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WEot[4-6], HAfld THLE S ST AR H R ARS) )
¥ (computational fluid dynamics, CFD), FEAELE Y]
BB B P 2 UATE Seis R 1 sh PR Re g e

WA RARE 2, BT S S EAE A A 3R
A&, BRI G 252 BT R BN Ns, H
FEIW g5z 3] JE ] R v 2 2 R0 IR B8 400 7 A= 1 AN R g
RN Blan, 248X TEAE 2008 5F 2 i R T Hhcs
I, PRASFHAR A 2 18] B T TS =AM R T R
Wi, S T OKEEGUINE AR SIS (7], X AT
BABN IR EE R, B KR A A A R AR
FRRA G IR T AT, TG B 13X S8 AN 5
TAE G B BT H ok PIURE 31T SRR AR Tl . mitiX A1
MaE, EYIE R BE R LRSS INEAZ ER]
AEAN 2 DATHUREAS 0] T30 £ A0 g AR BBk i . S B T ml
WA TE R, T A 2 @A DR AR 4 HH
BBl AR PR B T AR A I S5 A TR . O T IR OR R BLiE
ST T (8], 75 ey J2 AR R 0 AR AR W AR Ak ) ER
Bidk Ao MR @0 T8 B2 AT AR R BT
AR AR ) H xR

BRER I LA AL, LG5 LN 2R
AT B b 528 i SR 20 (9]0 2 3 S 2K AW 1% 1 Ja
Ko BPEATAT DL IS AR ®AT H OB H A R $E s AR AR 1L
MBS RATRE T, AR 2 B ] DA H
THAME LLRF & 2 B AW 3 T KA 2k .
SR R4 M F G0 0 AT TR S AT LU i 21 SRR
o5 (Wright Brothers) HHTHIZREHE K. 5K, %
FR OB R D N T N 2 (A B A A i v,
FEAE A5 WABR N nT U D fRe, R RS ZHLEE N Bt
KHZHAR,  DUSZE0RT FAL b 25 48 1) A8 T 45 o v
I, AHEMEE[10]. MBS R RGN ENUR
SRR PRI R IEAEHE D) R B LR B BT Bt
YERMN R, BTATFL AT Al-Bahr ¥ R T 335 % 45
WEPH RS, 1% RGeS RIS KB 3 5 340 H SO
(B D [11].

X T B = B0 8 2 245 BT U AT I R e T
T PHAFH BT A T E PR T R G A
AT RS e ME RS OL S R dE T . i
BT S R PR SR AT R SNG4 AR 47 5 22 11 2%
i, X BT A B kPR . i e
AT AL, AR T RS B S B RGN @ ) H
PRI SR A . HeAN, SHAS LT R 36 0 5] 77
P IR B BRSO AR T AR &, FFAE 2 MR PR
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1. Al-Bahr 3 EIEI M R4t K HZ % CHR[11]FF 315 Creative
Commons Attribution License CC BY 4.0, 2015 %1 .

TSI A, AR, N LR (ar-
tificial intelligence, AID I HI|ER 7T, W 85N A SRS
BRGNS SEIN S R S8, AT AT 5 b i AN 7 A2 A 1)
NSRBI R R AR BRI . R AR B R TE R
AT H B, AHIRATH ATl S 5T AT L SEEIX —
MR . EX DT, RAMEH 7 —F2ET1F
S B AE s R, H TS E 3
BT

AN EWT : 27T, FRATHE 5 9] R
FH CFD L2827 2] FoR BEAT (1) i A BN AMAE 1R 077
B3N T T AT AR T S A () RN AR AN AL B FR 48 DL
Je Az il SFAE B AR ) s AEZE 2715 P - B i sh AR
IERES T ENL B BT B 2Rl B, S4B N T H T
H BB ERIE SR & ST,

2. SEHIMIAEBIE

o J2 SRR R P M 4 5 3L i b IR T SR 4 11
AHEAEF, e Hp S AR TR R i R e 2 XA K
FEeE EEAERH . RSOk, SNBSS R
R R T AR A B RE AR Y AR SRS
IE RS ANE B e, 758/ RS 258 7 T AT )
[1,12-14]. fl4n, &A6101 KELEHE AW BEE &
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TEFESY A LE N B — RPN A e, SR
GE 1R 5 FEARTH LT AR B, SOUTMT A 18 15 IR B i i 28 4 %
K7 25% [15].

JRUE TR a2 e, R KGRI A BR 1) 222
PN AT IR B, R EAT AR BT RO
%, ARJLRT R I AN, (BT SRR i, X R T
FH RGN R AR T 8 B HLOR i b Ak, FEX R i,
BT XGRS 30 AR T A RS, BRI A R K
AN 2 B R FATIR R . X S EUL G IS T 3
2 B BR[S]. W14, Bl 5 H507 o 0 Gl ke AT
TR E MR, AT LR R AT T
SMEBCE A RIS, S, Bt AR AR SZ R TR
TS R IR R A R T R %8BT & B0 764
VT B VAL TUAME A s R . R A
CFD. BN, ML= I 2 M5, nl DLAERR PP
HERIAST R, FEUART R BSETE SAMEEIE. L
NIRRT BT R BN ANAB IE T

2.1. 4hB AL A 5K
U S AT (1 B AN I D0 ) 5t B R 355
BB R SUAME AR T S 2R3 2 I ik T

) RS R P . Bt bR TR R 1 2 B R
TR o AL FE LR TUART TR 2 45 45 180 4 14 1 77 T
T T [4,5]. EHF B 7406 Akl , R AT CLIE AT
BT R FR LR 2 (TR TR 5 B R AR THT TR o 8 4 0
TR 22 1] b 9 7 2 1) 0 SOBS AR T 41 T LA TR
PRI, A TR AL il b e AR B SORIX AN ]
BHIAsARg=[AY, Ay, 1o LTRGBS T 5@ %
FEAT LI TSR, dEX AR E . R dax %, 1
IR FE AT, 23R B B AN 5 K R
his .

