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Spatial-coordinated autoencoder for hyperspectral anomaly detection

Fan Ganghui', Ma Yong'' *, Mei Xiaoguang" **, Huang Jun"*, Fan Fan'?, Li Hao’
1. Electronic Information School, Wuhan University, Wuhan 430072, China; 2. Institute of Aerospace Science and
Technology, Wuhan University, Wuhan 430079, China; 3. College of Mathematics and Computer Science ,
Wuhan Polytechnic University, Wuhan 430023, China

Abstract: Objective Hyperspectral imagery ( HSI) consists of hundreds of narrow spectral bands and provides richer spec-
tral information than infrared and multispectral images. Its features can distinguish targets from the background, and has
been widely applied in many remote-sensing tasks, such as intelligent agriculture and mineral exploration. In many circum-
stance, however, targets are hard to be detected because of the existed prior spectral information is related to the back-
ground or targets. Anomaly detection can detect potential targets that differ from the surrounding background in an unsuper-

vised manner. Anomalies focus on small scaled manual objects embedded in the surrounding background, and they differ
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from the background in terms of spectral information. As a typical unsupervised non-linear feature exiractor, autoencoder
(AE) contexts are applied in hyperspectral anomaly detection tasks. AE-based anomaly detection framework is getting more
and more attention and many algorithms are developed to improve the detection performance. However, those AE-based
anomaly detectors are hard to distinguish anomalies from the background due to lots of noise or outliers in training set. To
minimize the objective function, the AE tends to learn the features of these noise and outliers. We facilitate spatial-coordi-
nated autoencoder (ScAE) tackle these two issues mentioned above. Method Thanks to infrared patch-image model in sup-
pressing the background and highlighting weak targets, a patch-image model is designed for hyperspectral images to be
introduced in ScAE. Specifically, the patches are extended to form a matrix based on the first three components of HSI, the
low-rank and sparse matrix decomposition (LRaSMD) is developed. The sparse part contains the target information and the
background is suppressed. Thus, the training samples are opted based on the response of the decomposed sparse part, pix-
els with lower values and vice versa. The picked training samples are more clearly than utilizing the entire dataset or random
selection strategy, and these samples are employed to update the weights of AE networks. The traditional gradients descend
method and the backward propagation strategy is used to fine-tune AE. After some iterations, the vanilla AE is upgraded to
be an effective hyperspectral anomaly detector. The reconstruction residual is utilized as the criterion to determine whether
a pixel under the test (PUT) is anomalous or not. In order to take full advantage of the spatial information, a spatial-
responses non-negative weight of patch-image model is introduced to increase the discrimination between the background
and anomalies further, and the final detection result is obtained via fusing the spectral result and the weight matrix with
Hadamard product. Result We evaluate our ScAE detector on three challenging hyperspectral image datasets with different
size, namely Sandiego-1, Sandiego-2 and Botanical Garden. First, we design a set of experiment to figure out the issue of
influential parameters for the final detection result. There are three parameters which are closely related with the detection
performance. After extensive experiments, we found that ScAE is cohesive to the trade-off parameter and patch-related
parameter, but is less to the number of hidden layers. Then, we conduct an ablation study to clarify the feasibility of the
ScAE framework. The detection performance illustrates that patch-image model is optimal in suppressing the background
while highlighting weak anomalies compared to attribute filter (AF) . Our selection strategy gains higher area under the
curve (AUC) values than randomly selection strategy. It is worth noting that a weight matrix related spatial and spectral
information fusion can improve the detection result, as AUC values demonstrated. Finally, we compare our ScAE detector
to three classical anomaly detectors and two popular hyperspectral anomaly detector, namely global Reed-Xiaoli ( GRX) ,
LRaSMD-based Mahalanobis distance method (LSMAD) , traditional AE, fractional Fourier entropy (FrFE) and feature
extraction and background purification anomaly detector (FEBPAD) , respectively. Such parameters are set to get optimal
detection performance for the six detectors all. The corresponding AUC values of ScAE are 0. 990 4, 0. 988 8 and 0. 997 0
for Sandiego-1, Sandiego-2 and Botanical Garden, respectively. The detection result illustrates that ScAE obtains the high-
est AUC values amongst the six hypersepctral anomaly detectors. Moreover, ScAE generates the lowest false alarm rate
(FAR) when all of the anomalous pixels are detected in three datasets all. Conclusion A novel AE-based hyperspectral
anomaly detection algorithm is developed that spectral-detected spatial information can enhance the segmentation ability
between anomalies and the background. The comparative experiments demonstrate our ScAE detector has its feasibility and
potentials for hyperspectral anomaly detection.

