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SPECIAL TOPIC—Machine learning and physics

Preface to the special topic: Machine learning and physics
DOI: 10.7498/aps.70.140101

Machine learning, especially deep learning, has achieved remarkable success in a wide range
of applications. It is one of today’s most rapidly growing fields in science and technology. In
recent years, the interplay between machine learning and physics has attracted tremendous
attention, giving rise to a new interdisciplinary research frontier. On the one hand, we may
utilize machine learning methods to tackle certain intricate physical problems that are beyond
the capability of traditional approaches. On the other hand, certain concepts, ideas, and
methods originated in physics can also be exploited to enhance the study of machine learning.
Without a doubt, the fusion of machine learning and physics will bring us new opportunities and
challenges, and significantly advance the studies in both fields.

This special topic contains several review papers written by experts working actively in this
emergent interdisciplinary field. These papers review a number of hot topics and some latest
progresses, covering adversarial learning in quantum artificial intelligence, quantum generative
models, machine learning based on waves and diffusions, automatic differentiation, machine
learning assisted quantum adiabatic algorithm design, state preparation in quantum machine
learning, experimental progress of quantum machine learning based on spin systems, etc.

We hope this special topic can help readers gain a primary picture of the research content,
basic ideas and methods, the latest developments, and the challenges and opportunities faced in
the intersection of machine learning and physics. Meanwhile, we also hope this special topic can
provide some inspiration to readers, and attract more researchers to join this exciting

interdisciplinary field.
Deng Dong-Ling
Tsinghua University, China
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Fig. 1. A schematic illustration of quantum and classical
adversarial learning. The image of a panda can be encoded
as classical or quantum data. A classifier, which uses either
variational quantum circuits or classical artificial neural
networks, can successfully identify the image as a panda
with the state-of-the-art accuracy. However, adding a small
amount of carefully crafted noise will cause the same classi-
fier to misclassify the slightly modified image into a gibbon

with a notably high confidence.
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Fig. 2. Adversarial examples in machine learning phases of matter: (a) A legitimate sample of the spin configuration in the ferro-
magnetic phase of the two-dimensional (2D) classical Ising model; (b) an adversarial example misclassified as the paramagnetic
phase, which only differs from the original legitimate one shown in (a) by a single pixel; (¢) a legitimate sample of the topological
phase of three-dimensional (3D) chiral topological insulators; (d) an adversarial example misclassified as the other phase, which only

differs from the original legitimate one shown in (c) by a tiny amount of noises that are imperceptible to human eyes.
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Fig. 3. Adversarial examples in quantum learning of MNIST
hand-written images: (a) After untargeted attacks, the
quantum classifier will misclassify the images of digit 7 (9)
as digit 9 (7) with notably high confidence, although the
differences between the adversarial and legitimate images
are tiny; (b) after targeted attack, the quantum classifier
will misclassify the adversarial examples into the category
with the targeted label, even though the adversarial and le-

gitimate images only differ slightly from each other.
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Abstract

Quantum artificial intelligence exploits the interplay between artificial intelligence and quantum physics: on
the one hand, a plethora of tools and ideas from artificial intelligence can be adopted to tackle intricate
quantum problems; on the other hand, quantum computing could also bring unprecedented opportunities to
enhance, speed up, or innovate artificial intelligence. Yet, quantum learning systems, similar to classical ones,
may also suffer adversarial attacks: adding a tiny carefully-crafted perturbation to the legitimate input data
would cause the systems to make incorrect predictions at a notably high confidence level. In this paper, we
introduce the basic concepts and ideas of classical and quantum adversarial learning, as well as some recent
advances along this line. First, we introduce the basics of both classical and quantum adversarial learning.
Through concrete examples, involving classifications of phases of two-dimensional Ising model and three-
dimensional chiral topological insulators, we reveal the vulnerability of classical machine learning phases of
matter. In addition, we demonstrate the vulnerability of quantum classifiers with the example of classifying
hand-written digit images. We theoretically elucidate the celebrated no free lunch theorem from the classical
and quantum perspectives, and discuss the universality properties of adversarial attacks in quantum classifiers.
Finally, we discuss the possible defense strategies. The study of adversarial learning in quantum artificial
intelligence uncovers notable potential risks for quantum intelligence systems, which would have far-reaching

consequences for the future interactions between the two areas.

Keywords: quantum artificial intelligence, quantum adversarial learning, quantum classifiers, topological

phases of mater
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Fig. 2. Schematic representation of the hybrid scheme for

Quantum hardware
=
Classical hardware

training a quantum autoencoder where p represents vari-

ables, image from!['3.
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Fig. 3. Classical and quantum generative models: (a) Illustration of a factor graph; (b) illustration of a tensor network state;

(c) QGM definition!*.
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Abstract

In recent years, many generation-based machine learning algorithms such as generative adversarial

networks, Boltzmann machine, auto-encoder, etc. are widely used in data generation and probability distribution

simulation. On the other hand, the combined algorithms of quantum computation and classical machine

learning algorithms are proposed in various styles. Especially, there exist many relevant researches about

quantum generative models, which are regarded as the branch of quantum machine learning. Quantum generative

models are hybrid quantum-classical algorithms, in which parameterized quantum circuits are introduced to

obtain the cost function of the task as well as its gradient, and then classical optimization algorithms are used

to find the optima. Compared with its classical counterpart, quantum generative models map the data stream

to high-dimensional Hilbert space with parameterized quantum circuits. In the mapping space, data features are

easier to learn, which can surpass classical generative models in some tasks. Besides, quantum generative models

are potential to realize the quantum advantage in noisy intermediate-scale quantum devices.
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SRAHA ) ik ). L BT 5T G O (log V)]
(R B [E) A2 2 B2 A PT A [ py = S i
AR, &7 H A SR TR R S 2R EAT)
SRAFAE TR L ff LR, HHL SR 7 i DR 2 (7]
I EATAT HE RN 3 AT .

SR ITI, Ot AR B S AR T
S AERFHAR I T HHL Bk B2 il 1 s,
b ey v ERE 2 R A RV AT BASE R T
YEBU ZTE 4 bit R IR RGE S 1 5 T 138
BT HHL 55002, A58 Tt 2 < 2Rl
AL 55, IFEEXS 3 ASANE Y 1] & |b) AT HAIE (FH
[ A HE R A ). S AR A i, b iy
BCH 3 MR HBEME R 44T IR, 2 bit
R AT A R S O AR TR, PR LA 5
U A A a FORA A 17) 8 b)), FIAEY 1 bit ME N %H
By R A T B2 BTG . X T[R4 AR |b)
4 bit PRSI AR T 96%. SE50 LI R 1
HPESIE T HHL Sk r il k.

HHL 3% Je S0 SC LB 56 T8 B T TR A,
ZRRTHATER T IR EcR, R T2EH
3R TR HRRTE— MR/ N YRR E AT
7R, MZiie 71194 (adiabatic quantum comput-
ing, AQC) MRt ¥ R fe it 7 —Fhf ) 75
TR NIk, BRIl s AN 2
JUIRAL AT DL B30 AQC SE3, Fir X T a1l
)M, AQC W RE A fA Ay B IRAR 52 PR v 1Y
AL AQC WO ZIERGEVISLE T—1 5%
B b5 oy S TR B B W Ho (¢) RS, XA

Phase estimation

R(A~1) rotation

W R T 2 it A N ) 08 ) 3 ) B ey S i i
AR, XA AR AT L P 1B o I 4 i e -
H(t)=[1-s(t)] Ho+ s(t) Hp, (11)

Forpr s (¢) B I TEDAN 0 28463 1, 2 H (t) 1 Ho
AR Hy . R IE S UR AT AR 2
U518, 1 RGO UG LA AR BRI IS 55 W H (4) B9
2 SON WL DT BUR> aa W E R ANUER A Uik SO NE R 7
T ASAEREL.