KB G KR I ARSI 5, X TE R
BRI 0 B X 4k, IEAE R iRk bE 5 A Fa i iR IR X
s, TP AR R AR . 3l F R B BOE SRR
1 BB e VR B TH 1 R BIRR R 22 0 HRAGH
PR IMEIX A2 330 12 R G(q), TRAk s B A
ST AR AR I B FERTIE[16].

T RNRRAE AT A0, 0T LU R %
PoA S, Unis A R SR R R R4 B [17]. SR, Eh
T-CFDEHIM R, HFEES ML AN 2 <3
J1% BAREEATIRAG, DR AL R 5 K R i LA
Vo XK BRAR T BN IR AT T AT . T

05 06 07 08 09 10
X

Find g= [Ay% AyH]
Minimize

Subject to

Problem formulation

G(q) = [Hcq(q), o(q)]

0 01020304050607080910
X

Design variable vector

Aerodynamic measures

Geometric requirements

~0.1 < Ay#= 0.1

~0.1 < Ay¥= 0.1
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Simulations

¥ High-fidelity simulations

Multi-fidelity surrogate modeling

——1 Multi-fidelity prediction
- Low-fidelity data
o High-fidelity data

B3, i+ BB s e R = K. DoE (design of experiment): S 4Eit.

FRYCEAN R, FA1HIN T BB B AR Ay —Firit 5
FRAGHRRORI S, KA 5 A 5 ) CFD ) 8
B

2.2 TR — 2 R AR

TEW St EE R A TRER T @i, AQERAAY
R PMRA AT SN H TR, ErT LOA R 1) g kit
BOER AT, B AR R (1) 5 — 2P S g v
(design of experiment, DoE), 5563 11 R RERARL AL (1A%
AR R i HE T AR Y T v AR VR 2 T
Ff (polynomial chaos expansion, PCE). & it 2 [7] )5
A FEmE AT (support vector regression, SVR) [18].
TERX BT T, s AT A R CFD AL, A0 HdkE /)
AT SE A A B S H AR AR, FRAEDLAL
R H TRl B 05 B ARE

CFDAIY AT Bt & HA A RITHE 7 K0 2 0k 5 8
Yo T v B U B8O It XU CFDASEAEL, 1T A
KHRORECA,, W5 % 3477 # (Reynolds-averaged
Navier—Stokes, RANS), 0] DURA S REERL, ik
WAL (large eddy simulation, LES) [19]. 24Hl, RANS
FCFDE 7y, TREE L L TR SR, LES Bk
Kbk B AW 5] F1[6]. 4R, RANSHAI eSS SEE %

R iR 22, BRUONE TR VP ik, A RE e P
W FI[19]. Rk, A ZEEA R H 2 4 CFD 4 11
GEVR, UAPEm QAR TR R, R ARRETE R
Ko ARG S HAR W2 AR AR R 2 R L. CFD
FEFU[20] AT BB RS HE R 5K T B, W3 FiR .
TEARALIY B, B8 FH 22 (R BAR B AR AL SR AR A 15 11
7 [A 2= KB 15 BRI A . AR SR
BAEZ B IR LAY, DR SR BT, &
PRAFREARELEN RFCRTIE, B3 AR i & 5 B — A
AR R T B S A R . B IO A g
HE PR B0 B T T L S e P A AR ) AT ASE Y A
MRRTF R I, e nT g — 25 23D |2 5,
B4 %P BE A = T AR R S R, BE TR H AR
gl NERE IR FE AR (I XS B (D . RE R ZHA
1 X RREE AT AR AN L5 46 R G 4l i J2 B SR 4L 7 1)
i J97 A S B A R DGR IR 3R, {3 B8 LA 2 g
TAKN S 5T A RS AME R UL T REZ R 2, & 0%
DPINTA T EC T HESE

3. BATIS I EER

e T A B AR B 2 S AR ), ER BT
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(RTE S SN & BT AN 8 BB Bofs F I < sh A AR
sk ] BEFFAEAE T A TS 00 AR B L. A T e
R SR, ABFFCIR Y T A E3hERE . B te
SRS AT AR Bl 2 ) v SR A AT AR 1 384 AT I
T ek, HEILAINE, DIREAEERNIAET
A E3h oAtk Re . BECHUX L IRE, MR ER RS
XS SRR ] XSS BE RGBT b
BEEEA S UFEANURFARPL R T TR AR 5. §
TR A IR TR E R ST 5

3.1. B ARGE

B R G AR T — FF Re A FAE R & 4%
RN, CREReE e AL BT TR A E . B REIRB RS
AT LA S BT R S5 M LR e S AL R 4

B ReAE MR AT DL 7 A et s i, B R
SR AR I IO Dh e AL T . Rtk 3X Sk} nZi
RN tt, DAAvridid i an s . e A=A
LA FLAl ) B MR AR AR [21]. B BEARL AT
PLETEIRIEIZ A 4 (shape memory alloy, SMA) |k,
SMA 2 K] FL 55 M AR A0E T B o6 e B A R AR AR T, TR
ABLRT DAAE Jit 0 e s B S R B TIR, B WA Rl AT
PAYE G v R AETOIRAB A [22]. 7005 3X Ee b RE N F T 4%
LSRN E &3 T T RENW T B, R T7E
KHNLEATE, s ELSMA 1] LK FL AL % e R 1L Ak e
N2, DA SRAEAS AT KA T KB S R [23].
4B T AL EINE, ZHLE S @I SMARS
G IENLE R AE AL sh 28 TR B [24]. 8 8 B FE T+
i, RN AT IR I S WAL B 28 1) B 2 K BH RE
PV AR 1) AT DA S I AU I [25] 0 SR ) R X< Jas 4 ek o)
VER IR I RE 0 BERH, MM ERER =5 N AETIE 1 [26]
SR B R AT AR AR =4E (3D) FTENEE R
DU (4D) FTERREED O 4 1EIX B2 BE M R} IR )i &

AT AR [27].

