95 51 B4 2 1) T o Vol.51 No.2
2022 4F 2 A ACTA PHOTONICA SINICA February 2022

5% . ZHENG Jianwei, ZHOU Xinjie, XU Honghui, et al. Hyperspectral Image Super Resolution via Nonconvex L.ow-rank
Constraint of Tensor Ring Factors[J]. Acta Photonica Sinica, 2022, 51(2):0210003
B SR A RN, KRR IR AR R R eI MR T[T ] TR, 2022, 51(2) 10210003

5 P DR IR o R 2 AR 1 DG T A5k i A

RN, B B REME AT E, 87
CHFT Tl A% HEREHLRLSE 5 4 R 205 B 310023)

B B ANHLEARREA M RET RS TFEAAT EAFAAMEA K FTIRE TS HK
ARG ME- S ERRSIE, B, AT S B0 AR R IAR AT A R RIS AR 8] o P R 5 ok
EBRAZEHF AR E T T AT MG, AT AL AR B3 e E Lag ik ktk AR SR E R
EN A EE LG TF E A SR S A8 patch 48, 3 5t 56 m ik B3R 5 MATEARKAZ B, R P,
SR F A A T -SVD e R EAE 4 &, A RS log R i@ AR DK , REFERDLKE
MR R, ERFL LB - S R e R el b 0 B B B S ST AR AT 5 B0 A R R )
M, R, BLRZENRGBEE  ARAXBTORTERAFESHRARM, @ 54 KRt TRIE,
GZREVIIRBARZTARRE, 5AARFOBRSBEAAIL, ZF FEL T FMOHMER L&
APRRE, HBEEAS>FET S LERREG LA ERKE, FESTEHFBAMERE RS TS B
HAEDLKER TR, B AALASLERBLGRIIEEM,
KBH:HAERAGE R HF I REXRRKEBCIGIATORT E

FESES  TP751 SCERFRIAAD : A doi:10.3788/gzxb20225102.0210003

0 355

i K14 (Hyperspectral Image,, HST) 1 224 e 3505 114 2 50 Be 4Bl , AL & T =F & rdotik (5 5, i B
A AP AE IR TC VA4 42 B 0 B S0 5 A B T B AR wESR ORIz i T R AR E AR a2 A
Hi R AT 55 b o SR, 32 BR T B R, D62 AR LB 25 R 3R, T80 1 R R (RTG53 WA ¥4 03 5 (8] 4
HR DU IEFCARAT B8 1w 190635 40 B3 A R BRI 7 O3 R 0 Jim e i 21 K 0 JHAS B . 5 HSTAH I , B 20615 4%
JRAR AR 1) 2635 EME (Multispectral Image, MST) BAG 55 & 1925 [0 40 BERAE G5 0 PR AR . B A, K [/ —
25 (A3 50T B9 @5 25 8] 4 B R 2 63 8115 (High spatial Resolution Multispectral Image, HR-MST) FII% 25 [i] 433
FAY Ot MR (Low spatial Resolution Hyperspectral Image, LR-HST)#E47 @l ok A= i e 25 6] 43 3 5K (1) 3 %
1% & 1% (High spatial Resolution Hyperspectral Image, HR-HST) J& S E HSTHE 43 #2500 19 8 FH 7 i o

HST R GIE 4E B AL T [A]— 23 (8137 S AN [R] 1 I B PN %) AR 45 3R, IOA (] D16 335 30 T 22 ) A7 A v J3E A O
ML RIDEREACRR B S0 . T Ukt W0 HSI-MSTRlG J5 80K — 4t HSTUR I g — 455 14 , 1| FHRE B 43 fie
1o G R WS 3] — R A E A2 3k I, 3l % R Bt i Se 8 29 AR B H . 1 DONG Weisheng %74 H —
Ak £ 45 K 5 5% % 78 (Nonnegative Structured Sparse Representation, NSSR) J5 i il i N LR-HST #1124 2] — A4~
TG IE 58 SRR, 5 ) 2R B0 MR A B S5 50, U TR R A R . SIMOES A &5 Al F T 45 A1 R 1
el b L85G T A 22 00 R WS LAR T HSTRY 2 (B85 B o SR R Gis R Bt b — B HA W2 (8] 48 2 F0
— AN GG R FE Y = AR 4 22 4k HS TR % Al oA 0 R 38 5 23 BB DR O 1%~ [B] A9 25 A8 R DG | IR A

BE£WMAB: B K& & 0L (No. 2018YFE0126100), #f VL4 H & B 2% 5 4 (No. LY19F030016) , Z 7L 52 55 = JF i & 4 (No.
2019KDOADO01/007) , 5 H #A B4 3 4x (No. 61602413)
FE—EE B (1982—) 1 Bl B8 1, BTG5 Il Ry G BL L3 . Email: zjw@zjut.edu.cn
WIESE  3E(1981—) , B BI04, BT 7 0 o8 2 (5 B AL FE . Email: congbai@zjut.edu.cn
%5 B #5:2021-06-25; 5% B H#:2021-09-06
http: // www. photon.ac.cn