ITAR, FE T AQC SRR T R i T3k
Wi Bl AR e AR BRI BY e 2018 4F
TERHEILIR ARG LS T IR EE T AQC i 8 x 8
2Rk T BRSSO P C R ICHY L
Moy 1, 737 LB 4 D CREATRMED 4 8T k.
ST R — I 14 45 PR 1 I R I 2 Ay

H (s) = A*(s) — A(s)|b) (b| A(s), (12)

HpAG)=1-9)0.91+s0,0A, B—MIE
T &M RO RBIE NS |b) = |+,b),
|£) S o FEVR IR TR T IARGER, |b) W21 Fff
SRR A M B 1) St 3 X s AR EE R 1 ek
5 A RGEAMES RN =, o) R [+ z). B
SO LU g, BV AT AR BA ) ) . 5 PR
T B ) S 225 4T Sy

H (s)=0"®A(s) P +o P;-A(s), (13)
Hrpot = (0, ti0.) /2, P =1-|b)(blJ&E—1
B HAT. fad A, RENPIE0) © |-, b)
ERARAR]0) @ [+, x) . AT BN ) ) . XA
R TAEAE AR A AR TR R E LT, AQC
TE (R AT AR B AIG R s ) 52 2% B 1 M e vk 7
4, I H RS AR R0 LA BT IR T S 2 4 B 1Y

Register c{

!

Inverse phase estimation Measurement
I HHS H |0)
* I} H 10)

Register b |b

|)

e—iAto/4H o —iAto/2

“Inverse Fourier] IRy(n/T)HRy(Z“/QT)I

Hamiltonian transform
simulation
1 2 3

. v

6

1SR HRLSE 69 0 T AR 0 =2 =2 s s= (o ) )om=—2 (1 ) Ro)-

cos g —sin g . o
5 HEZME N x FR SWAP [] B
sin g cos g

Fig. 1. The quantum circuit of the HHL algorithm. Parameter r =2, to =2. Quantum gate S:( (1) ? ), H =

[ 6

2 2

v2\1l -1 sin % cos 5

1 coss —sing
— ( ! 1 ) , Ry () = ( ) The symbol X connected with the straight line represents the SWAP gatel!.
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TR XY MR R, i R A
R YRR — AN ER AP, PRI 1 R B0 T
AT S 56 28 48 100 75 AR AR SR BT IR SRR T R
9 AQC J3032 X6 4l By L A 5 ) ORI AN T4
TRGYERE, 0 T8 LA Bk B
HAHEKREX.

2.2 MBEMERSFE

TEN HBMETH G VT 2 80 J 22 R Zetk i
5377 FE4 (LDEs) 3y T —MREZ M. LEDs
(5] & AT DAMESS By %P T2 B N x NHFEM, N
A1 ) £ |b) LA RG2S ) B e (0)), A BRI
(S il

dx (t) /dt = Mz (t) + |b) (14)
SR ) )

FNE A 7 R [ A, 2 MR ML 2L
ST RREFE R ARIE. HE e g RS
BE AR 722 B IR U, TR A 2 R R, X
XM AR UIME LA, BE =TI &
&, R R Rk O e i 19
EE N e A O B el 2 W ATl (1) 5 R i
R Bk BRI 4 BT (H R X S
PO T H AR R A URMESC L. TR ek
B AIBA B 4R T — B 5 FE i A S
HF BT M LDEs Bk, IF HAE 4 bit 9%
WESEIRIR 2R LSBT M 4 x AR T FR 4,
g 2 BT R . 2k o B A ) A ) a3 X

w(t)%an: (Mt')mzc(O)—l—Z:il Mr;ltnbﬁﬁ i

0 m:
WIEAE 2 IR, TSR TR TH M &
LM 2 AEE AL, R A B R G S A AR L 1R
AT ARG R R G T L IEAL, HZA5 D E
TR SR A T AR e R O T AR AL i 1]
Il AT DL R 5) R TT,

k m
oy = 3 le@UUrMIA" o
m=0

|
m!

k n—1,n
L3 A
st (0) 0 T T (0) =3, - 1),

1B) =Zj|blj|||j>. MUHETA=Y

KA.

M, |Z> <.7|
W TTMI]

Readout

[¥3)

Bl 2 fRERMEROY T R i T A R R A A
TR, AR T = logz (k+1) 1L
R, SRJE I —A TAE RS A Bl B & 77 S pewl iR 4k
10) 10) ", 4 il U i1 Uy 53 50 9 A 22 1 [ (0)) 1T [B)
SR RS B0 1 AL ST 0 S ) (rl @ Ur .
REEMILE R, TEITA B B LLRF o 0) 1925 (] Al o TAE &R
E:IESP N

Fig. 2. Quantum circuit for solving linear differential equa-
tions. The first auxiliary register in the circuit is a single
bit, and the second auxiliary register is T = loga (k + 1)
bits, then is a working system |¢). All auxiliary registers
are initialized to |0) |0)T, and then the operation U, and
U, are used to generate |@ (0)) and |b). The evolution op-
erator during encoding and decoding is Zf:o [T {T| @ Ur.
At the end of the circuit, the state vector of the working

system is measured in the subspace where all auxiliary bits
are |0)0%.

A BT HAB AR QAN T A O i B 5 0R0%,
SR I RNk B T I B TR R LR
A LB, XA LCU (linear combi-
nation of unitaries) B Xf T AR AR X IEEH AL 1
TEIENTE, XA TAERATRLFE L.

2.3 ETFXHEHEEN

ZF¢ W E AL (support vector machine, SVM)
S — 2RI g B B A S S T on A e
JT XN, HAE AR SO 326 T
FRFPUNEE oA BN AT 1O SVML R i 4
T — AW BT WL 3 = 4R R E 25 8], 7RI
A e 4 25 [] 4% 31— 1 T BE 1 79 SR s 1) 1a) B
BROR, I8 I T BB A T 2.

C RN GR B B AT M D UNGRFEA ) B4R
AR —E N AEFRFHEZS (8] BRI ] £

X = {wl,wQ,“' ;wM}

x; = [d1,da, -+ ,dn], (16)
HX R B 5

Y ={y1,y2, " ,ym},

ye{-1,1}. (17)
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FEVNZAEA I A O FREAE 23 [ v, 38 5 I 258 Y TH Y
125 1) w FEHE b FHREN NP T REAS LHAT %k
it 5K T P PR R SR TAE T 1, RIRERS LE
KINHEHE 5
yi (w-x; +b) > 1. (18)

BRI BT A « 25000, w - +b > 18], I
PEHE R+, RZw-x+b< —1, WA EL
P h-1 2. (s E AR 24 R A v m] 4 i
5 238 3 — R e M 1) pRBOKS Bt AR ZERRAIE
2 (] BBy 1) O e 4 1) 2 ][] P 2 SO Bt
PRI AR, FROMAZ SR, DA Il 52 2% 1) v 4 fnb =X
WA

SVM TEFIB Beif ) 52 4= Olpoly (NM)],
N BRSO AERE, MR BIFEARER. i7E
YIZ5 B B R FH 0SSR At P 1w, TR fi —
UK 5 S M B R K e, B[R] 52 24 B 240
O(S® + SN + SNM)F1 O (NM?)Z i), Sy 37 #5
] i N8, Y M B B AR KEHZE B A4 5
FEFE DR K E DT LN A RS S ).

AT 2 i SVM TGVl FH A B 3 i
AT ZRAOMERS, 2014 4F Rebentrost 55 U #2H T &
F 5 M EHL (quantum support vector machine,
QSVM). QSVM 7EI 2B B, H43% ml i wk s hy
YIGHEA o IR A

M
w = Zaiwi, (19)
i=1
i A/ Ak, AE SR o LIS R b AT LA i
SR TIT R

(b70[1,012,"' 7yM)T7

(20)

70[1W)T = F_1(07y13y27"'

HpP FRAGERE KN (M+1)x (M+1)1)
gkl

F= (K —|—7_1IM) , Kij =25 (21)
Iy =M x M BERALHR B, v J2 e I 2R 22
5 SVM HARMYAHXALE . HAHs SVM YR fb
/IS 3 ) S P 5 HHL 330 W sR il 4R B F 0
W, BB QSVM [ E] 52 2% B 7R I R B B
HRAEIAF O [log (NM)]. SCHR [42] HhAL VT A1 BATE
NMR & 4 L8 QSVM 7 F 5 B 1551 19 5L 56
K =GR CIEAE R i, o —AN13C K A e
=A% ABE. WIS LR I SR dds 27 f-4,
— R PR 2 A A7, — 1 FURRAE i B 1
. SEIG T5 OB LK AT <67 F1 <O Gt R, 4R AT
A3 WAL 1) 22 T I ATt S 96 0% B 2250
99%, FHEFIHINEIRBINT 4%, WKl 3 Fis.