H b, JEEWEE ) B ) RE 2 T BUAE A IR Bh AL
Hil, AM1ZBE K, EHEGRMENET T 286 2400
Wit [28]. Bilhn, % ) R kA 7K A i 3l s 5 A e BE R
71, BUE B E R A B ARG INYI & B R JER 7 14 57K
DA [F]— 2% BRI o] 7 SRk BHAL 35 [29]. 52 % A 57 JA3 K
FRY J3 DR 2 T 1) 8 P LG 5 B 2k e . TR A Rl it
WEs () Fronif s AR AT AR )07 A 1) — A
B, BoAEATAT DA B3 AR AR (28], HIX —ME& K
fh, 5 (b) " H¥ 5 Urbach Tower 1 ¥ i+ F FH AHS
HI7K 281k, BRI 4E A i [30]. Wil 6 (a) i,
R E E R I T AL RS, AT LA AR BT 22 B i ] 5
[31]. EENLIXFhBNE LI K Rk 5 T HEY R i
ML, F e T AT 36 B SR A ) TR
AN

FEM AU R G, AR IE 32 0] DU — 28 X 4y
PR AR SR (B R BEARAR IR 1) 3 A 2 TG AR
gt AN B A R CRI G A Wi e 21 38 i AR i 42
PR E AN 32D . FIARTE AR ] Ll eSS M. sk
For BEAR ZE RGNS G o T 1 445 ) 3 5 FH B HL 3%
AR, A=A T i R R, b TN 4R
[32]. TR MERRE (LR T
RAEZETG, SWITEEEA AL, X PRSI 454 fa v
AEXTI NI AR T o sk BEAR 25 1) 2 52 P B R R
MR, CLRBIMr 86T . X Ee3e AT 15 348 1) &5 4 ] LL@E
it AR AT B R ) (G R BRIRINRE J7) ke A8 H%
R, wEe (b Fran[33]. Hutk, 7 maSAMEINE A%
PRI, HTE LT A B AT DLd i SRR 1 7 vk R
Al AT R EE R) L i [34]. A sh 4 R mT LU
I B SRR IR, ANEV S 25 AT DUE il 2 A
TEAR. BATHEEERR, HARTEHR A EAC. K6 (o)
won 1B TR A R B [35].

B4, 25 F FE i s g 7011 RIR (Defense Advanced Research Projects Agency, DARPA) i I SMA BX#h {12 GEHLI . 42 SAGE Publications, ©2004 ¥

H, R 530 [24]



Humid condition Dry condition

(@)
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Deformation
: I 11 mm

L0 mm

E5. (B it e () AN FRE AR I S A2 B (22 Elsevier VFTT, $640H 225 3CHR([28], ©2017); (b) 3l K 2242 (T BRI A (4 H 2275 SCHR[30]

1E# N “ICD/ITKE—University of Stuttgart”).

(@)

(b)

()

(d)

B 6. n AT R S2bRM ] . (a) 2 8EH (22 SOMA Architects ¥ 1], ©2012, B3 S 2 Sl [31]): (b) Sk Bk 45 /0K & (B30 A &% 0k [33),
{34 “Easy K-Kenneth Snelson Robin Capper via Flickr Licence CC BY-NC 2.0”, ©2018); (¢) A EEMEHIH (LGNU R TR, ik H
ZHHR[35]): (d) WIEST4RLE ) (Z4E3% Dr.Tomohiro Tachi VFAJ, 43K [ 2% SCHR[40])

T RN EERR AE R, i T RS PR Se YRR T
BT Z AR, i G333 20 oA A ) AP 4 25
MR 5 e e BT R B R B R G, BT B TR
MRHFATHIE R AT B850 . AMTEEK XL RGH T
ML WSR2 1R R F 45 R A2 T [36,37] .

ST ACR K S AN ST T L RO =4 T S
TFEs BT RBORIE . AR A Tl 2R E

RAEF[38]. T T B 14T 4R 25 4y phr DI ek T A A0 ¢ e T2 4
[ B MR T 2 R [32]. "B AT AT LA Bl AT 4% 1 41 S st =X
EAFEREIFFEE T, TRREFUFETAR, W 7R
IR T B8 W AT [39]. A2 HTAUE K IS & /E P st
Fohg it ok, e (d) [401F, E R T IT4R
SR B LATTER, LA TR 1) Al-Bahr 3842 (1) A
JEIFALT . SR PTACE K B AR AE B SR EE B Ry
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B 7. FraE £ RIT A R B TR A2 AL .

R, AHH AT S v A T o AR SR R 454
(IANEFEARITIT T — B 11 [38]0

3.2. Gt A

i 7R T RORLRL A AR R S n AR o E ] SE AR
AL S RS Primm Pk s, B FEALTE KRG ERE
FERIFAT 5 LT L AR T 7 i s E k. AT
FRT LI Re AR T, OB In) LAE TR A el 42
RGN RIS . T RIS EVER B 2 AL 3R H
IR RGBT N, FF GBI R KL L. WK
FHPARR 0 RG0SR S A 2E AT S il o a7 5
Mo, AR SR B G A AT DAL FE A AR T . S
T | AR A S 2T

FEAARY T v, AT DA e M i i B AR A H b
AHIC R AR BRI, 8 A SRR S A Bk S T Tl ¢
FERTEIAYINE . (H2, HitER R R, M
VE AL BRPE K e i N\ AN H ) OO AGA R) .  T
e, 2 AR EH R IR B A ) (deep lear-
ning, DL) AbER A HE X T it S HASE n] RS R 3% 1%
TR BN S TTER— 9030, BT Hae ik &2
HIE R S5, Rl A 4k in) e, By AHAE R AR BE
HAREI & & RNV 2 HAh 2R EES T R [41].
NTHEL ER RGN, DL M IERERE. iH 5 H
S80S B o B R R I iR 22, DA B S
S S0 R A AR 7

T3 —FhA] DL R i 22 5 To0I 44 1 SR 2 s Ak A
2] (reinforcement learning, RL). RLACE!H H B 1A 15 11