0210003-1


https://dx.doi.org/10.3788/gzxb20225102.0210003
mailto:E-mail:zjw@zjut.edu.cn
mailto:E-mail:congbai@zjut.edu.cn

P/ R 4

ik Fe R AT LA A0 B O R AT R 25 445 8., B A3 gk a0 1 O st B0 i D HST-MST il
H IR R 2 — . DIAN Renwei %8 7 —Ff & 1 Jmy 0 610 7k 42t 3878 19 HS TR fff b7 0 vk, 3 b
HR-MSI 5 LR-HSTH 73 i 2 A~ HE & 19 =4k patch, S8 5 F U ER 09 E S5 5L RE AR L) patch 528 3 7] —
AN R TE R K B i Y = AN T B 0N B HR-HSI, 25, LI Shutao 25" #& T —F B 4 H i Tucker
53 % (Coupled Sparse Tucker Decomposition, CSTF)%8%% , ¥ HR-HSI 5 LR-MSI¥ 43 il — A~ + 5 =4
o i I 0 T g A R A s Ak SR . XU Ting 2542 1 T 8] 428 2 (Unidirectional Total Variation,
UTV)BE A8 CSTF iYLl [, R 1 474 26 1F D0 190 220 1 — A 5056 B 114 43 BOG I AE P . WANG Kaidong %6+
P T — A A AR R ERAR A I R 40 i 5 G 40 i ) HLS TAB gt A7 s, 3 ok 7 FH 9K o 20 il I Al A SR 2R ik i
IR RR ARV, 145 G OG5 L Pk 40 A 1) 5 10 08 = 2 266 8 it fam A o™ 249 S A SRE 5 0 i 2R L[], IR 1 R 4 1 A A
Mo FIREET Tucker 43 19 77 v BARER B AR PR B 1 D635 MG I D635 25 AL AR OC M A R0k 4 1 BRI DG 1 45
¥ o B Tucker 73 1475 8] &2 4% B 23 B 5K 12t 550 N A B4 0 52 8 B K, 25 5 18 Il 4k 38 ¢ X ) g

I Tk B 45 10 07 1k a9k & 8% (Tensor Train, TT) 4@, 3K & ¥F (Teansor Ring, TR) 7 it " B A L
At 2 fi7e B 5 A 925 9 BN PN TR 45 R A AR 7 o DIAN Renwei 2838 i3 A1) FH A8 J5 350 A0 U1, #5459 A0 A
patch RAEIE UL A~ 4 45K i, 76 Rl F, 03 26 4 4 5K f it 0 oK a5 4% 40 fife 1 D) 300, BOAS: T S S A AR A8OR, |
SR, T'T 43 ik 5 2% 30 S X7 it Bk -1 29 o, S SO Fe kB ) R R W6 P2 BB . HE Wei % B85 &
A 2247 TE NI, 9k o R 40 M 5 | A B8 MR AE B AT 55 of B0 T — R R T B B A B R Y TR IE
o R TSR R . AT, TRATDLEAME— 24 TT Rom AP G, 15 85 T 7T DAl ia 5
TAFM AL IR, TR 2 e IR T TT 43 9 JR B L EL A 5 1) R0 1

UEAER , B4 F 5% 5 % 5K B A PR P I T AR TR R E AT THR K, W YUAN Longhua %87 57 1 5K & BR R 5K
TP Bk Z 8] B0 0 R, O 7 0T B A e B 20 o, B 1 T sk B SRIR BRI AL . HE Wei %42
TR T TR0 HSI-MSTfil-G R A, JF X FErb 88 = AP i i T ARBRAZ G B2 o . B AR 6 7 1 R B
153 74 NG R BANAFAE WIS B8, 8 JE X SE R A EORE DY R Iy n AR B, 200 1 AN [m] A5 =) 1y
AH DA 5 LR, R I A2 91 5 24 R Pl A 36 24 5 47 57 70 ( Singular Value Decomposition, SVD) [ [i] 1 %5 [H]
rhox ki E AT @A, R MR R 2 B R, BEF -SVD (tensor-Singular Value Decomposition,
t=SVD) i 7K 5 4% {4 ( Tensor Nuclear Norm, TNN) ] LA &4 S 15 5k 2[5 A WAL R 2544 , [F] e 36 fo 5k it
WAk 3k B v S BB R L BRI R v B R I A S (L R X R T R AR R A R, B R X
B AR TNN S35 (%6 15 B — A3 (8, G B R A A7 5 (8 32 B A B ST B, X 7E S B g h & S 3B A
B ERFNIRARA o 52 30 G 1 4 B B2 )3 &, R R AR ™ R 80 ARORE £, 90 8k 2 8 0 Bk R A, R B B A
IR ALY HST S U RR 3 A, O HLA AR A S (832 B0 i A5 300, ml A 200k B RS B i R 25 R