24 =ETERGTHTH

F B 4353 M7 (principal component analysis,
PCA) JEHLAS 27 > v — i T E 9% i (4 JC e B
R X — T AR P IE 28 AR St Ze AR DG AR
T R WL 5 e A Ry /DB LA B e P TG G 78 o
FORWBHE, LMEIC A |FRN ERSr. XAR
BT R IEEE b AL, BEdE AR &
Z A AR 181,

AR A — 38 M AR, AR R —
ANTE N YERFIEZS 8] B REAE ] £

X ={z1, @2, ,Tm},

mi:[d17d2,-~- ,dN]. (22)
BRI —A o X8I Py 22 50

Hand-written 6 ? é
characters

¢| 76|79

indicators

Experimental ‘

L

TJ'”T"T

Amplitude

0.2234 [—0.2247| 0.2205 | 0.2496 |—0.1775| 0.2092 |—0.1421|—0.2278

s 1696

61916919

B3 TR0 WL, 5 14 AT RR TS A, SR, M T A AT 5

Fig. 3. Recognition results of handwritten characters of “6” and “9”. Lines 1 to 4 represent handwritten characters, experimental in-

dicators, amplitude, and recognition results, respectivelyl*2.
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1 oot
C= XX, (23)

XU 225 0 C SEATREEAE S, 459 2 T Rk (A
D AR ) £, X R ] e Gy AR (B K
ANBEFPHES , BRI K AR ) A8 AR P
I AH SO AR PREHE SN N 4B HE2S [a]4%
SR K AERFIEZS 0], FR AT DRI o3 A B0
T PCA BLMRIRIE 2444 0 (N?).

2014 4%, Lloyd % M2 T & F F Wb
(quantum principal component analysis, qPCA).
qPCA IR p F/R U7 2200805 C , il AL
Aiti 2 K % 2 W o Y A1 7 Bl BB LU ARe DA T e
FRAEAH, WAEOLAS T P B il 1T U = e Pt ]
DL H A B A 0 G A5 LR 22 Ta) B TR] R 8 Y
SWAP # 4 2t

lim e PAtgelPAt = lim Trp (
At—0 At—0

—iSAt iSAt)
)

o pe
(24)

Pt qPCA BERSHF I 1] 52 28 L AR O (log (N)).
SR 138 J7 0k s 2 ) i 10 L 5 B o
AR/ IR R I, RS A BT FE LA 2 T RS20
P FARMEZ BRI TIAE, FTLASCER [45] Hacs

PA3E 1 S8R T HLE SC B qPCA, WE 4 iR,
TITER R — DN BB U, Be % B p
B AR IR IS AR AR R/ INRE P HES

Z Aj 13) (25)

=UpUt =

XFFEME TS THREUO) U1’
fFpP:
szzw—l (el +1),  (26)

PR SR R AL L (0) -
L(6)=Tr(U(O)pU (0)-P). (27)

LB BE T B AL Ak 2 800 /MBS R sRELL (),
BREUI SR BARE % AT U, T SE 8 gPCA B
. qPCA SR MG B R U 2R Sy 22 56 B 1
FEAEL RN IO A AREAE 1) e, S e A i) B s 43 R S
W47 1 A 1) PR 5l 5 B AR A s 1) Pl o I o
B A ORI AR 1 R 43 28 SR ). S el
FHVO AR RESHR T RS, R T O A e %
FBE, S e B T R i R G, AR

_—

Training dataset

Eigenface matrix

Eigenvectors of

Test dataset

Eigenvectors of

- .
D=ATA AAT: (= Alyy) D: [¢h;) = UK(O)|4)
l Classical computer 1+
e p — Yes
5C [0) s » O q
F; 10 : q (- -
YF, |0) > = —_—
No
Fs |0) e o —
4 ‘ > - ; Y
YD
T Update 6;

B 4 i8id qPCA SCE AR R R . iR

B Gl TR I EX PQC U (0) #EATIRANILAL, Herh e 1 74 L g B4R

FIbR RS L (0) FIBLIE g (0). S8 0 BAFfiti A ST 1R 22 ML S b Sl ARAL S B9 U R HE R ARG AR B D FI 7 225505 C 1

REAE 1] 47 149

Fig. 4. Workflow for human face recognition via qPCA. The PQC U (0) is iteratively optimized via the hybrid classicalquantum

control approach, where the objective function L () and the gradient g (@) are measured on the quantum processor. The storage

and update of the parameters 6 are implemented on a classical computer. The optimized PQC with the operator Uy is applied to

compute the eigenvectors of the eigenface matrix 1 and the covariance matrix C = AATHI,
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AR AR K O R A 2 R, s R
H PRSI EIUR G R GRS H0E T
FEL I SO B 2R I AR (B R B R 5] 99%, U
RN ER R A 100%.

3 NVE&LHKR

SRIA TR NV @ — N CIRFH N
JRF LA AR B C IR T Ay R 2k 7= A 1 28 for 41
LS A 5(a) Fin. NV (02 —Fh R i 5
TRER, 528 THE A = T s S s, 1
BT R = AN G B (= S NN o 0 [ KoL = e 3 A 1B 1
AR B I RS L1, H R, [ AN BT
BATEL T NVEOIAR & TFHA LRI, A
SRRAETF, NV A PR Ao 25 H RS £
Hafuf. A7 fHL ) NV i FHAE TRk | 545 | i
W XA By R HR S e o I AR A
AR BT o IR AT T JB A R DG AF T L 3 T
NV

XFT NV, OO ERR— A e .
N JEF 5L H) C T IE I i, 52507 2 (8]
AN, BT ASTRR P AS B, [RIRE, 254 8 LY
34 CIE 95Tk 1 7, A0 54
T, I EARSRAERF, EH 6 MR ARSI AT
PUAKHIAENF LA ABER L T ATE NV Y
ML BTSN A, 1 °E, YA
JE = E A, R HBEZ BB A B AR 5 24K
Ims = 0) Fll|ms = £1), T [ms = £1) & IFA B0, 40

(a)

& 5(b) Fi/R. B B BES, SEPT LA —
AT LERE. BRAF A BESL, T AL O AN (1N)
JEFAT IER—A FiEs 1(1/2) B A e+
LR, #5700 JE BIAE7E BC R, [RIBERT LAVE R
HBEHR 1/2 i+ LUERE, XOREFTET NV A.058
R R R T AR £ B

FEAINMER G ST, BT A BEZ [
HEAER, B2 ms = 0) I [ms = +1), HFI5¥
%4 2.87 GHz. it i # #4  J5 185 3 09 5B 9
Ims = 1) TF, I HLBF 2425 Bl il 1) #E 3 1)
BB K.

TSN T NV U0 1) R G & (i A
JE55 14N A% E R LA R G R 11)):
HNVZDgsSE‘*‘PN(I?)Q — Bo(veS+wIN)+S - AN '(IN)7

28

Hop, 825 1Y 435158 NV T [ g5 “NAZ A e
B4, Des = 2.87 GHz, A NV [T H iEZ 555
24 Py = -4.95 MHz 5 3 NV g N A e
DU BE L. (28) U AYER —Th NV 7ESMEE
THEZER Hrphy = 2.082 MHz/G 5w =
~0.308 kHz/G 43418 NV #F [ JiE 5 “N# [ iE
HIERE L. J)E — T2 NV BT [ g5 YN A iE
HEAE A AH EAE A (hyperfine interaction), ANA
ik AL S

B TR I, B RRANUER &
LT LR, IR REE ) Rk D R Hh RS . X
F NV 0, H T [ e o ot S B e ih b A

(b) +1

SR e
pa— - 0 .\".
#§Ta ey
R
1B
ol
A, £, a1
»
0

5 (a) &RIA NV EOERE; (b) NV 6.0 FREMIRIT I B/R B, 3Ax fI SRR ES MBS, TAL I 1E v H)
e ds, iR & HHEBRIT LS 22 K 9Ot M2 PR S RES A 2 & PO