SEAH R RGIEH T EER 2, KRG
S GIZ B UL S e R AT N[42] fERL, REEL
HH 2 i B SAE 5 e S e R AT B [43]. Bl
T 82302 3 O RL A% BRI 2240 F 00, DL S AN F 1
L CRETD, FFAERMZ M E a4 L) [44]. &
Bk, XZ—NEURA, RS 2T B I A
ML, DU 22l B KAk [45]. IRBE SR 2 2] 455 T DL
MRLACEE, G5B EEh R QM 4 (deep Q
network, DQN)  FIFEZE L4/ 7% [a] v fili 1 8 M H b ok
S PR 55 iff o P SR WS BR . (deep deterministic policy gra-
dient, DDPG) [46]. Bk T iR HEIEIE R4S, RLIGTE
PLas NIz [42]. HARTE 5 AL BE DL RALAE T [45] 1
FR B T B

P S A TR AT LS PN S5 S A, e
ITEHE B T DUORKIR = R Gtk RE . A —LeymAT 4%
T, Wt BIA 5o (proportional-integral-deri-
vative, PID) 2|28 . ORI A A P 4% 41) (model
predictive control, MPC) [47]. 40, PIDHAR 4. LLAH)
R SRR, o3 A3 X e . B FIDRE Sk i 42 il
RZETHE[47]0 IX = AN A 2 TR] 1)1 1 2 8 oo 2R % 1
SEILAT . MPCIE I 5 /N 5 A P v 2 A 23 25 i B 2
IR 22 5 1) H AR pR B, A S o R AR 28 SR Tt ot ) R
SRR . ZEAREHH T EARTRENH, RS2
BN B I iz i [48]. A LA T4 KRG e
PERE . TAEEFN 5 FIPE SR VA AN A B4 o o A il
O T T HALERS) . R AT ] S I

4. BETE

W3R, B ARCNH TR RIS
BN HER IR AR ok = N1 B NV E S R e Pl N A W =4
MEHPIRINE B . ARt 7P B £ TR
HIRES, EESIRIMURENS R Re AT, DA T &
JE R GURE i 7 AR B B A R Bl R H L S B AR
AL RULE — 1) N 28 1) 3 2% 52 [49] 78 73 A FHAE I 28 AL 1) 2
WA AT Dy T A S AT DA R R ]
RIEE, EFVIECE 1 5 A AL 23 0 48 SR AL 31040
ALREI R 1 ko AL BIRBIT WA, e rf BAikg
T ¥ FLHC FFR 5 AL B ARTIR, 4 % A8 T8 sl 5 1 12
. EPERETHSL (high-performance computing, HPC)
PLES 22 S HOR 0 O e i R AR Btk P &, H



TR RN, THEMIRSIE AT . X T H EA TP
(4 AR B % Ak AN 22 4 i R R ) Pl 2B TR 0y T
fite W%, LRTRE. THERMEAVEZ HAl 2R a5
BAE TSI — Hir. ASREREEME RS
I NIUA R 7 AGAELLR /NS48

4.1. &K

R AN IR R — B AR B A& L
TR BN o BRI R Z M ER, )
BEM (Internet of Thing, ToT) [50], J rf 2 i 4% & 2% A1
PAT FR 0T AT DAE S -t S rbore B, B P mT DAk
TIBfE. TR 2R AEE TR H. flw, 75
BRI A, T DL ER ER A T bR 2 AR B RS
B, LLEE T HORZS[50]. ToT &t LU ] 3 %55 2
W RGEW B, RG] LB A AR
T LR A% I X 2 OB () T MR S IR RN O R [5 1]
TESEH TRE T, ToBAG EEOR [52) M s R A HR [53]
R) T 20 2 235 ) At 3 M W P O B 2EL B 0 o AN AR SR IR 2%
W%% 5 A LS S AU B S 50 G I BiE . DAA

SEAPIRZS PEAR RO AT 0 o 75 0 )V 5 1 S B &5 4
@)%HETLEF" S T 3 FIoTHISmartSync & 4i[54],
H A E RGBT M R R E SR RE N
£+, FHUTUEEMCZEER, e REER L,
LoTHESIERTE RE TR BN, B HER RSN

1629

ATERAELE

X TARTE 24, 2 BEAE B B ) O3 A AL RS
[ R T AR EREN RSt (global positioning
system, GPS) 1/ Bl K XU . 28 500 2% 1] XU AN 2 410
Yom N, a8 B o IX SR AL T A BT R AR AL 45 R
AL, FE 2RI S ﬁﬁiiﬁﬁiﬂjlﬁiﬁﬂﬁ?ATklfFjJTa
AR T A0 78 HRR YR o I 2 R I ST 4R 45 S PRk
P AT IR EE AP 4% (deep neural network, DNN)
AN IR o PRI, 38 0 ik 436 A3 ) Bl XA 5 1) O
FRAE RN BT B R Al A AR 1 E B2 AL B AR TR I BL i)
REE.

4.2 153

G139 1 1% 30 2 40 nT DA S b 2028 s 31 31 B bR A E
B, ALK BN A B B AR (AR N AT
FISMA) FER R F KL LgEAT A iz k. IR S
R v AR A 4Ot S, @i s 24 S ok s iid dh
RO o PIPE B 422 (M7 20 45 Ha) M8 R A mT LAAR T R HE T A5
Ko EISIRML 7 A BN T 45 18 W gk L TR
il

43,5
THHENEA ST N LR RE, FRRAL BN S5 &
KB B ERRKk. AR, ik EEAREH

A LI AR AR IR T AT BAT I AR AL B 2 [algE NI BT SR R SR TR A5 K 1) e A 2 U XA T
- - .
[ Feedback control Morphing truss
. structures
AN O —_—
PN O —

Wireless X 7 RO | \ G Sweep:|
cps Datalogger transmission Inputs #\J KO ,\‘ ¥ —Outputs Rigid-foldable origami
—irEi Syslem Nt 3 R L Origami-inspired

Data logger (RN 9 p
T8 e i L8 structures

—— 1"/~\('
Data log —
Strain gauge

EBL = )

Training database

Base station PC

Cross sections

Opening models Tapered models

Twisted models

Articulated joints
Actuators

E18. W28 B R GUEIN | A £ 3 R S8 PC (personal computer): A5 HL.