PR, B X HST-MSTRilG (R84 SCE5 G s R 4 Jr i ARk v 5 A8 Jmy SR AL Sa 36 , 7 5K B 21 7 fige 1) 5k
filt b 7 — b R TR O 5K B 2 o IR 5K i BF 23 % (Low—Rank Tensor Ring decomposition based on
Log—Tensor Nuclear Norm, LRTRLogTNN) tE I3, i 52 15425 A5t i T =S VD 1R M sk S A B 2R
E— A0 OGS EUR B N TEARTRES M . BRI 8 SR G R 0 4 R 1 AR Ak P o LA 5 28 AR 4 SR 3
23 0], {25 & B4 S HSTRY 25 18] 4E Ja) BRAR AU K 53 i 24 patch JF & A 2 AR L B AR48 R LU i = 4E5Kk B2 .
i — 20 T 5K B R i R AZ 48 A TEAR AR 2544 | [ IR R o i 31 PR - A JBURRAE o AR T3k 1715 118 4%
PRI 7~ JE T g L I i o A% 3 28 ) 3 1 7 =X, A S 4 LA e i B A0 A R i 66 T =S VD i sk A%
B, 053 PR R L E A O ARRR S #1280k fe 5K 2 R 40 AL AR th AP A M A5 R 15 8 B AR A IR, itbAh , B
TNN A fifi 7 Y0800 5 B MR 245 B 2 0 R A S5 e AR SC5 LA Tog pRAEUIRRR £, Y088, Bk S iR A7 S (B 32
Bk BEARST , B S A G T A BT Rk pR AR, S IR G MR A A AT B . R SR A SRR BT R DT A R
Mo R R R B B, 5 A OB ARG D7 AR L SRR TR A VAN S TR X e R AT B A R I

1 tHxIE

1.1 KEHIRHFSIHNA
AT G HHOCF Kk I SE AR S S AT S B . R B RS F RN I X e R . HIRRBL

0210003-2



FREEHE L 45 - 9K PR IRl ™ B 24 T A v D' 1 P A50HE it A

RE KR N4esk &, 0 AR X, ok AHYBE 0 B JT A B . % B X A Frobenius 35 80 % R K
[ X, =0 > ) ki A S ACR "B RBUE LY =X, A K YeRY T

fie (A, [ ], n) FoR R AL fte s il B A g ifte (A [ ], ) W T
1.2 ETFTRHBFZEFRZTH HSI-MSIgE &G HEZ
G PR A DR 2R B, TR AR IR A HISTZS (8] JLART 43 9 53 o A (. R, 4R 8 HSTAY 25 ()
YR VLB HSIM BN N, 2 — B EER LR LW R, FEARHR ] AERT KR
LR-HSI, YER“"""° £ /8 HR-MSI, ZER" "5 F IR A il i) HR-HSI, H i w X 7 5 W X H 43 5 £ IR
LR-HSI Al HR-MST 9 75 [a] 4k B K /N, S 5 s 43 5 e 7n LR-HSTAI HR-HST A9 3% 4 B K /N, B it Be %, HH:
KRER:WXH>wX h,S>s. A5 YWl LIl 20725 R A BRSO kR ik BE, JLR AR R nT
TR
Xiy=Z; BM (1)
Yy =RZ, (2)
KPP MeR" “"RIR—Nd=d, X d, 25BN R, LRI AL EAS m= WH/dA 1, LR E¥ N
0. BER"™ "M RIEA G B E F  7EX Z 0, 32858 o — MBI 5 HR-HSTi#F 17 & i Be s iz
o RER ™SRRI ) 137 1) 742 460 B, JFCABL I 2 0% Sl 1) D1 i i 7, 308 A2 51 30 8 0 000 ok 28 SO Ay
B FEARSCHOZ A B JE TR O . RGO A B A 1Y B bR A LR-HST A5 HR-MST Y4 i
HR-HSI Z B F 2% HSTAN B, 25 3 8O & i H B 0 BE . B T HSTK [6) 36 B[R] A7 76 4 o B2 AH OGP, STk
[ 24 1 HST R 2 B AR BL 7 25 (0] 7R, LAFE 43 A FH HST A G358 5 b, BRI 200
Z=.A4X.D (3)
K, DeR " LLSERINGEF 20, A€ RY P FRIRFELE 5 19 HST, 20 (3) A AT IR N Z5) = DA 40
2 (3) , Bl 1) 8 A] 5 4k 9 N HR-MST A# LR-HSI YAt 725 D MR AR RS, % — 7, i
F LR-HSI & 7 HR-HSI A [ G %45 2., Btk nf il 2 N LR-HST 2% 2 I8 Bk T 25 (8 D, 76 D &4 1 1%
BT A 1] G Ak O 3 3 i e DL ) R A 31 A
min | Xy — DA BM | +| Y —RDA | +an(A4) (4)
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Fig.1 Comparison of /,—norm, /,~norm and log function
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Fig. 2 Flowchart of the proposed method.
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K, 00
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an
=
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(IR A= QUAF". 3 THER TR A ) i BRI R
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Table 1 The closed form solution for Eq. (12)

Inpul:Hl,Hz,Hz,B’s

1: Eigen-decomposition of B:B = FKF"

2: K=K(1,®1,)