Fig. 5. (a) NV color center structure; (b) schematic diagram of the transition process of NV color center electron energy level, 3As

and 3E represent the ground state and excited state, respectively, 1A; and 1E are the intermediate metastable states, which from

the excited state directly transitions back to the ground state and emit fluorescence. But the path througt metastable state returns

to the ground state without emitting fluorescence.
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BEH . NV RE RS FLALT 637 nm, TEEIR T,
HTH TS, — A 532 nm PECEHIA H
BEWES. BT HOEASHE, A PR AR T L 2]
LR B —Fh RS 637750 nm 192Gk
A BT [P 2, BF R et v i) 25 [ 5]
X THERELN, ARRATERN, HASHE
S 637—750 nm AYPEE P EAE B, R
NV OB FLERUR AL T Ims = £1) ATERS, #
WORBISE — TR A Z 5, FOR s ) T i s
e S o =N S S S A S RSN S |
Ims = 0) 1) [ HEAS. [FII, T NV 0 ) f 75 2
BEAE T [ms = 0) B A BER, B SA B KR
BARAT T B AR , BRI T L 1n] 3 J 2
JIT AR AR S K 1A 545 2] s = 0) 1Y H JiE
. XA SRR, BFAE ms = 1) E A R R
AW D, [mg = 0) 1 (R A3 B AS BT A 336 K 1460,
U, AT RASEE (0 LT A ERI R IR Ak, [RlRE e
HH 2 P I T AR . 2 e T 2 T 2 A5 A
B i I AS RS 637750 7, FrLliE
2R B T LA L E KT 1 AR R 42
DA, Rl 45 G B ), Ak FRTR A B H
T A TERRAT I 2 AR A B il AN ), 7] DAAS Hh 45
W NV @O AR [ BEART, X557 158 528 om
JERIANIA], DABLIX 43000 i ERS.

NV R R b T R B HAR | &
KAIB AT RS I] (NV JEZS [ e HA [E R AT fa EE‘

T AP R A AR A REBAR T ] (Ty), 7EHE
BERE R PR T 1.8 ms), BN TARZ BRI AL S5
PRA TSI TRILE S 5 NV @R RER
T RAUL AR A TR AEL L Bl i ke gy B ] s 2 i
ARR B — A H ST 1.

3.1 HRMEME

FFMHIY L T AR AR AR . AN
GABGE R ARDL, 0 F M ALAS T JE R PR 2L =X
FAR, BRI FRIEHERAAAEA R R M. 7R S50
o, R IVRE B TR AT i B PR M R Y
FRLLR M, AR SN AR AT LAFE A b
R, ST BA PR, PLas 2= IR A A
RS B ek — A . FEXRAR R 5 B W UR A4
YRR AR B rp R IR 27 2D 0 = 4 TR Fh 4
GARRI M RARF MAIERT T30,

LRPRZMZE (convolutional neural networks,
CNN) 1A A4 i i i 3 1) — T it 2 ) 2 A1
AL | BB RN TR | F AR TR & AL B AR
BTz A ] P00 AR Y SR EAUE R L, KK
WD TR GRS AL, (RIS REAS R AT Ak
>, I HEREBUE BE 1Y 4 R R AR R RAE.

R =2 TR b S AR 1 BN 3 A
MR H = ZkeBZ @} Hy, W, SR TR 3h &5y
BN A

He = ( ¢ (k) +iga (k) 0 3 (k) +iqo (k) ) , (29)
0 q3 (k) — iqo (k) 0

Hrh g (k) = tsink,, qo(k) = tsink,, ¢s3(k) = tsink. ,
qo (k) =t (cosky + cosky +cosk, +h). t i BEE N
L, M0 b2 —A~ 54 TC v R S hE . R
NV (A0 A eSS =ANRegL, 7E525 ol
B T P i ARG 25 &, Q& 6(a) iR, @i
BNV @0 BES = A e gt R (1), 10), 1) 2,
WLEE Hyo W] DL R I ILIF A X, JF 5 1) 5-1)
ZI A EAE R A P SE g ] LA fin e
Z[E) Y AR, o gt A PR R, m) LS BN A
() K A P S 225 i o

FIH NV a0 i 5 i e 400 = 4 5

|
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SPECIAL TOPIC—Machine learning and physics

Experimental progress of quantum machine learning
based on spin systems”
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Abstract

Machine learning is widely applied in various areas due to its advantages in pattern recognition, but it is
severely restricted by the computing power of classic computers. In recent years, with the rapid development of
quantum technology, quantum machine learning has been verified experimentally verified in many quantum
systems, and exhibited great advantages over classical algorithms for certain specific problems. In the present
review, we mainly introduce two typical spin systems, nuclear magnetic resonance and nitrogen-vacancy centers
in diamond, and review some representative experiments in the field of quantum machine learning, which were

carried out in recent years.

Keywords: quantum machine learning, spin systems, nuclear magnetic resonance, nitrogen-vacancy centers in

diamond
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Fig. 1. Schematic diagram of the reinforcement learning ap-
proach for quantum adiabatic algorithm design/'™. The
learning agent collects the reward according to the result
obtained from adiabatic quantum computing (AQC) and
produces an action to update the quantum adiabatic al-
gorithm based on its @ table represented by a deep neural

network.
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Fig. 2. Performance of reinforcement learning designed quantum adiabatic algorithm in success probability for Grover search prob-
lem'™]. The success probability is obtained by taking the square of wave-function overlap of the final evolved quantum state with
the target state. The total adiabatic evolution time is chosen as T = /2™ where n is the system size. The blue dashed line denotes
the success probability of linear path which decreases as increasing the system size. The red solid line and black dashed line denote
the performance of the reinforcement learning designed path and the nonlinear pathlS9, respectively. Given the choice of total evolu-
tion time, the success probability close to 1 by both implies that they both exhibit quadratic quantum speed up.
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Fig. 3. Transferability of reinforcement learning based
quantum adiabatic algorithm design for Grover search prob-
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training the 10 qubits system. The orange line denotes the
performance of applying the path learned from the n qubits
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Abstract

Quantum computing has made dramatic progress in the last decade. The quantum platforms including

and atomic ensembles,

have all reached a new era, with

unprecedented quantum control capability developed. Quantum computation advantage over classical

computers has been reported on certain computation tasks. A promising computing protocol of using the

computation power in these controllable quantum devices is implemented through quantum adiabatic

computing, where quantum algorithm design plays an essential role in fully using the quantum advantage. Here

in this paper, we review recent developments in using machine learning approach to design the quantum

adiabatic algorithm. Its applications to 3-SAT problems, and also the Grover search problems are discussed.
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SPECIAL TOPIC—Machine learning and physics

Quantum state preparation and its prospects in
quantum machine learning”

Zhao Jian  Chen Zhao-Yun!  Zhuang Xi-Ning"?  Xue Cheng!
Wu Yu-ChunY?*  Guo Guo-Ping V%3
1) (CAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei 230026, China)
2) (Institute of Artificial Intelligence, Hefei Comprehensive National Science Center, Hefei 230088, China)
3) (Origin Quantum Computing Company Limited, Hefei 230026, China)

( Received 21 May 2021 )

Abstract

The development of traditional classic computers relies on the transistor structure of microchips, which
develops in accordance with Moore's Law. In the future, as the distance between transistors approaches to the
physical limit of manufacturing process, the development of computation capability of classical computers will
encounter a bottleneck. On the other hand, with the development of machine learning, the demand for
computation capability of computer is growing rapidly, and the contradiction between computation capability
and demand for computers is becoming increasingly prominent. As a new computing model, quantum
computing is significantly faster than classical computing for some specific problems, so, sufficient computation
capability for machine learning is expected. When using quantum computing to deal with machine learning
tasks, the first basic problem is how to represent the classical data effectively in the quantum system. This
problem is called the state preparation problem. In this paper, the relevant researches of state preparation are
reviewed, various state preparation schemes proposed at present are introduced, the processes of realizing these
schemes are described, and the complexities of these schemes are summarized and analyzed. Finally, some

prospects of the research work in the direction of state preparation are also presented.