1630

PR, DAKOR T PR ] S Bt O 1 e 12 5
W, AR AT AR s W 2SR B R Hdls , SRAT9RA
S STARHEDR TN S IR H A il >3 SE R
WA B3 RS MBE. 9P, QR 5k
FER RGOSR s, FFAEIS (] 28 e+ LI Al —
NaFa, S E., IR BB 2R A N R B 18
WS AEFE S, a2 ACEE ] DR 4 454 FF 41 0
2R SRR RARAL SR, AT S 27 ST B (AR IR 4T
No L, i SIARER I H A5 A2 fi KA 12l bR £
BB PR A IR oS 1R 2 SRS s R R 22 Jl ) T 44
Prolan, DUEAE SR ] 15 2 AU .

amAL S S AE B B AR R N T . IRESs,
BRE SCRHME PR BE B IINAE S, I HL b S A
AR a, AR RTR S s MR 230 112 B LR
g FE . B, R E R R AL R B Cy() LS
BME, BRI BB TR R, AT BLsE SCA

R = —Ca(t) (D

B4 DDPG B L AH N ) Q18 7 FE O, W R om NE &
TR 7, T AR 2L ) T T B[ 551 :

Qx(s, a) = Zykrwkﬂ (Sc=s, ar = a)|my (2)
k=0

K, ERR UM ENBCEIZEAY, r=E R, yR=If ) 1
BTN 1 HAE 8 A2 0~ 155 B o s Hllady ) 28 7R 24 1l
REMBNE. FATT EAERA P BRoE i a kAL
Q. (s,a). HAJEL, N H] R R @ B B 2 o R H B
T RRRIXA e KAL), A 8 BR AT P

Bellman 77 125 4 [56]:

Qr(s. @) =) _P(s'ls, A)[Re(s, a. 8') +7Q(s, @ = ()]
(3

K, PRIRTMEMERNECEIZHRF; s Fa 3 ERR F—A
WAEMENE, Wa, WIEX (D, FHREMOMEREO, M
KA ] AT LS R [56)

Q. (s, a) = maxQ,(s, a) 4

L \ ] LA i R A kA5

7" (s) = argmaxQ.(s, a) (5

R T N GramAb s SR, AW FLIERE 3.2 4R
K DDPGHE st 2 SRR . (4 FHDDPG I 2 A Ji
A& AT LK R S B A ST () A5 B B RN IR SR
I, DDPGWH] PASEIIE 2= | 4], THi&E & H T A0t
9t DDPGRIEPE K P AFIEE X 25 (1) )11 S 35 51 FTPEA
Fo WE9FTN, 8 A T M SN E 25 8] b T 24 A
IR I EE . VP Al T A AR AS AN E R # . I
DDPGH], #] BUid i SRR & RAFEAE A WA 16 B XN
A T BTSN AR TR (I S B AU SR U R VP A E
BREEE R (10>, R)5, rE R ECK Re g S b 2=
(temporal-difference, TD) %% [56] K ZR T HE .

9T M FRDNAE A0 S R 1) 28 A W) A 2 TR) R R
Z, fEHFEZAR I T . EW R I [A) 2,
BRI ) 25 UL ) e A R SR X 1) 3 R 15 18
J1EFeAn g ok 5 w0 b, SRS BTN R 2
FEH o0 R 22 A B d A @ U . FEARE T, JRATME
FMPC RS A A4l e it . B 8 o 1T B e T H 5
INER R EE.

4.4 THERT SIS

TEART R, BATETFF& BT Frid i g
VI RS, VAIE AT M Bt s3I ET
N, WREIHR T R3S AR A — AN T7 1A,
RIS s s R ARtk . BRATBIN T BB B R H A,
SR SN b BT T SR A AR, DAYk B A XA 2R
)R o

WATH) H 2 8 3 50 228 2 504 3R T S Bh HE
W, HESY FIMBH R ME. & FH T UIZDDPGIH
el e, AT LU B R R ) E R YR LS XU 3
THAEARI, TELREIEEE LA oA A eS8 3 &% i
BB SN S E R XALE . 2R 5

Actor N
Policy ——
Critic @
State————> Value functi(l)n Action
Reward

Environment

BE9. 178l - VR & 4.



Trajectory 1

1631

Training database

t=T

sty g MM PWW‘W A e o

400 500 600 700 800 900 1000

Time

At by e

400 500 600 700 800 900 1000

Tlme

T

i >12t=o t=1 t=2
ate S ‘5
10 Mt e
— Sensor 1 8 BMM“ MMUNWM‘W
>0 100 200 300
=2
— Sensor 2 ] 15A
5 10 1
> o 100 200 300
>
L— Sensor n g 1
°
> 0 100 200 300

Reward R—1

R(t=0) R(t=1) R(t=2)

Trajectory m
Action a

R(t=0) R(t=1) R(t=2)
Reward R

400 500 600 700 800 900 1000

Time

O

R(t=T)

(U

R(t=T)

E10. JIZRHESE.