3: Eigen—decomposition of H: H, = Q,AQ7"'
4: 0=Q,'H,F

5:fori=1toL do:

d
6: o0,=2"0,—A'0K [MI,, + ZK?] K"
=1

7: end for
8:set A= Q AF"
Output: A

2) 7R G IR BT R N
g"Weargmin L(F, M, G)= argmmZzl[R S *(g?’zk)(gg%z;))

g(i

[- -J+

M(l/z)_ g 71)+ V

20 (19)

Z;[ﬂzn

R, G00E [ vn w RBRE A TAMEARIN — LT AR ThE. (01), €R™ ™ Fomsi it

n=1ln#k
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Ao, e — AR . 1T 3R 8 — R 2 R T A0 M E 0 1 & ik iR Az AT
3) At J ] Kos
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20

JGargmmE(A TUG) —argmln/leRj ¢l H + (21)

% R A A I A 1A 2
g T T ll
J—[;xHrAZR,RJ [AZR o[ G]+mAa— 2] (22)
4) B M T IR R] 2R

(n
M — g+ y

MzearngTlinE(V,M,G) :argMjnin E[v\ M \Lﬁ#z 20, (23)
Xof B A ST AR B M, AT LA R AT T Ak 1)
M€ argmin £(V, M. G) = A+ "= gs‘”*’zjﬂw (24
M ‘e
M SCHR [ 27 145 B0 b X, mT A5 A B il
M= [g”’z’;)] = USs V' (25)
£, g —m—u&’w T 5—1fft( st [l 3)
0 if ¢,<<0
Sit (i s) = Sign(S‘(z’,j,s)) Cﬁyg if ,>0 (26)

Ap, S=1it(s8 [ ],3),612’5<i,j,5> o MR DORMES A ST iR

N~—

— e, 0= — 4[77/;12_8

LRTRLogTNN 5% 7 fy e 44 2k AC R A 7 1 an 58 2 s o

*®2 ETFADMM HE# LRTRLogTNN 8! R fi#
Table 2 Solution of LRTRLogTNN model via ADMM algorithm

Input: HR-MSI A;1LLR-HSI Y;tradeoff parameter 4,7, Randomly sampled ", n=1, ---, N, TR Rank R, maximum iteration T

Output: HR-HSI 2
Initialization: A=1,97=0.7,R=11,T= 30,0, = p» = 0.001, iter = 0;
Learn the orthogonal basis matrix D from X, via SVD;
While not converged do:

iter=iter+1;

Update A ;, via table 1;

Forn=1,---, N, Update ¢" via (20);

Update Jvia (22);

Forn=1,---, N, Update M'" via (25);
end
Output: 2= A4 X ;D
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Ry A TH VEAR A SCRT 4 LRTRLog TNN B3 1 A 20tk | v 8 — AU 8 O 5 A L gE AT s o xd e . 56—
2H v O T B 2 T BT R A% R B 4 56 A 311 45 9 Washington DC Mall, H 25 8] K~F 24 1208 X 307 X 191, 40
E3(a) Fim o T AR ] BR ], A% 352 30 A A FH 3 A~ HSTHY — A Xk, 23 8] RS Ry 256 X 256 X 103,
o5 R 4 Pavia City Center, JFUIA 23 18] R ~F g 1096 X 1096 X 102, 18 3(b) fir 7 , A ST BT Herp K/
A 200 X 200 X 80 By FHRUEAT I H o 5 = 4L BHE A Cuprite Mine, H JFU#R 23 [] R ~F o 512 X 614 < 224,01
3 (c) it s o 7E 5 BRARAE MR 1 DL R Bk 28 MW it Be 2 )5, 2 0T b iy 89 i B, B AR R ST o
200 X 200 X 89, [AIH} Ky T8 O v 5 AT AL, A SCR HSTRT A % BOH — 46 [0, 1], R 549 I W &2 $
il 2 JEL AR 7K F- o

(a) Washington DC Mall (b) Pavia city center (c) Cuprite Mine

W3 Sl = s
Fig. 3 Three data sets were used in the experiment

ASCHEICT PR HSI-MST Rl 5 1 BEAT e, JE A a4 NSSR U5 %", CSTE B8 L TMR J5 i L
Fe UTV BRI 105 A B 4R, Bl LR-HST, 1 9 ARk 22 9 2 19 7 X 7 i UM A% 4 HR-HST ) £
AP B AT IR, R 5 AR S B b e B AR R BEAT N ORAE NI d X dy=2 X 2, X TR —
5 5t 69 HR-MST, A SOl 26 8L IKONOS St i i 17 8 3% & 48 B 6k HR-HST R R M, )7 ok AL 7 4 4> i
By HR-MSIH#EAT R
3.1 EMIERR