Keywords: state preparation, quantum machine learning, encoding

PACS: 03.67.Ac, 03.67.Lx, 03.67.—a DOI: 10.7498 /aps.70.20210958
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Fig. 1. (a) Supervised learning and unsupervised learning; (b) the structure of a single hidden-layer neural network, where neurons

are connected by weight coefficients; (c¢) unsupervised learning can be applied in social network analysis.
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Fig. 2. Wave propagation through different media and the corresponding linear matrix operations: (a) A traditional optical 4f sys-

tem realizes multiplication in Fourier space, which corresponds to the convolution in the original space; (b) modified 4f systems can

copy the input field with a grating and use different kernels for convolution; (c) a 4ftype system can implement the vector—matrix

multiplication!d.
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Fig. 3. (a) Nanophotonic circuits based on coherent light and all-optical matrix multiplication is capable for vowel recognition®”);
(b) image and language recognition are achieved by an all-optical spiking neural networking with wavelength division multiplexing
(WDM)[™2; (c) a design for an optical convolutional layer using a modified optical 4f system; (d) an all-optical diffractive deep
neural network that implements the digit classification®”; (e) end-to-end learning paradigms of diffractive optics and processing al-
gorithms/32.
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Fig. 4. (a) Passive object recognition with acoustic meta-neural-network?’; (b) realize quantum search algorithm with acoustic sys-

tem, achieving operations similar to quantum logic gates!*l.
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Fig. 6. Neuromorphic computing by nonlinear waves: (a) Single wave-layer feed forward neural network (SWFN) with input layer,

reservoir and readout layer, where the wave evolves according to a nonlinear partial differential equation; (b) the bias and wave

evolution and results of learning the function y = sin (nz) / (nx); (c) results of learning the abalone dataset; (d) training a univer-

sal logic gates by soliton gases!*d.

144204-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 144204

EHATINLR. BR Tz R R IE Lt i e 1507
T2, AR T AL D Sl o 5 R AT ik 17 i
k. Fz b AT HAT AL il 5h 3h Ty AR R G 2R
LR AT LR ST M B S AR L P sh 2% . i
FEN AR ) it i S 8 T = BAR R : i
I — 2 R % (K 6(b)), 22T —4~/\ 4 4
(I 6(c)), SEEAR/RIBEHTT (K 6(d)). =AF,
SWFEN #BRE S LGt 45 —FE. XU T SWEN
(38 FHPE, E R A T U T B eR R 7 )
AeEGPRAE. XTI TAE M B T IR ShLE% 2
HZIEPERR, T LT HIEHR 720
TRy 2% | Bl 0% PR i 4 o 2R A S ) 4% bl e b
WG FERh IR AT TR,

& TR T8 R R R N T A N 45,
AR i [E)J2 A6 & 2 R BEHLAE B, HAE Bk
PREEARAE, R 2. B TR T
— A ZINRERIIE T ITF AT R 40 9 (i Bk
P8 VE A i 35 3, 30 38 ) G ] 9 1% 42 1 8 )
2 BT SR N AR L M B ) 2 RE I S BN E LR
PERT o B EAR AR P RS B ) LS A 255 T
I AEERHE TAEFATA X BHEL A W h i pLES
2] MR TARIRAR D, (BRI TR S B
it & W W E R P L A KRS
B, BB S R R 8RS, JF Hak Aoy U
AT Z AR ARG T, Bz s B R A
IRFFEIRR.

4 ETV#AgmEkEEs

P AR 2L i —. O R
K- JCANE B80T 2R . ARG HL-
AT R] AL T RO 1) Y B R
T AP R, 559 RO B TRLSE A6 B I IE L.
I, 00 T 1) e A DX O i (I S B IX
— B ) F s BIRRAS. VLRGSR IR A6 P F
AR OLT, R3S A S A T AL, f
AEPRER A, KR K T VFZ8T o B Hlas
i B RC S TP U R o AN VI K SO S U
I AR AT S BB (9 7026 EAE T RE. T
A 23 T R G T IF A o B o I Bk Y
A, AR ARG BT TR R AR A 2, AR
T BAHEAZ A8 St A ED L], DL T 2
P RS R AE ] T A5 R AR

4.1 ETF¥EsNFERNS RS

SRR I E BTS2 —. TR T hE
8040 B TH: 5 o 1 5 0 SO B B — AR A
23 [A), W AR B5C0 1 P R R T 49285 (L0
FARLR MR, L5 R EWU 7 AR AT 1T,
ERFEE G TR T O] 505U, 4740t 1 B A
AR AEBR I _L5E AN 8T, Sl — B
[B] (3 5, T8 M DI B B Th R TS5 L, O
BB = o] AR B S .

TEEA N AR S BARE (2 )Y, 2, € RP
& L —> Markov FEALITE, W 508 15,
@ Ml 2 (A R

Ai,j = A, (9C¢795j) . (8)
ASE UK X R B B el R M, W ik
exp( — LoglB) wg g R s X A A D =
diag([D; - -- Dy]), HH D; :ijz_vjl A j :;Z_V:l Ac(zi,25).
AAEH AR
AD7' ) = Alg) B Pp) = Alw),  (9)
Hoh P = AD VRS EATH)IA — L 2 5
RS, PR 108 E BB, AR A
A, ) A A 6. Zoid — AN K 2, Bl
Py B s B O N

It+€

p( =zila’ =z;) = P =

_ Ac (w4, 25)
ZZV:I A, (xi,xj).
et n MK TE, WEHE B o R BN AT g YT
B
p(t=ne, ylz;)=p (' = yla® = z;) =P"e;, (11)
Hore; & —AUAE M Ab S 1, FHARALE R 0 15
W . BB PO AL AN FRAERE Po=
D-12ppY/2, P HI PEA MAHFEAGE, &
P IAIER N [or) 25 ) i, WA R HE B P 1)
55k ANANEZE R AAAEA 50 A
(Gl = o) D72, ) = D2 fgy). (12)
(] Fl |}, ) EXUEAZ Y, BP:
(Prltbrr) = O pr- (13)
ZERE BT ¢S, DS o 38R y IR

(10)

144204-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 144204

p(tylz) = (ylo) + D (ylw) Ak (dlz),  (14)

k>1
Horpr (y| Fy) 2 5 & R NAS B A 0947 ) =
), AT y N 1, HAAEH 0. [vo) & 4F
TEAE Ao = LXF R IR PHERE I ASAE AT %, (ilbo) =
Dii/ Y, Dy Ap Sl pries k ASAAEE. Bl
S M Z IR B 2 2 SO

HCEDED Y (P(tvy|%<)y|wr;>(t,y| Y s

B (14) SACA (15) 3, FF4E G (12) R (13) X
HRYSCR, PHE RS (15) X0AF T as 18] v A K
[RIRES:

B (rwy) = 3 N(onley) — (@ulea). (16)
k=1

AT, SRS A A B L B kAN REAE
I b, 7RI A R/ MR Kl 2 8] f R D)
KA (K 7(a)). Gt K mh ] A Ak, Ko A 28 itk
PR, e A R A RE L SR b R o)
FER (K 7(h)).

R, RIBE R 2 7 12 PRS2 T 5 4 R A
BT T S A (R B e P B LR R R T
TWERIE RS (K 7)Y FH—A L x LHr X £
FEFF PR T RGEIEIR T Z M AR EAE T, 4R

A% HE B Sk AL (4, 7) :exp<_ |R2;L]2Dj”>' T4

AAS R v BT IS EH 1 P kg, BrAe] L
AR AT P12 S i P MAE I o (P) 347436 3
P BTy vk R B R R P AR RS A- (i, 5),
AT B A BAR R G SRR RN AR & Rt
AT T AR B HINS RS, GREREYUREG 1 —
4t Su-Schrieffer-Heeger 7 8% (& 7(d)) . AS KL
TN ZRAR (K] 7(e)) . FENLFER AR TEK S F
HE (] 7(6) FEA S FHINS (B 7(g)).
BTV RSN 125 0 43 A A AR R 1Y RT3
P, il L (8) A RS A j = Ac (24, 35)
M HARIE 2, Re PR B i A8 a5 A R ) B 5
Y 4325559:. Rodriguez-Nieva 1 Scheurer? 42
TEET R Y TG W B LA 2 S SRk, RRAE R
T XY BIRIBYAE ST B SRR 28, JT R
Berezinskii-Kosterlitz-Thouless BRiE (& 8(a)). X
Ty et iy DA O R e, AT 8 5 4 HE
BIFEATHRANMT S, SCBL T B A S AR N e 4 To

BFSY. IRA TR TAEZ S 2] Scheurer F1 Slager®?
W TR S BR 0k FH T4 M 2 e 2 [ ) A T
7, AT AR A & AT R 40 $M 2 BT B AT T SR 2R
Lustig 55 D4R 201 732 0 H T SE 3 4t il
SARFMHAE, 5387 T D3R FMEAE FG2E R G SE
R, WER T RV ECE R IR T R G ) — /N )
W NI B UES SOWE /I (T RN A A EZEE N R R
(E 8(b)). Lidiak 1 Gongl® & Tl H T & F &
eI BB B, VR o ) A A FAH
AR T (] 8(c)). XAk ] LATE B —FLhilh
0 SRy R T OURI AR, 5] fn e BN T ) A
A ABE, HIARES 2 I H T 2 52 g0 i A LA
J3 4k, Che %5 B0 $& 4 738 FH T 8l 25 o] A 4 ik
ST, UM EMEE, IF BAE S s R
HL A Su-Schrieffer-Heeger % % | Qi-Wu-Zhang £
AUFIVE K Su-Schrieffer-Heeger £ 7 |{EA] T X Fb
7.

