBREZROLXETORES
4D flow Special issue, Magn Reson Med Sci, 21(2), 2022

EFOEBHEY—LELTERELTLEA
HAFICEHEYERLTLELN?

Markl et al., JMRI, 2012

Biomechanics Lab., Dept. Mechanical Science & Bioengineering,

¢ Graduate School of Engineering Science, The University of Osaka, Japan
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MRIIZ & 2 ENEHA - SEFAAAZEDH

o . _ _ N & (E L - BiEY) O MEAOFAOMERRA, L - RFRBISETS
SRARBIFOIFRE: - ERHAFE smpeEm. BEGA HHEEL0DBRH ERETILHE - B

WmEFE (- ).*"li 5'!5%5 = b3 gﬂmn

12851+ BEEBRO i REVES
Fukushima et al., Annu Rev Fluid Mech, 1999 : I;Sq;, Sci Adv,

MG SN DEANE : :

< RMOEHFRORENL 000000 00 KNSR W W e

(ex. 1AW - LFLEX)
- HFRBEOFTN etc.

ZEfE 53 A2RE :0.1-1 mm /
(EE FIMRI, $H151.5-3T) ) HEMR

- Faget et al,,
Angn Bot, 2013

Markl JMRI,
2012

)
PN Gladden &

Sederman, JMR,
2013

3RABS (ENH) EEEH AR, EEMRI
HMEH & LTBANBELT 525, ERGAICRL? (ER0EER?)

‘ : Biomechanics Lab., Dept. Mechanical Science & Bioengineering,

Graduate School of Engineering Science, The University of Osaka, Japan

EAMRIZHT B HRET—2 R

MRIERIEE : 2% - % L < (EEMI0RES * Vi
SIRTT ARTENEICL ZBREUOBENBEE R N
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