R T R LU AN R 1 i il O SR 8 A T Y GO S B R A PE AN R A, 3 ) Dy s I (ELAE R 1L
(Peak Signal-to-Noise ratio, PSNR)"", 25 ¥ 4 &) & (Structural Similarity Indices, SSIM)"™", 8 F FE 1% ik &
8 % (Universal Image Quality Index, UIQI) "™, H 4 5& % (Cross Correlation, CC)"™', J 1% 4 {8l B (Spectral
Angel Mapper, SAM) ™, # %F JC & 40 #% {K % 22 (The Relative Dimensionless Global Error in Synthesis,
ERGES)"", %k H J¥ (Degree of Distortion, DD) """ #1475 # i% 2 (Root Mean Square Error, RMSE)""*', it
Ab B G R A A B PSNR B 5 SSIM 6 457 24, 75 317 0 {8 45 W Ll (MPSNR) | ~F- 24 25 ¥4 A 81 &
(MSSIM) . {£ 4§ b5 MPSNR, MSSIM, UIQI 5 CC F , HfH # K , %5 il & BOR A . 645 DD, SAM,
ERGAS,RMSE WA 7 0, IR E FLAE MR/, Al 8O R AT
32 SHSW

TET 2 LRTRLog TNN B AL h 5K 3 R Bk R 5 V- 280 O E 7 L e 8« A SO XA S 80k A7
TSEE Sy BT AR IR Y B AEPERE . R R — A E 0 SR, WS e Y R (B i B I AR 2 R e K A
HR-HSTH A5 . A E TS E T B H TS B R =R, = - =Ry, {4 KI8T Pavia
City Center 55 EE AR A RE T, Frih & 15 2 L 19 MPSNREZEfL . ME 4()FTIE W, YB3 RTE2
11 Z |22, MPSNRAE 2x 38 20 BT H Y0 ok e {8 11 i B8 0 P BE s B R A% E — A0 1 i iR
TR, FEA(b)ETR TIEZEARET ,pEAEL0~11X 10775 B W A28 bt ml & 25 B2 m . 8 1 4(b) i 25
W] TEIZVE N BEE S5 (H B W8 3T 0.001, MPSNR 2 #i#a T — M Fa 2 {8, {524 » 8 5] 0.000 7 i, B
57 fe i i MPSNR BB . 27 Loy #r , A SCEBURIE S 8 R=11,7=0.000 7 17 52 55 J5 £ 52 55 %) L o
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(a) MPSNR versus different R (b) MPSNR versus different 7
H4 FES#HRE st MSPNR1E & % i
Fig. 4 Effect of different parameters R and 7 on MSPNR results

33 XRHERSH

3 38 i e 3~5 @R T AT A = AR AR 1 A E R O A5 PE A 4 B MPSNR \MSSIM
UIQI.CC .SAM .ERGAS .DD 1 RMSE W {E a1 £ s , A il 4k RoR e i fi o &1 542 Cupriter Mine ¢
6 G2 55 204> e B A R PR S HL R 22 IRT R AT A 45 2R o 5T 6 oA [l %) BE SR i 7 = A B A b RS [l D B R
) PSNR {#

%3 Cuprite Mine iIEE T AN EENEE T NIBRER

Table 3 Quantitative evaluation results of all test methods in Cuprite Mine data set

Quantitative metrics

Methods
MPSNR MSSIM UIQI CcC SAM ERGAS DD RMSE
Best values +oco 1 1 1 0 0 0 0
NSSR 37.9610 0.964 2 0.9813 0.990 2 1.6737 0.973 5 2.574 5 0.0150
CSTF 39.520 7 0.9752 0.987 4 0.993 1 1.584 7 0.804 9 2.168 1 0.012 4
UuTv 41.365 1 0.980 0 0.968 9 0.994 2 1.4538 0.7658 1.864 6 0.0115
LTMR 42.745 3 0.975 2 0.9930 0.9959 1.198 0 0.603 4 1.528 6 0.009 6

LRTRLogTNN 43.176 3 0.9879 0.993 6 0.996 3 1.143 6 0.603 4 14491 0.009 0

%4 Washington DC Mall HIIEE THAN MK FEZWEEFEMIERER
Table 4 Quantitative evaluation index results of testing methods in Washington DC Mall data set

Quantitative metrics

Qethods

MPSNR  MSSIM UlQIl cC SAM ERGAS DD RMSE
Best values + oo 1 1 1 0 0 0 0

NSSR 38.8797  0.976 6 0.9910 0.993 8 3.778 9 1.717 2 2.4957 0.018 2
CSTF 39.4191  0.9798 0.994 3 0.995 9 4.029 3 1.542 1 2.4637 0.0139
UTvV 38.973 0.975 3 0.993 9 0.9957 4.457 1 1.6913 2.722 1 0.014 4
LTMR 41.1337  0.9865 0.9958 0.997 0 3.108 9 1.253 8 1.9209 0.011 9
LRTRLogTNN 41.87 0.988 5 0.996 4 0.997 5 2.699 5 1.138 3 1.6733 0.0109