12 EFRESH HNERED

B TR THERY B LSS S Sk, e
A & THbLa 2= Bk, MEF R %, |
T B 5 B AR 25 10077 AR AL A, ffifg it
A e R A% AR 4, Zoad— Bt i) fs
TE RS AE FRLEE 4341 . & LTI e % A 250k v
THEN A2 28 T (E SIS IR AR R
P P B R i H (R 43 I
FH P AT REERR R HAW I H (IR ER53). Bl anyi = ™)
I TP B SE A A A AR B 7 . T
YyRpag e T T8 R TAEE T4t T T LA
AEFRA PR h FEA I BERERE AL, T Ab PRt 25
o5 e R B R B

YyBE PSS B T LR G

—kV2T (r) =V - J(r), (17)

filid, Ko s 5 FIAREG T (r) MR, T (r) 3K
L. RS NI AT A —
A N R P SR, E X R FR N
9L 1), LAY e iR Y AR TR D 1, IR
SALIEE S 0, FATHY HARIE AR B HPIR AR
AR RBIELIE . 5 AR 2 ] B4 G 2R R PR AR
M A 25 (K9): 2 M-I H EARAHSE, BTy
S E AR, WDCE Ay =1, )RZ Ay =0. 14
R P = DA, Hrp D BFORBEERIXT

144204-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 70, No. 14 (2021) 144204

'_,/E__! Lg__LH___!l Dyl Realiie Dol
Koo Ko(1—4)
1.0F¢ 0.3
. §>0.5
&
< 0.5} = of /
. 6<0.5
o, . " ¢-9¢.] —01 .
0O 2 4 6 8 —0.1 0 0.1
j VN,
)
dooR ‘ ‘
¢ é { ¢ K ¢ < XQ
iy “tsl-'?\*---i}\ |‘§“T§l‘$“‘§
|°_°_|° @l |°_°_|_°_a|
| w.w. ¥ W F R ¥ _
TA = To+mAT T = To— AT
1.0F- L
. 0.4 A0 ¢
v S
<05k ZO0piE .
£ o
c e .. AT>0
ol ! ! :. .u : _0'47 L n
0 2 4 6 8 —0.2 0 0.2
j VNex

7 NP AU SR A T RGP RRIE R () MRS EFEEYE; (b) W2 AR A B o A S e
] 9 B BER, TR R I R AR R (d) BEHLIE & I FF Su-Schrieffer-Heeger(SSH) A T ; (e) L AR A

28 (f) — 4RO K T4k () m B b £ 21

ko

5 (o) WBZS

5
FT N

Fig. 7. Diffusion mapping in typical phononic systems to realize manifold clustering: (a) Dimension reduction in manifold space;
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centrate on positions with minimum local potentials, which indicates the clustering; (d)—(g) applications in disordered photonic SSH

chain, amorphous topological phononics, 1D non-Hermitian phononic chain, high-order topological phononics/?!l.
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Fig. 8. The unsupervised learning with diffusion map is applied to solve topology identification in different physical systems:
(a) Identifying the topological order in I-dimensional XY model; (b) detection of the phase transition for the Haldane model

without the edge states®; (c) diffusion maps in learning quantum phases with a Zg transverse field Ising modell®.
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SPECIAL TOPIC—Machine learning and physics

Machine learning based on wave and diffusion
physical systems”

Chen Jiang-Zhi'  Yang Chen-Wen!  Ren Jie V21
1) (Shanghai Key Laboratory of Special Artificial Microstructure Materials and Technology,
Center for Phononics and Thermal Energy Science, School of Physics Science and Engineering,
Tonggi University, Shanghai 200092, China)
2) (Shanghai Research Institute for Intelligent Autonomous Systems, Tongji University, Shanghai 200092, China)

( Received 10 May 2021; revised manuscript received 1 July 2021 )

Abstract

Recently, the application of physics to machine learning and the interdisciplinary convergence of the two
have attracted wide attention. This paper focuses on exploring the internal relationship between physical
systems and machine learning, and also on promoting machine learning algorithm and physical implementation.
We summarize the researches of machine learning in wave systems and diffusion systems, and introduce some of
the latest research results. We first discuss the realization of supervised learning for wave systems, including the
wave optics realization of neural networks, the wave realization of quantum search, the recurrent neural
networks based on wave systems, and the nonlinear wave computation of neural morphology. Then, we discuss
the machine learning algorithms inspired by diffusion systems, such as the classification algorithm based on
diffusion dynamics, data mining and information filtering based on thermal diffusion, searching for optimization
based on population diffusion, etc. The physical mechanism of diffusion system can inspire the construction of
efficient machine learning algorithms for the classification and optimization of complex systems and physics
research, which may create a new vision for the development of physics inspired algorithms and hardware

implementation, and even the integration of software and hardware.

Keywords: wave systems, diffusion systems, machine learning, artificial neural network
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Table 1.  Continuous adjoint state method (Algorithm 1).
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Fig. 1. The (a) forward mode and (b) backward mode
gradient propagation for state variables in a physics simula-
tion. The arrows are computation directions, and circles are
cached states in the backward mode automatic differenti-

ation.
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Fig. 2. Using (a) checkpointing scheme and (b) reverse com-
puting scheme to avoid caching all intermediate states. The
black arrows are regular forward computing, red arrows are
gradient back propagation, and blue arrows are reverse
computing. The numbers above the arrows are the execu-
tion order. Black and white circles represent cached states
and not cached states (or those states deallocated in re-

verse computing) respecitively.
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Table 2.  The time and space complexities in differ-
ent automatic differentiation schemes. Here, the ad-
joint state method does not consider the effect of
round off error into consideration. The parameter N
in the forward mode autodiff represent the number
of differentiable input parameters. The e in the re-

verse computing is greater than 0.
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Table 3.  The time and space to simulate a 10%
step Lorenz integration, where the space is meas-
ured in unit of single state size, and the time is ob-
tained by repeated sample using the Julia package
BenchmarkTools.jl. Here, the single step back
propagation in NeuralODE is obtained with NiLang,
and the checkpoint step size is 200.

Neural
iRz Julia ForwardDiff NiLang ODE +
NiLang
AHE /ms  1.90 2.88 6.70 34.30
| () 1 6 10¢ 50
(b)
—— Not stable
Stable
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FIETRE W S T 70 4. (b) i i O F 8 @R 20 BIX N (a) BARIRIEE S S (0 =10,p=27)FI 8 G AL S %

(o =10, p = 15) XF I {19 3h F7 24

Fig. 3. (a) The magnitude of gradients as a function of parameters p and o in a Lorenz system with 3 fixed to 8/3. The black

line is a theoretical predicted stable attractor phase transition line. The blue and yellow curves in (b) are simulations at parameters

corresponding to the blue (¢ =10, p = 27) and yellow (o = 10, p = 15) dots in (a).
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Fig. 4. (a) Relative 12 error as a function of the integration step in differentiating the Lorenz equation solver at parameters
p =27, c =10, f =8/3 using the adjoint state method. Each data point in the graph represents a median of 100 random
samples. Some data are missing due to the numerical overflow. (b) The same error curve of computing 10% steps with checkpoint-

ing to decrease the round off error.
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H—FE, T Treeverse Fi% 1, Sz 0] %375 1 U K& 5 oy 10
Fig. 5. The time and space cost of using Bennett algorithm
and Treeverse algorithm to solve the PML equation. The
annotated numbers are relative forward overhead defined as
the ratio between actual forward computing steps and the
original computing steps. The time in the y axis is the actu-
al time that includes both forward computing and back
propagation. The space in the z axis is defined as the max-
imum number of checkpoints in the checkpointing scheme
or the maximum intermediate states in the reverse comput-
ing scheme. In the Bennett's algorithm, the number of for-
ward and backward steps are the same, while in Treeverse
algorithm, the number of back propagation steps is fixed to
10%.