5 R RN ZRui A 2 ST R R0 ze ,  DASE I Tl A = i
WANE B2 s IR e e 0. FTEARBE U, FJE
BIHHE ot & 1) A, FRATTAOKE T = PR FLCFD AU, (RJ
LES) SKRIZRIENE o G OR 2 S ASTALLE50HE 0 S 56 5040 1) ke
ERAERMNIARE TAEh AT A 7T . AEEI10h, AT
A T 104 epoch, Hrff N epoch@Em=10"7M517E, LA
THE R BB R E I A . N PUE R 100
ASREERA. (T=999), BATHE R (1) o (i 22 il ki
o PranE 7y E N0.95[57]. f#FH Adam ik 2%[58]
KINZRisd AAPEANF, Hrp 2% 050.001. (HfF—H2
(A, TR 58 I 2R 504 20 Flepoch i &0 5 44 2% =)
MRELEATIMZ (fine tune) FHTAE, Kb Ftil 75 21011
BAEMEREM NS BRI AN H B, A TH—P5%
HX — WS IE TAE, AEAR KW LA A B 22 M ESUE A1 5k
B0 I SR 1 T s B ok 1 s AT B DI R s
{F13DDPG H [ & P 25 U SIRE BE TR 4T, FF HLX A% B
RTINS AR TR UE I TR AL A )
N T AR TR R S B A AN B AT AT 1

B 25 0 7 R e 55 AT A2 1 CAE RS
N SR ST IR A R A R @ I 2 A R
Rb AT RO 15 B A& &5 S . fE—epoch, £
ﬁﬁﬁ%kﬂ&%ﬁ?ﬁﬂﬁ%ﬁ&?%ﬁﬁﬁﬁm%
PR LN 11 B PR IS ) 2 1) o EAREANINE 220, 38 e ) 3

WA b (0 1 00 Bl BEAT AR 3 Rt S5 5 IR I 22 il R KA
KIS FEARWETUF, ATH R GREUT K SEL), X
Fe il P AR IR B B RSP I AS W BT KRS
IS BRI, E10FTR. & DR/ RS
(7, T R RE e — 7, AR, R
S B TR H [57]. 53— TJ7 i, BORKI RS
W RGN A R AL, BOZERE R, @R
Ui I Sy NAN 223 g S e b AT DU A O A B
R G T T A SR A RIS T A5 R AT AR 2
RS AL B e 45 T 18R 0 R B MU B R )
AR PR AR T o

3L T-DDPG, 4 TR fy Py A28 I ZR T DNN 4L
&:gﬁﬁTﬁmiﬁmﬁgﬁmﬁﬁw RO PEpir 2
WO E R AL 5T, RS E P U E ek
ﬁﬁﬁ%%%%ﬁT,%%Lﬁ%%ﬁ&ﬁo%ﬁ%ﬁ
B 2 TR AR A 4 ) A SR A A T M ) AT TR A
BV, 2R, PP 2 AR IX AN S 1%
BN BETH A A R B AT PR Z AR I SRt (SRS 1R 45 T 54K
BRARAR . ML 63 - PP & % H A T DL Y, %
TRIFEER S 1A B AL T LT IR, IR d sk
VBTN F34h, O 7 Al A E AR,
AL 22 B SMA SR A g, 83 51Nl B 3 A ohe 42 il 1T A
K.



1632

o Inputs O la
(wind velocity R

measurements, s,)

MPC
"—/ Control
i " feedback
@ —

Prediction |-
—MPC

Critic network

7TT__’ -

OO

OWOZL

i me o
//Ivorphing state
s+ 1

Actor network

TN O
N AN RA 3
K X N0 0
Ay O~ Oulputs OO >0
/. * (averaged gradient Vs KX 59 »,c::(; ) J
of the value function) " "«
o Outputs
(optimal actuations, a,)
Optimal shape
- SMAs
Measurements % A

‘ | |

N1

B 11. 2 SIS AR T R 1 A R R B

LES {/j 5 H RIS UEAZ T J& 1A e SR AT A2 75 9 de
Pef, JF Heews BB K el 28 N 1t
PRSI, S2B SR A T MPC R — b B g AR,
IS DB BHL g 2 B TG B R B TRl 22 5. PRAT
MPCHeEJa, SEHT e ERERR I IR, an & 11 SR8 Py
7N o BETRAZ T3 H RO i) 28 G AR YIS 8] 35 AR P 1) i
Zhgth. )5, MRIMPCHI, K SR ATR AT
Tl (5N, I5 AR A BEREATAZ T, DAAE N
()35 AR b A R 22l bR

&R T AT AT &, ARG THIE SR,
AT LABGIE H AT & . i R R SR R AL IR R
v AL Bt A5 7 2, AR R AT DA Bk — P 1) 58
o BT LML S KRB R e B AT PhsrE, JFs2
AR ) Rk AORRH], FRATTHRI AR 4%
AL Sh A R G AT, (R A
ELA 48 TR ML P O R GE I AT AR TR A, PR 5 R K
BNRRLALTE 22 GE I 18] W RS SRR o BOR L T i
(0 53— AN PRGR S R SR, 1% R GAE AT (A A I
it L ORIE RN R F I B I S A POKIBE . A
AT PR 5 AL L S0 f) S A M R A2 T /T g
A A ERIEATRK, PRIESRBITHR RS0 71, LU
R EAL M BB . XA R TR A AL 7T B
0 o 5 M AT P A 2 AR T PR DR AT 2RO, R A
DI 2 ik — D 7

A TE R GE 2 2R T AR IR 2 A A B
FbR, GIBRBE I Z AT A4 ), B R R 2
EEFAME . X RN A H Al 32 21 O A Bl i s

MR RRIBR B A, HWREER IR R
(DRL) J& Doy v i 37 9 51 3 $U4) S 1 H E AR
(I FIANRES T AW FONRBEAT X IR R R (AT 7T
FIRME 7Y, RORZIZEP LI E R AR R B
PRRIA B R G . XK A DIRRLR, 1M S
AL AR B DA R A EL 1l o ST P 3 SR80 T Rt T S Bl
Prigtt. ATLATIUL, BEAT AR R K& i & 10 He £ 1 3k
5, SRALSE ST O AR S BT SE B P RS 21303
SLMA R K T R . BATIEE ) TR R LITIETE AL
FHHEAH R TR, MR 3 TR A
TRESKE T o

5. 4518

F T XCESCORE A T PRS0, 3 i e DCOXUxS e J2= 22
FVERE AL E R A k. LI — IR
SRR — v B 5 R W AT R, 53— SR B AT g
Fe I SN IR S RO 5 T A B TP, B A TS
i NILERE. AR B LK X 28 ) BE LRt 1 it )
HRNE, BUERRREAREIIN . A LI 33
A A R OR R0 RIS AR AL ) e N AL 38 B
TR A GG, SR HE S b SR 35 A 5 A2 AL )
R R HIVERE . EHWR A AR AT LUE BLA
ST AR AN T SR A R S T SE B . A SR H R 28 )
H ARG AN AT USEEL I B, 1% 2R G0 3 T s A
HelE o M AR B A R SE B A EART . T SRR AL
45 LIGAE T {3 FDRLFIMP C 45 il 78 47 470 A8 265 1 A0 32 11



TR G YIS RER, AVRIEAFTHT AR B AL
IRAR ABCRRE, AT eS8 XS B P R Al Ve 12 i L 22 4
YRR _EA BRI /7.