% F Cupriter Mine #0484 , A% 3 W 1, LRTRLog TNN 7€ i A 4 b L #B B T e il . BART &,
LRTRLogTNN f{§ MPSNR {f t NSSR,CSTF,UTV,LTMR 43 5|47 5 T 5.195 3 db, 3.655 6 db, 1.783 9 db
Lk 0.4310dbe f1F NSSR J7 85 AR A 6 23 fifk 16 77 15, 2800 1 s i PRI AR S = 4 200 119 e — = 1l 4
PR, B US T e 22 IR o CSTE,UTV MR A T ik 53 i B 40 8107 50, UTV £ CSTF B9 Rt 1
XSS T ML N T 48 22 2O B — AP R T TR A s T S B, AR X T A SO T A SR T
Tucker 53 fift #4975 20 A BE T8 5042 1 5K 1 B0 B9 AR 2549 15 L o LT MR W AR 255 18 3] 72 ] 22/ B St 1, 45
BTG PR A AR R AR U, IR K i Bk R RO SRS AT 2R RS T A = AN R B R 2
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Table 5 Quantitative evaluation index results of testing methods in Pavia City Center data set

Quantitative metrics

Methods
MPSNR MSSIM UIQI cC SAM ERGAS DD RMSE
Best values +oco 1 1 1 0 0 0 0
NSSR 44.672 0 0.993 3 0.996 5 0.997 1 24117 0.934 3 1.109 7 0.007 4
CSTF 459105 0.9951 0.998 1 0.998 2 2.396 5 0.796 9 0.987 2 0.005 5
uUTvV 46.694 7 0.9958 0.998 4 0.998 6 2.262 4 0.709 7 0.893 9 0.004 9
LTMR 47.618 1 0.996 8 0.998 7 0.998 9 1.9107 0.633 1 0.7512 0.004 2

LRTRLogTNN 48.276 3 0.998 9 0.9989 0.999 1 1.784 5 0.557 6 0.698 1 0.003 8

o MEBT LTMR, AR SCERISS 5 1 23 R B 3 55 JE By SO e 56, A1) 5K 22 26 0 ik 42 4 6 3% 141 1% 19
WAESE R AR L J%CXﬂK;ITI?TﬁﬂHF&%EﬁE@éW’JEE BE— PR TOLIERBR TS, I 7E & R AR fE
TEAE R RARTE. K S54HT Cupriter Mine U 4 58 21 4> i Be ) Hi 0 11 45 S FL R 22 1T ) T AR 2 2R [
Ip e AR B DR AT R o 1R 25 1R AT LAY AL A B R & 5 B9 HR-HST 5 iR HSTAY R 22 , e h B R 1Y
i 10 Rl A ORI AR HST. 51 5 Y S5 RR W, BAR A Or LA B 0 B M T HR-HST, {H SR — A7
R 22 P R ORI 38T 80, AR ST ik BBOARS: B9 45 2R P 3 48 DXl e /0 L 0 Dl 6 AR ) B, T A R B T
HotbxS HEB vk o 18] 6 (a) Y45 R 1k — 25 R W BT $ 30k 70 45 0 B 9 PSNRELE i T HAR S0 B0 T B $ 300k
800 A

__ L ] | ]

0 0.05 0.10 0.15 0.20 0.25 0.30 0:35 0.40 0.45 0.50

5 & 5 & 5 & o 5 X T

(@LR-HSI  (b)NSSR (c) CSTF (d) UTV (&)LTMR  (f) Proposed (g) Ground truth

B 5 % —17 % Curpriter Mine % # £ % 21 N B W EM SR T b, & T A ME R Z ¥ &%
Fig. 5 The first line gives the visual comparison of the reconstruction results at the 21th band of the Curpriter Mine dataset, and
the second line shows the related error images

#£ Washington DC Mall $¥ % -, i % 4 [ %0, LRTRLog TNN [ £ 7 Jif A PF 4 45 b EBUS 7 Fefi (8 -
by B — A E M L A A IR RO 22 53, 18 7 45 T Washington DC Mall 3040 45 58 80 4~ 3% B i 5 44y /]
16 B FLAR 25 P B T A 5 2R TR) Aot sk B T AR Rk A KSR AT K o AATET 758 — AT T LA Y, A 7 i AR RE N
HR-MSI 2 2] BB 09 25 RV A0, 454 05 0k A9 A0 2 53 A8 K, (AN A7 A 45 222 Rl R CHL g ok IXC s ml i, AR
SCHTHR 7 TR R R R B T VR W A, HLFE A &5 S0H AU A i ECRL A B O RO TR 1 4
4 6(b) W], LRTRLog TNN A 1 34 51 3% B (9 PSNR {H K T LTMR J5 ¥k H B K 2 R4 R Z T4
Xof B 1 A R 2 B W S A

Pavia City Center 24 5 1) 5 14 i 2 51 44 5 SR B HOA W] 38 B () PSNR B AN 2% 5 F &L 6 () iR o A& ST AT,
LRTRLogTNN £ B 45 PFA $6 b5 LA SRS T 8l . T ¥ AT LA |, 7E Pavia City Center 53 4525 634~
W BT A AT 5 A TR AR T T A G ARAT A R A O i T AR, B R TR R SC AN . n
FEE 8 55 —47H ,NSSR J5 2 8 H K X 38k 14 28 T1 58 A5 M e AR, o At oy 32k 94 Ja T 000 O 42 30 D s P45 . AR5
TATRRZEE A, R LU B G SR 309% 22 5, NSSR Jy vk H A AR B HR-HSTH 83 17 AL 2%, LRTRLog TNN,
UTV 5 LTMR J5 i B p B A 45 50 5 R B oA 30T . 18] 6(o) F— 250 Ti% 4518, R UTV 5 LTMR 763
53U B () PSNR {H 3% LRTRLog TNN  {H A AR (E 45 K W] i 55 T LRTRLog TNN J5 ik, Zi6 Bk sSiom g g,
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Wave band Wave band
(a) Cupriter mine (b) Washington DC mall
55¢

o
Z
L
—+— CSTF
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—=—NSSR
30t ——UTV
—— LRTRLogTNN
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Wave band
(c) Pavia city center