S T &I BT HE UL R B 1Sy B =
KA CTO SEMBZINC T [ S 6 T A s R <
B R ATHE. B QuEra 24 R BERIDTFE R ).

Mk Al 4R E

fEpEAS  adjoint

%L kernel function

JEFPE%EL  primitive function
Al reversible computing
A% gFE  reversible programming
EENAYER  pebble game

FEFEIR A adjoint state method
H3lif4>  automatic differentiation (AD)
"I B alf4  forward mode AD
JE I B 353  reverse mode AD
MRS seismic

KidE 5 checkpoint

s 1% augmented dynamics
ik loss
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JeA RS Runge-Kutta

Mk A2 WA 5 R e, RO A
Vi35

DR A Rk e — A SUAE—4EAR T A BE AR, A
AT HE I AR JE Ry T il s ] 39380 v ) Bt ] 5 25 )
MBS R . ER TR T, B IaA —HERS B LI S —A~—
HEHEAR B n MG F, BRidh0,1,2--n, FFHE ST LA
— AT B ARG IR A JEXR R L A1,

A1 PRI T R R A

Pebble game rules—the reversible computing

control flow
symplectic integrator

Lorenz

Table Al.
version.
TRCE RN GRS AT A RGO, AT DA H
A EE0 AT + 1S,
(ISR (Y56 & M F LA GO A, A TR« + 1
AMHEF LRGN AHCT A B S,
SEREA: B n ST LAREIA.

e F b FENE nI ARSI H O S (R alaE o in i
i) BRTER T, (DS AT Reb it 2L B i
AREEH.

X ARG A TR T — AN 0 N A, T FEL
IS O ) AR o R T M E A SO, R R 2 —
ALBRE, R A B — AL A S T sk FELX g ]
WSRO Ph SR R — A% R P ARG B A, X0 T A
BENAFRT, BERITHT BARSFAAE DMRIE RO S 17, 1%
IIAEHFER (S 2 n), TATH nAREIRARIEE B4 N
W, SR () 52 2= B AN A () B2 2= 35 O (n). /P3G
BT EH 1 B0 0 752 F 2 AT 336 S 4R Asf (] A0 2 [ i
A )7 % Bennett H k.

(a)
7
EEEEEEEER
- R ' R
1 1 p 1
1 1 1
1 1 '
1
1 1 Th—22 Th-27
1 1 1
[ L >
Mt—1,3 Mt—1,2 Mt—1,1

Bl Al (a) Treeverse B 7k 2 /R &, Hod n(r,9) = (T * 6) =

0
PRI TR MR

Fig. Al. (a) An illustration of the Treeverse algorithm®’, where n(r,d) = (T + 5) =

sk A2 AL (K A1(b)) i, Bennett 553060 4%
TR R k= 25407, Jel R AThT kA X Bl i
JE— AN X BRIA RRAEAERSIN A, SRJF IR 55 b — TAMX B
THG B ATl ] B — TSRS 2] A e rp. X
e SGBITAEE 2) 50 51 b A5 3 RAS R AR B R B A -
PR B RG-S RIS B A 45, LRS- ICTE 5.
RS R B T, FATTT LATS 2120 BRECRIRE 51 11

T=02k-1)" S=1k—-1)+1.
Hooh k5 L SR = kL AU AT
IF] 52 2% BE R (] S 2006 R I A LA h e N,

% A2
Table A2.

Bennett &%
The Bennett's algorithm.

A BIEIRSES S = {0 so}, FAYEHA K, 43

Kith: K7 S[n)
1 function bennett (S, k, i, L)
2 if L =1 then

3 S[li+1«0
4 S+ 1+ = f:S[4]
5 else
6 1« [L/k]
7 K« [L/1]
8 for j=1,2,--- k" do
9 bennett (S,k,i+ (j —1)1), min (I, L(j — 1)I))
10 end
11 for j=K —1,k' —2,---1 do
12 bennett (S, k,i+ (§j — 1){,1)
13 end
14 end
15 end
(b) [ |
Pn72IPn72IPn72
1 1

Cl/\l/\.

1 w/ 1

WP, P,

1 1
P, 1 Py 1 Py

/_\I/_\I
1 [

P P
9)! ) . R
- t;. ) ; (b) Bennett 83k XF I k= 3 178 2= & 33251 Hovfr pAn
716!
o)!
5 (r+9) . (b) An illustration of the Bennett's
T!o!

algorithm for k = 353 where P and p—1 are forward computing and reverse computing respectively.
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Bl A2  (a) Treeverse 5.i% (7 =3, § =3) il (b) Bennett
Bk (k=2, n=4) XN BRI E] 25 ) 52 #5819
R O A PR Aigp 1, B ) — R R AR T, AR BR.
theo” FIEX — P In RSO0 A1, “@” TEX — 2L ik
ARSI A, TR R B < @7 WU X 2 R AP R o g B A
B LR RGP A1 . (a) TPAVLL AR TR BT,
(b) mi TEME g A% s AR R

Fig. A2. (a) The Treeverse algorithm(7 =3, §=3) and
(b) Bennett's algorithm (k =2, n =4) solutions to the
pebble game, the x direction is the grid layout and the y
direction is the number of steps. Here, a “O” represents a
pebble returned to the free pool in current step, a “®” rep-
resents the pebble added to the board in current step, and a
“@’ represents a pebbles left on the board. In (a), red grids
are painted grids. In (b), the grid with a flag sign is the
goal.

FRATTAH I8 Ol T T AAS B A 2 o MRAS RS B A
ek, FWA T P 2 17— XA I T IR S, BTG
REW n ST LR, B IR L& A3.

Ty s RUAS 3G B A Jiexk v, B 810 ] LA BE I IO
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B, EELKET B RORIS RS B AL 7RIS IR
AR BTG, BT A RE gk R ] R —
BB ok o AN IR AT ART S B Ay i e 20 38 B0 A ) e v
WIS ZEPIASIE O A1 S, A R T 2R A — 4%
Fo, FRATESR MBI EARE B0 A7 FF AR 43 (R — 35 D1
A BCT B — DRG0 A7 ) ib AR E A T, BB P IR
E<n(n—1)/2. 8WAKE K2 < <n il
X, TR EHBIIER A4 PR (K Al(a) IR Treeverse
A A S — i RS T O TR A S 7eps - 188
TO—1=5 =248 A (AMLIEERHRIA), EKsT
A3 O A DX B, FRATTHE K LE A T 1 38 B 1 FR Ay A
A, ST UMM B — R st R 35 T s . X
(¥ /N = 04 A R B (T — 1,6), - m(T — 1,2),
n(r—1,1) 8, Hrhr (EEWEn(T,0) =n. BT
Fn — LTSk, RATNES n — 15A% s A A il (B
JE—MXRTFIRAL) A RIZ A, BEEZ R 2R
BEE— R IFIRL. H T e — KR/,
T — 1, REIRADEATC XL 15 25 R0
MRZ. M5 T e — D IXHR, itk v AT
PRICHRSE — A XHGER R RS IR O DMEE LA, T
TRAS IR AN X, Sl A DXCHe, IR [l i it 368
A H A E RN B (T — 2,2) Fin(T — 2,1)
ASFIX ). TR 5 5 5 — A~ DX 8] 51388 05 43 B i
— PR EZEXYRNR 1T 5. A EE
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Tm~mn, S=(0+1),

BT A B M R AT AR TR O /] LLER IE T
log(n). Kl A2(a) JB/R T Treeverse S AN 4 M8HR £,
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Table A3.  Pebble game rules—the checkpointing version.
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# A4 Ey: A2: Treeverse Bk
Table A4.  Algorithm A2: The Treeverse algorithm.