Key words: hyperspectral imagery (HSI) ; anomaly detection; patch-image model; autoencoder ( AE) ; spatial-spectral
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Fig. 1  Flowchart of the proposed algorithm
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2.1 HIEE

HRIEA SO ¥R Y v DG e A U SR Al
3 HAF R B GG R AT 925, 1) Sandiego-1
BAE4E | 3 AVIRIS ( airborne visible infrared ima-
ging spectrometer ) {58 2% T 32 & N W & #u W & [ 48
B, R ST R 100 x 100 x 189 Wil 43R Ny
10 nm, 75 [A] 53 HE R 3.5 m/fR &R, WK EE N
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370 ~2 510 nm, 2) Sandiego-2 ¥ 4, i AVIRIS
FRIRESRAR G RST 9200 x 200 183K P KA
370 ~2 510 nm, FHEARAE MR S BE, B4R
189 MK BLH T 5256, 3) Botanical Garden %45 %,
i GaiaSkymini & J& % 471 £%, I K 3 [ i 400 ~
1 000 nm, 3£ 176 4N B, M EEHL 400 x 350 14
R TGRS, LR A 25 KR
6 x 6 REMSTH , 58 F I & td 20% Z 51,
SHAREN0.64% . F 4 R T 3 A Etidsio
LMD MR B L B 58 IR, #E Sandiego-1 £
A3 L RALARE I R H, 5 0.335% ., TE
Sandiego-2 IEE , [FIREA 3 22 KHUbRIE N W, 5
0.57%

(a)Sandiego-1

K4 3 HEDGEEIEE N R G KL 0 B E K
Fig.4 Pseudo color and ground truth of three HSI datasets
( (a)Sandiego-1; (b) Sandiego-2 ; (¢ ) Botanical Garden)

(b) Sandiego-2 (c) Botanical Graden
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Fig. 5 The low-rank part and sparse part when A is different
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Fig. 6 Influences of parameter A on the final detection result
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T 3 1T 52 e e LA A0 55 5o i) i e 0 DL S ik
(B ATRR , ASCGEITSEL ¢ 5707 a 1 b XTE5 R
M, e PL0.01 $20.01 338 52 0. 1, HIkRAHE
Mg RanFE 1 R, IR 1L R, S50 c B
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Table 1 Influences of parameter ¢ on

the final detection result

Sandiego-1 Sandiego2  Botanical Garden

‘ AUC  FEBt/s  AUC  #EWf/s  AUC  FERT/s
0.01 0.9886 12.1 0.8653 54.4 0.9984 232.2
0.02 0.9890 11.4 0.9332 58.0 997 4 229.5

0.03 0.9896 12.3 0.9516 59.5 .997 0 398.3

0.04 0.9895 145 0.9781 71.1 .997 9 258.1

0.05 0.9894 13.5 0.9836 61.4 .998 0 233.0

0.06 0.9901 13.6

0.07 0.989 13.3 0.9806 68.0 .998 0 222.4

0.08 0.9904 13.6 0.9720 55.0 .997 9 204.6

0.09 0.9901 13.0 0.9387 54.5

0.
0
0
0
0.9886 55.5 0.9969 236.7
0
0
0.998 5 206. 1
0

0.1 0.9898 12.6 0.9061 52.5 .997 6 209.3

T L7 SRR % 81 el 4
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Fig. 7

Influences of parameter n,;; on

the final detection result
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Table 2 Influences of parameter p on the final

detection performance and the execution time

Sandiego-1 Sandiego-2 Botanical Garden

P
AUC  FElf/s  AUC  FERS/s  AUC  FEHT/s
1 0.96916 14.6 0.97731 58.5 0.99590 266.9

2 0.99008 17.5 0.98877 62.0 0.996 63 275.0

3 0.99016 18.3 0.98836 63.0 0.996 80 277.4

5 0.99022 19.0 0.98709 70.0 0.996 63 280.6

10 0.99030 20.3 0.98577 75.5
G L7 R 2R 25 91 e AL

0.996 52 350.5
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Y UEAR SCHR HH A T 2 S [A) 1 20 5 0 1) g
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HEFT S, Gl b A [ B R A 3 20 v i A
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o P PRI AY DA 25 B8 s 306 75 S5 50 4, OF 58 70 A1
BAE B UE] A i s LS THREAG IR RE . SR
FHRXT U A5G . 1) 38 o @ P € 9 (attribute fil-
ter, AF) B A [RI R BY LA 56 1F B (R B A 25 delo0) 55
AN T3 T AL, BN AF-AE J7%k . AF J&—7Fil
G H AR RN Y 25 B8k, JF 5 31 iz i pEoE A
N (5K F P, 2017; Kang %%, 2017 ), 2) AER
(autoencoder random-sampling) 7715, R FHFEHLRFE
(77 I E i i 0 Y ZRAEAS | LAAS 1) iR
AE BEBIS B S R 25 2R SRR B S
ARSCRE — 5, WO REAR BRI —2F, 3) D, A
D, 3R SCRRE v P RIS AT 31 18 2 S5l S i 7
K AE 15 3 By 5638 Sl 5 o R 45 R, (R
& X HE D, SHERRGRIEER D, AHE, S
Kb L RS R YRR B R AL A e A DU
PERE , A G IS EE L EAT PERE DAl RN 45 R 4
K3 P, W3 Sl R, A SCRIETE 3 Rt
TR B b 34 RE O B U0 n SR I BEL AR LT
AF-AE 533 e[RRI R A% 35 W &2 2% 1 S M 75 5
B A FOUF i S M I B A SGAT 55, X L AER A
D, WS HRAT LU B, Gt PRI R A 2 Sl e 6 5
FEACEE (M, AH LE T B L IR 5 7E 3L T AE 48
DG E 837 5erb iy i B As O T B A B A0
B, SRR AR SR S M T A s
AR 9 7 R s Sl B R B B AR 2
R T TR Y S A R RE

x3 EXLEREI AHIEE LR AUC E
Table 3 The AUC values of different methods on
three HSI datasets