BW6 TA kA=A B ET A F KB # PSNRE
Fig. 6 The PSNR values of five methods in different bands of three data sets are compared

0.05 0.10 0.15 0.20 . ; 0.35 7 0.40 0.45

r] ¥ ¥ ] ¥ ] -] % | 1
: M : ! it I .
A" = g:&.« E il = N E i

(a) LR-HSI (b) NSSR (c) CSTF (d)UTV (e) LTMR (f) Proposed  (g) Ground truth

B 7 % —47 % Washington DC Mall #t48 £ % 80N K Bty EME R T, & A7 AR iR 2 B
Fig. 7 The first line gives the visual comparison of the reconstruction results at the 80th band of the Washington DC mall dataset,
and the second line shows the related error image

03 035 040 045 050

(a) LR-HSI (b) NSSR (c) CSTF (d) uTv (e) LTMR f) Proposed (g) Ground truth

B8 % —A4T % Pavia City Center HAF £ % 63 M AW EME R T WA, 8 AT WM IE £ %1%
Fig. 8 The first line gives the visualization comparison of reconstruction results at band 63 of Pavia City Center dataset, and the
second line is the related error image
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JIT AR AR (74 0 A T ) R B AR LM B A A DR 34, 70 0 VR B 1 AR ST SRARE A A S
34 HEMBERESNSIETHEI L

A ] ADMM 3% 5K i B 2 A | 45 72 LR-HST A5 HR-MSI Y, B3k 19 3 ZFE AT 43 3 76 + 38 3 X
(20) 5= (25)F 8 ¢ 5 M, RHEASIT, ARG — a2 [ Ry R FeER ik i Rk
BNR =R, =Ry = r, WAER WL PE B ¢ W BIH S RIE 2 E N O(r + L2 + L), EHEH M,

1
%%ﬁ%ﬁg{éiﬁ%ﬁ@iﬂf&“%ﬁ—%[i}ﬁ\ P LR R 2 S 4 i, FURE 1152 22 8 O (72 L log r +

Lr?), B M 2 AR T @0 LTMR i K 45t B 7 v 0k e 48 J5 HSTHEAT 293, 3 R BB A5 T35 54
KR ) 9K BB L8 5T 7 I D 42 2% 8 0 O (gKLE N, ), Hov g 3R HLA A patch RF | K O B it
LFR TSGR N, N RIEEHIA 1 i K patch %, CSTF 5 UTV # AL i ] T 5K & Tucker 43 i (14 J7
2, T T B A T AR T AL K B CE R %8 BT I I A 2 B Sl O (P, +
nanin, + ngmn? ).

%6 BN T T J7 L AE Pavia City Center $048 48 & 5 H A X b 505 92 A7 B ) LL . T A BRI 3 HE
AMD R5-3600,3.6 GHZ CPU i f-°F- &5 N iz 47, ik 4 6 ] F1, NSSR Jy i o1 T AU — 4E M4 017 53 il
132 47 30 e i o LTMR J7 325 A0 I 58 28 7% it in 5 2t AR BK 29 33, A1 ot G 328 47 2% 8 A IR F NSSR B,
CSTF 5 UTV BRI ffi H T 5K i Tucker 20 (19 7 X, S EGE AT BF IR K o A )2, B4R LRTRLog TNN
i ok 23 A A3 i v T HST R 4E B B BT 75 B[R] BAS AR R 8 T A X b Bk F AR AR T A X A
Patch 52 i 5 i 48 &, i A kB i Sk +-SVD iz B, S 8t 2 19 4E & 3 Patch 241 DL K gk s 5 .
PRLIL , t 2 A JR 3B A5 B H2 IBOR W, $2 AR Y i B3 A0 J AR SO 5 S 9T T4

% 6 Pavia City Center iEE T EAN MK A EMIZITHR BEIXF L& R
Table 6 Comparison results of running time by applying five test methods on Pavia City Center data set

Methods NSSR CSTF UTv LTMR LRTRLogTNN
Running time/s 25.81 120.47 169.60 34.90 672.56
4 Zie