A RBIAA S = (0 : 5o}, TEERBIE 7 =
57‘  VFBAEIRASS , EIRUO T, A B = 0,
I 6 = n A DRSS U B A 58

o=0

St R 55 = 05
dsg

1 function treeverse(S, 54, 6, 7, B, o, ¢)

2 if 0 > [ then

3 6=6—-1

4 =S8 HMBWERE s
5 for j=8,6+1,..,0—1do

6 sjit1=fi(s;)  #15s,
7 end

8 Slo] = 54

9 end

10 #Vh s NI HS (350 A0), SIETE A
Treeverse ik

11 while 7 > 0 and « = mid(4, 7,0, ¢) < ¢ do
12 5. = treeverse(S, 54,0, T, 0, Kk, ¢)
13 T=71—-1

14 b=k

15 end

16 So=fo(So11,50)  #MACHM so fl 55 [

1L
17 if ¢ > 3 then
18 remove(S[o])  # MNEFHPIREES TR so
19  end
20 return s,
21 end
22 function mid(§, 7, o, ¢) #IEH AR 5rE] S
23 k=[(6oc+T10)/(T+9)]
24 if k> ¢ and § > 0 then
25 k=max(c +1,¢—1)
26 end
27 end

T DI iR X R T 1A R[] 23 ] A 28 G R AR
PRI IR, TR TIHER A E TR F U o iRk
AR AT ZEPERR 7. B A3 JRIR T 1 [ 2 £t [|) I
R, BN Bennett BN Treeverse 53459 3 1Y i
Pelzs [ IFEE. AT LA Y, ARk b R () 25 ]
FHES. U P IRECE £, R ARV A B ] ) B P T
KB, AU . YET B — 85, il
AAEERL L, BIaeT LUR R AT 384558 INAE. 35 T aT
W EATEN Ry A g R s, HATEE 42
SRR, XTI 1T7E GPU B4 L AZ R B, e 4 )m)
HERRARAE RN B,

10
(a) — Bennett (N =102)
— - Treeverse (N = 102)
Bennett (N =10%)
Treeverse (N = 10%)
104+ — Bennett (N = 10°)
— - Treeverse (N = 10%)

s'/S

102

100

/S

S,

10 20 30
T'/T

Pl A3 Dy T [l e bR A o [ 12 J) 4 0 o e £ B[] -
23 [ RIS T IR (a) [ Rl Dy RS 1m0 9 A 5
I ] 5 5 R 0 B ) B, X LR AR T )
T, WAERIBSN TR . HoAP Bennett 508 T3 T
B F5c G 3R W, 17 Treeverse W J2& 4% 88 158 7o 17F A0 e 41 R s
(b) X} kb Bennett %35 5 Treeverse 525 [8] I 55 0 L AA

Fig. A3. The time and space to trace back states in two
time-space tradeoff strategies. (a) Space overheads versus
time overheads at different numbers of simulation steps.
The Bennett's algorithm is the optimal time-space tradeoff
scheme in reversible computing, while the Treeverse al-
gorithm is the optimal time-space tradeoff scheme in regu-
lar irreversible computing. (b) The ratio between the space
overheads in the Bennett's algorithm and that in the Tree-

verse algorithm.

S 30k

[1] Griewank A, Walther A 2008 SIAM, Evaluating derivatives:
principles and techniques of algorithmic differentiation

[2] Rosset C 2019 Microsoft Blog, Turing-nlg: A 17-billion-
parameter language model by microsoft

[3] Nolan J F 1953 Ph. D Dissertation (Cambridge:
Massachusetts Institute of Technology)

] Wengert R E 1964 Communications of the ACM 7 463

| Linnainmaa S 1976 BIT Numerical Mathematics 16 146

5] Gutzwiller M C 1963 Phys. Rev. Lett. 10 159

] Carleo G and Troyer M 2017 Science 355 602

| Deng D L, Li X P, Sarma S D 2017 Phys. Rev. X 7 021021

| Cai Z, Liu J G 2018 Phys. Rev. B 97 035116

149402-10


http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1145/355586.364791
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1007/BF01931367
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1103/PhysRevLett.10.159
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1126/science.aag2302
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://doi.org/10.1103/PhysRevB.97.035116
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 14 (2021)

149402

(10]
[11]

(12]
13]

(14]
[15]

(16]

(17]

(18]
[19]

20]

Luo X Z, Liu J G, Zhang P, Wang L 2020 Quantum 4 341
Liao H J, Liu J G, Wang L, Xiang T 2019 Phys. Rev. X 9
031041

Liu J G, Wang L, Zhang P 2021 Phys. Rev. Lett. 126 090506
Heimbach P, Hill C, Giering R 2005 Future Generation
Computer Systems 21 1356

Symes W W 2007 Geographics 72 SM213

Zhu W Q, Xu K L, Darve E, Beroza G C 2021 Computers &
Geosciences 151

Bradbury J, Frostig R, Hawkins P, Johnson M J, Leary C,
Maclaurin D, Necula G, Paszke A, VanderPlas J, Wanderman-
Milne S, Zhang Q 2018 Software, JAX: Composable
Transformations of Python+NumPy Programs

Paszke A, Gross S, Massa F, Lerer A, Bradbury J, Chanan G,
Killeen T, Lin Z M, Gimelshein N, Antiga L, Desmaison A,
Kopf A, Yang E, DeVito Z, Raison M, Tejani A,
Chilamkurthy S, Steiner B, Fang L, Bai J J, Chintala S 2019
arXiv: 1912.01703

Plessix R 2006 Geophysical Journal International 167 495
Chen R T, Rubanova Y, Bettencourt J, Duvenaud D K 2018
Advances in Neural Information Processing Systems Palais
des Congres de Montréal, Montréal, Canada

Griewank A 1992 Optimization Methods and Software 1 35

21]
[22]
23]
[24]
[25]
[26]

27]
28]

(29]
30]
(31]

(32]
(33]

Forget G, Campin J M, Heimbach P, Hill C N, Ponte R M,
Wunsch C 2015 Geoscientific Model Development 8 3071
Hascoet L, Pascual V 2013 ACM Transactions on
Mathematical Software (TOMS) 39 20

Utke J, Naumann U, Fagan M, Tallent N, Strout M,
Heimbach P, Hill G, Wunsch C 2008 ACM Transactions on
Mathematical Software (TOMS) 34 1

Liu J G, Zhao T 2020 arXiv: 2003.04617

Levine R'Y, Sherman A T 1990 SIAM Journal on Computing
19 673

Grote M J, Sim I 2010 arXiv 1001.0319

Lorenz E N 1963 J. Atmospheric Sci. 20 130

Hirsch M W, Smale S, Devaney R L 2012 Differential
Equations, Dynamical Systems, and An Introduction to Chaos
(Cambridge: Academic Press)

Revels J, Lubin M, Papamarkou R 2016 arXiv 1607.07892
Berenger J P 1994 Journal of computational physics 114 185
Roden J A, Gedney S D 2000 Microwave Opt. Technol. Lett.
27 334

Martin R, Komatitsch D, Ezziani A 2008 Geophysics 73 T51
Bennett C H 1973 IBM journal of Research and Development
17 525

SPECIAL TOPIC—Machine learning and physics

Automatic differentiation and its applications in
physics simulation”

Liu Jin-Guo V1

Xu Kai-Lai?

1) (Department of Physics, Harvard University, Cambridge 02138, USA)

2) (Stanford University, Stanford 94305, USA)

( Received 27 April 2021; revised manuscript received 17 June 2021 )

Abstract

Automatic differentiation is a technology to differentiate a computer program automatically. It is known to

many people for its use in machine learning in recent decades. Nowadays, researchers are becoming increasingly

aware of its importance in scientific computing, especially in the physics simulation. Differentiating physics

simulation can help us solve many important issues in chaos theory, electromagnetism, seismic and

oceanographic. Meanwhile, it is also challenging because these applications often require a lot of computing time

and space. This paper will review several automatic differentiation strategies for physics simulation, and

compare their pros and cons. These methods include adjoint state methods, forward mode automatic

differentiation, reverse mode automatic differentiation, and reversible programming automatic differentiation.
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