N7 Sandiego-1 Sandiego-2 Botanical Garden
AF-AE 0.982 1 0.9120 0.9829
AER 0.931 4 0.938 3 0.990 8
D, 0.977 2 0.926 7 0.991 6
D, 0.987 2 0.943 6 0.994 9
A3 0. 990 2 0.988 6 0.997 0

TE L P RS R & S R L4 28

2.4 S5HMEXILER
Ry B8 AR SO A i G T S A P ) L

PE, 5 5O 3% S A 4503 28 31 GRX ( global
Reed-Xiaoli) 5 7 (Reed Al Yu, 1990 ), LSMAD
( Irasmd-based Mahalanobis distance method ) 55 7%
(Zhang 55,2016 ) F AE 53 LA K 9 i 5 3 44 10 1)
HA B 50 R BE AT 359% FrFE (fractional
Fourier entropy) ( Tao %,2019) 1 FEBPAD ( feature
extraction and background purification anomaly detec-
tor) (Ma %,2021) AT XS L, T ZUEHT A2, AT
SRR RPN UWIEE S NP1 2 €/ (SR SRS
EESRE 2.2 WiE . AT A G AR R
FHEGR 4 F B B9 trainAutoencoder () PRAL, & B
AR 0. 01, AT ART 24 S T (AL H 24 SR I3
BRI 2 R IR BB E R 0) AR ECH 100,
batch % ¥~ 50, 06 PRELHK sigmoid PREL, HARR
ESHUTERA B AR BCR W

AL RN ERCRE N E 8 Frs, ATLAE
W AR Re B A A B R I RE— e R
LIRS, {3 GRX Al LSMAD 3k T34 42 B
JCHE B R HEAS TR, FLAS S M RO AN L, T
AE 1 FEBPAD B3 AE YE 3 T K 1l 14 - 25 i) el A2
Hesoh SR IBCEAT DX B AR (EUR h T30 % )&
AR, RO W R EREZ IR, A3
e AT 25 SO PI ] [ 2 A s 10 S ARG vk B
BT SGTE AR ZE A B A sk S0 B8 T A T By M
RETRE, [ O 1 2 Sl 8, DA T LA S 4 4
GE YRR a0 N Bl TR

TN L RERI S48 ROC (receiver operating
characteristic ) f1£8 & | AUC & FFE R}, 5256 45 R an
9 FMIF 4 fin, MIE 9 AL, XFF Sandiego-1 %X
Pl AR E R T A SCRE BRI AL R T LS-
MAD, HAERI B A7 H AR BT T RIS
1), I T2 S P ) 9 e B g 110 S R ) B 12 7
3 R B RARARM R ER, KA FTTLUE
A SO AUC (E I B T HAl 3 X2 A
SRRSO ) I 25 T e PR R A A o Y A5 A R
PAK AE F 2 A RGEA FOCTEFIE, 456 3.3 7 D,
MR AT AT RS, D, 1 AUC {5 T AE S35
S ATy BRI A T S 4 i B ) T LA
N AE BRI G SRR Al pg N 24 TR AE K
TUTE TR T8 SRR 1 ] ) 3k 627 ) ) S o AR A Y R
fiE, R4 [ F0H T &R R FE M, A SC 2k
SRFEIS B (HAE I8 S vh I P R i £
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Fig.8 Anomaly detection maps for different datasets

((a)ground truth; (b) GRX; (¢) LSMAD; (d) AE; (e) FrFE; (f) FEBPAD; (g)ours)
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Ko AFEETE3 DEEELE LY ROC L
Fig.9 ROC curves of hyperspectral anomaly detectors on three datasets( (a)Sandiego-1; (b)Sandiego-2; () Botanical Garden)

x4 BEEEINEIEE LN AUC ERFERH
Table 4 The AUC values and execution time on three HSI datasets

‘ Sandiego-1 (100 x 100 14 2) Sandiego-2 (200 x 200 14 2) Botanical Garden (400 x 350 14%)

Sk AUC FERT/s AUC FERT/ s AUC FERT/ s
GRX 0.905 5 0.3 0.887 0 0.7 0.843 2 2.2
LSMAD 0.986 1 43. 4 0.941 2 155.1 0.949 2 543.6
AE 0.985 6 27.3 0.949 5 111.6 0.976 8 349. 8
FrFE 0.979 5 1.4 0.959 1 5.0 0.826 7 18.8
FEBPAD 0.988 8 8.5 0.967 6 30.2 0. 986 7 102.6
AL 0. 990 4 13.7 0.988 8 58.7 0.997 0 223.7

TE L PR B S R A ER
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