Acknowledgements

This study is supported in part by the US National Sci-
ence Foundation (CMMI-1562244 and CMMI-1612843),
seed grant from the Center for Informatics and Computa-
tional Science (CICS) at the University of Notre Dame, the
Student Innovation Fellowship from the Thornton Tomasetti
Foundation, O. H. Ammann Research Fellowship from the
American Society of Civil Engineers, and funds from the

Robert M. Moran Professorship.

Compliance with ethics guidelines

Fei Ding and Ahsan Kareem declare that they have no

conflict of interest or financial conflicts to disclose.

References

[1] Kareem A, Kijewski T, Tamura Y. Mitigation of motions of tall buildings with
specific examples of recent applications. Wind Struct 1999;2(3):201-51.

[2] Irwin PA. Bluff body aerodynamics in wind engineering. ] Wind Eng Ind
Aerodyn 2008;96(6-7):701-12.

[3] Irwin PA. Wind engineering challenges of the new generation of supertall
buildings. ] Wind Eng Ind Aerodyn 2009;97(7-8):328-34.

[4] Kareem A, Spence SM, Bernardini E, Bobby S, Wei D. Wind engineering: using
computational fluid dynamics to optimize tall building design. CTBUH ]
2013;3:38-43.

[5] Bernardini E, Spence SM, Wei D, Kareem A. Aerodynamic shape optimization
of civil structures: a CFD-enabled Kriging-based approach. ] Wind Eng Ind
Aerodyn 2015;144:154-64.

[6] Ding F, Kareem A, Wan J. Aerodynamic tailoring of structures using
computational fluid dynamics. Struct Eng Int 2019;29(1):26-39.

[7] Brewick P, Divel L, Butler K, Bashor R, Kareem A. Consequence of urban
aerodynamics and debris impact in extreme wind events. In: Proceedings
of the 11th Americas conference on wind engineering; 2009 Jun 22-26; San
Juan, Puerto Rico; 2009.

[8] Chan AKC. Tackling global grand challenges in our cities. Engineering 2016;2
(1):10-5.

[9] Crawley EF. Intelligent structures for aerospace—a technology overview and
assessment. AIAA ] 1994;32(8):1689-99.

[10] Korkmaz S. A review of active structural control: challenges for engineering
informatics. Comput Struc 2011;89(23-24):2113-32.

[11] Karanouh A, Kerber E. Innovations in dynamic architecture. ] Facade Des Eng
2015;3(2):185-221.

[12] Kwok K, Wilhelm P, Wilkie B. Effect of edge configuration on wind-induced
response of tall buildings. Eng Struct 1988;10(2):135-40.

[13] Miyashita K, Katagiri J, Nakamura O, Ohkuma T, Tamura Y, Itoh M, et al.
Windinduced response of high-rise buildings effects of corner cuts or
openings in square buildings. ] Wind Eng Ind Aerodyn 1993;50:319-28.

[14] Tanaka H, Tamura Y, Ohtake K, Nakai M, Kim YC. Experimental investigation
of aerodynamic forces and wind pressures acting on tall buildings with
various unconventional configurations. ] Wind Eng Ind Aerodyn 2012;107-
8:179-91.

[15] Xie J. Aerodynamic optimization of super-tall buildings and its effectiveness
assessment. ] Wind Eng Ind Aerodyn 2014;130:88-98.

[16] Konak A, Coit DW, Smith AE. Multi-objective optimization using genetic
algorithms: a tutorial. Reliab Eng Syst Saf 2006;91(9):992-1007.

1633

[17] Deb K, Pratap A, Agarwal S, Meyarivan T. A fast and elitist multiobjective
genetic algorithm: NSGA-II. IEEE Trans Evol Comput 2002;6(2):182-97.

[18] Forrester A, Sobester A, Keane A. Engineering design via surrogate modelling:
a practical guide. Hoboken: John Wiley & Sons Inc.; 2008.

[19] Ferziger JH, Peric M. Computational methods for fluid dynamics. Berlin:
Springer Science & Business Media; 2012.

[20] Ding F, Kareem A. A multi-fidelity shape optimization via surrogate modeling
for civil structures. ] Wind Eng Ind Aerodyn 2018;178:49-56.

[21] McEvoy MA, Correll N. Materials that couple sensing, actuation, computation,
and communication. Science 2015;347(6228):1261689.

[22] Bengisu M, Ferrara M. Materials that move: smart materials, intelligent
design. Cham: Springer; 2018.

[23] Valasek ]. Morphing aerospace vehicles and structures. Hoboken: John Wiley
& Sons Inc.; 2012.

[24] Sanders B, Crowe R, Garcia E. Defense advanced research projects agency—
smart materials and structures demonstration program overview. | Intell
Mater Syst Struct 2004;15(4):227-33.

[25] Chen T, Bilal OR, Lang R, Daraio C, Shea K. Autonomous deployment of a
solar panel using elastic origami and distributed shape-memory polymer
actuators. Phys Rev Appl 2019;11(6):064069.

[26] Rosenfield K. TEDx: Metal that breathes/Doris Kim Sung [Internet]. ArchDaily;
€2008-2020 [cited 2019 Jul 29]. Available from: https://www.archdaily.com/
293386/ tedx-metal-that-breathes-doris-kim-sung/.