ARSCHESE T Rl A TR — 5 5 F 9 LR-HST 5 HR-MST DL 52 3 HST# 4 4 59 ) 8, 42 41 7 — Bl 36 T
LRTRLogTNN IE W31 ) HSI-MST il & 75 v o 20 B i 420 & 78 5843 2% B MR Y 42 Jay 1 AR Bk P A
Jay B AH AL ST 56 A Bl b, 2545 5 R I 2% 07 ik B9 DI H ) P R T kR B 0 i 4 07 1 S O 42 4 D6 i TR AR B I A
iR MR R o IFAE L FEAE L 3 AR o 5K i Rk ek BT D) D 0k S A A 4 i 0T 5K R Bk R R, i — PR T N K
i TEIRRR JE PE L g 7 TR Bk SR A BE 0 T 3R 19 LRTRLog TNN IE W 301 . 2 20 50 40 245 SR R 0,
LRTRLogTNN &4 % 1 £ & LR-HST Y 28 0] 43 B 15 2 B A 8 OG I 4544 19 HR-HST, 5304 )ik A
PO, AS SR 2 05 W AE DF A 8 A AL 58 RO B T H R OB 1Y M OGS il G 7 i o (HAR SO VR AN oK A
PRk T LU BIBEFE K 4G B Shplas 2 2T R LB R B R B % S 80
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Hyperspectral Image Super Resolution via Nonconvex Low-rank
Constraint of Tensor Ring Factors

ZHENG Jianwei, ZHOU Xinjie, XU Honghui, QING Mengjie, BAI Cong
(School of Computer Science and Technology, Zhejiang University of Technology, Hangzhou 310023, China)

Abstract: Hyperspectral Image (HSID) is composed of multiple discrete bands with specific frequencies. Tt
not only contains rich spectral information but also provides real scenes that cannot be captured by human
eyes, which is conducive to accurately target recognition. It has been widely used in earth remote sensing
tasks such as compressed sensing, target classification, etc. However, limited by solar irradiance, optical
imaging mechanism, and other factors, the equipment usually sacrifices part of the spatial resolution to
ensure a high spectral resolution, which greatly limits the subsequent processing and application accuracy of
spectral images. In contrast to HSI, Multispectral Image (MSI) obtained by multispectral sensor has high
spatial resolution but low spectral resolution. To date, the fusion of High Spatial Resolution Multispectral
Image (HR-MSI) and Low Spatial Resolution Hyperspectral Image (LR-HSI) in the same scene into
High Spatial Resolution Hyperspectral Image (HR-HSI) is a common method to realize high—quality HST
reconstruction.

In the early methods, multidimensional HSI data are often transformed into matrix processing.
However, HSI is essentially a kind of 3D data with two spatial dimensions and one spectral dimension.
Transforming multidimensional HSI data into matrix will inevitably destroy its spectral-spatial structural
correlation and reduce the model performance.

Tensor representation can effectively preserve the inherent structural information of spectral images.
The method based on tensor decomposition has also become one of the effective schemes to solve the
problem of HSI-MSI fusion. The methods based on tensor networks, such as Tensor Train (TT)
decomposition and Tensor Ring (TR) decomposition, have stronger ability to mine the internal structure
of data than other techniques. In addition, in recent years, some researchers have explored the potential
properties of tensor ring factors. These methods have achieved satisfactory results, but with two problems
remain. Firstly, these models expand the factors into mode-n matrix, ignoring the correlation between
different modes; Secondly, the matrix nuclear norm constraint attempts to model the tensor in the vector
space based on matrix Singular Value Decomposition (SVD), and its representation capacity will be lost.
Tensor Nuclear Norm (TNN) based on t—-SVD (tensor singular value decomposition) can effectively
maintain the inherent low-rank structure of tensor and avoid the loss of original information in the process
of tensor matricization. Besides, the larger singular value in the image usually corresponds to the more
important information, such as contours, sharp edges and smooth regions. However, TNN treats each
singular value equally, which means that the larger singular value will be punished greatly and will suffer
from the loss of the more important information and lead to suboptimal solution in practical applications.

Therefore, aiming at the problem of HSI-MSI fusion, a low-rank tensor ring decomposition based on
nonconvex tensor rank constraint is proposed. Specifically, the intrinsic low-rank structure of hyperspectral
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images 1s mined by directly applying the nonconvex tensor nuclear norm constraint based on t=SVD.
Firstly, HSI is projected into a low dimensional compact space by using the global spectral low—rank of the
hyperspectral image. Then, following the spatial nonlocal similarity, the reduced image is divided into
multiple patches, and the similar ones are gathered one by one to form several three-dimensional tensor
groups. Furthermore, the tensor ring decomposition technique is used to mine its internal low-rank
structure and explore the essential characteristics of tensor ring factors. Different from the way that expands
the factors into matrices and applies the nuclear norm constraint, this paper proposes to directly apply the
nonconvex tensor nuclear norm on each factor, which fully exploits the inherent tensor structure and
effectively avoids the loss of spatial-spectral correlation. In addition, this paper introduces log—function
instead of /; norm to avoid excessive punishment of large singular values. Extensive experimental results
show that the proposed method effectively improves the quality of the restored image. Compared with the
latest fusion methods, the algorithm has better performance in quantitative evaluation and visual
comparison.

Key words: Hyperspectral image; Super—resolution reconstruction; Tensor ring; Tensor nuclear norm;
Alternating direction method of multipliers
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