[27] Tibbits S. 4D printing: multi-material shape change. Archit Des 2014;84
(1):116-21.

[28] Al-Obaidi KM, Azzam Ismail M, Hussein H, Abdul Rahman AM. Biomimetic
building skins: an adaptive approach. Renew Sustain Energy Rev
2017;79:1472-91.

[29] Dean B, Bhushan B. Shark-skin surfaces for fluid-drag reduction in turbulent
flow: a review. Philos Trans A Math Phys Eng Sci 1929;2010(368):4775-806.

[30] ICD/ITKE University of Stuttgart [Internet]. Urbach Tower [cited 2019
Jul 29]. Available from: https://www.icd.uni-stuttgart.de/projects/
remstalgartenschau- 2019-urbach-turm/.

[31] One ocean, Thematic Pavilion EXPO 2012/soma [Internet]. ArchDaily; c2008-
2020 [cited 2019 Jul 29]. Available from: https://www.archdaily.com/236979/
one-ocean-thematic-pavilion-expo-2012-soma.

[32] Del Grosso A, Basso P. Adaptive building skin structures. Smart Mater Struct
2010;19(12):124011.

[33] Easy K-Kenneth Snelson. Gibbs Farm Sculpture Park [Internet]. Flickr.
Available from: https://www.flickr.com/photos/robinzblog/8576091099.

[34] Tibert A, Pellegrino S. Review of form-finding methods for tensegrity
structures. Int ] Space Structures 2003;18(4):209-23.

[35] Wikimedia Commons. File:Tokyo dome.JPG [Internet]. Wikimedia Commons,
the free media repository; 2020 [updated 2020 Sep 7; cited 2020 Sep 9].
Available from: https://commons.wikimedia.org/w/index.php?title=File:
Tokyo_dome.JPG&oldid=451300758.

[36] Puig L, Barton A, Rando N. A review on large deployable structures for
astrophysics missions. Acta Astronaut 2010;67(1-2):12-26.

[37] Min Z, Kien VK, Richard LJ. Aircraft morphing wing concepts with radical
geometry change. IES ] Part A Civ Struct Eng 2010;3(3):188-95.

[38] Reis PM, Lépez Jiménez F, Marthelot J. Transforming architectures inspired by
origami. Proc Natl Acad Sci USA 2015;112(40):12234-5.

[39] Filipov ET, Tachi T, Paulino GH. Origami tubes assembled into stiff, yet
reconfigurable structures and metamaterials. Proc Natl Acad Sci USA 2015;112
(40):12321-6.

[40] Tachi T. Geometric considerations for the design of rigid origami structures.
In: Proceedings of the International Association for Shell and Spatial
Structures (IASS) Symposium; 2010 Aug 3-7; Shanghai, China; 2010.

[41] LeCun Y, Bengio Y, Hinton G. Deep learning. Nature 2015;521(7553):436-44.

[42] Arulkumaran K, Deisenroth MP, Brundage M, Bharath AA. A brief survey
of deep reinforcement learning. IEEE Signal Process Mag 2017;34(6):26-
38.

[43] Murphy KP. Machine learning: a probabilistic perspective. Cambridge: MIT
press; 2012.

[44] Sallab AE, Abdou M, Perot E, Yogamani S. Deep reinforcement learning
framework for autonomous driving. Electron Imaging 2017;2017(19):70-6.

[45] Goecks VG, Leal PB, White T, Valasek ], Hartl D]. Control of morphing wing
shapes with deep reinforcement learning. In: Proceedings of the 2018 AIAA
Information Systems-AIAA Infotech@Aerospace; 2018 Jan 8-12; Kissimmee
OR, USA; 2018.

[46] Lillicrap TP, Hunt JJ, Pritzel A, Heess N, Erez T, Tassa Y, et al. Continuous
control with deep reinforcement learning. In: Proceedings of 4th
International Conference on Learning Representations; 2016 May 2-4; San
Juan, Puerto Rico; 2016.

[47] Astrém K], Higglund T. The future of PID control. Control Eng Pract 2001;9
(11):1163-75.

[48] Mei G, Kareem A, Kantor JC. Model predictive control of wind-excited
building: benchmark study. ] Eng Mech 2004;130(4):459-65.

[49] Lee EA. Cyber physical systems: design challenges. In: Proceedings of the
11th IEEE International Symposium on Object and Component-Oriented Real-
Time Distributed Computing (ISORC); 2008 May 5-7; Orlando, FL, USA; 2008.

[50] Atzori L, lera A, Morabito G. The Internet of Things: a survey. Comput Netw
2010;54(15):2787-805.



1634

[51] Zanella A, Bui N, Castellani A, Vangelista L, Zorzi M. Internet of Things for
smart cities. IEEE Internet Things ] 2014;1(1):22-32.

[52] Lynch JP, Loh KJ. A summary review of wireless sensors and sensor networks
for structural health monitoring. Shock Vib Dig 2006;38(2):91-128.

[53] Feng Z, Katafygiotis L. The effect of non-synchronous sensing on structural
identification and its correction. Smart Struct Syst 2016;18(3):541-68.

[54] Guo Y, Kwon DK, Kareem A. Near-real-time hybrid system identification
framework for civil structures with application to Burj Khalifa. ] Struct Eng
2016;142(2):04015132.

[55] Rabault J, Kuchta M, Jensen A, R'eglade U, Cerardi N. Artificial neural networks

trained through deep reinforcement learning discover control strategies for
active flow control. ] Fluid Mech 2019;865:281-302.

[56] Sutton RS, Barto AG. Reinforcement learning: an introduction. Cambridge:
MIT press; 2018.

[57] Rabault J, Ren F, Zhang W, Tang H, Xu H. Deep reinforcement learning in
fluid mechanics: a promising method for both active flow control and shape
optimization. ] Hydrodyn 2020;32:234-46.

[58] Kingma DP, Ba J. Adam: a method for stochastic optimization. In: Proceedings
of the 3rd International Conference for Learning Representations; 2015 May
7-9; San Diego, CA, USA; 2015.



