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Fig. 2. Mean values and standard deviations for (a) normalized 2-D crossing counts and (b) normalized 2-D crossing differences. The stdtisiaizdria ca
a real-world hyperspectral image composed of £8D80 pixels with 88 anomalies.

should accommodate the expected typical or largest anomaly
targets in the scene, and the outer region should be large
enough for background estimation while preventing excessive
contamination by anomalies. The discrimination function is
formulated as
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Fig. 3. Example of a sliding hollow window.
where there ar orders of 2-D crossing count difference taken V. EXPERIMENTS

- i (K) ")
into the discrimination. jyne, and ot denote the averaged e fo)iowing section starts with the introduction of the

value of thekth-order 2-D crossing count difference over th%mployed hyperspectral data sets and then describes the ex-

inner and outer regions, respectively. rimental setup concerning the evaluation metrics and the

) , . pe
For better understanding, the overall procedure is brle#fji‘énchmark detectors. In the end, the comparison results are
summarized in Algorithm 1. For each examined pixel, thﬁresented and analyzed in detail

proposed detector take®(KN ) time for each of the brst
three steps as well as the Pnal discrimination @g ) time
for the fourth step. Suppose there are a total gfixels in A. Data Sets

a hyperspectral image, 2DCAD runs in complexity(l x To evaluate the performance of the proposed 2DCAD under
(4KN + K)) involving only basic arithmetic. Ak andN are  iterant types of hyperspectral images, a simulated data set and
typically not very large in practice, the proposed method is Vegy,, o pjicly available real-world data sets gathered by famous
efbcient. remote imaging systems are employed. The details of these
hyperspectral data sets are introduced as follows.

Algorithm 1 2DCAD for Hyperspectral Anomaly Detection 1y simulated sceneThis data set was synthesized with
200 x 200 pixels comprising the spectra of lawn grass,
dry long grass, blackbrush leaf, sage brush, and tum-
blewe. The corresponding spectral signatures are selected
from the U.S. Geological Survey vegetation spectral
library.! All these spectra are previously calibrated to
the bands consistent with AVIRIS data and are down-

Input:

The observed hyperspectral ddtk,

The maximum order, K;

The sizes of the inner and outer regiosig,andsoy; -
Processing Steps

1: Recursively generate®) by (3) and (4); sampled with a dimension of 105. Similar to [10], the
2: Conduct the clip operator to obtaif¥) by (5); synthetic scene has two background regions. The top
3: Employ the change monitor to calculd@é) by (7); 100 lines consist of lawn grass and dry long grass, with
4: Use the difference operator to generat&) by (8); the mixture proportion of lawn grass regularly varying
5. Make discrimination by (9). from 100% to 50.5%. For the remaining 100 lines, the
background is composed of blackbrush leaf and sage
Output: brush, and the percentage of blackbrush leaf varies from

Discrimination matrix, .
Ihttp://speclab.cr.usgs.gov/spectral-lib.html.




YUAN etal: FAST HYPERSPECTRAL ANOMALY DETECTION VIA HIGH-ORDER 2-D CROSSING FILTER 625

Fig. 4. Visualization of the scenes and the ground truth masks. The Prst row shows the color representati@imafatesl scenehe Salinas sceneand the
Lakeshore sceneespectively. The second row represents the corresponding ground truths.

2)

3)

Zhttp://www.ehu.es/ccwintcol.

50.5% to 100% with 0.25% increase per line. FinallyB. Experimental Setup

three spectra, i.e., sage brush, dry long grass, and tum- . .
. reparatory to the experimental comparison, there are three
blewe, are separately used as anomalies. The correqu(néa— ! ) :
ina anomalv targets are constructed with three differeseY points that need to be stated: 1) ground truth construction of
siges (ie { 1g 2 2.and3 3)and are sparsel the data sets; 2) evaluation metrics; and 3) benchmark methods.
laced z.it.t'he to 'back ré)und the bottom back Foundy %’Since the brstimage is manually synthesized, its ground truth
P P 9 T N ' A Pels of anomalies are precisely known. As for the second
the border between the two regions, respectively. Please ;. . ) .
refer to Fig. 4 for the specibc locations and third data sets, their ground truths are not provided. Some
Salinas scéneThis scene was athere'd by the AVIRI esearchers claim a ground truth labeled by themselves, but
system with 224 bands in 199890ver Salin)és valle Ciuow the procedure is conducted is not introduced. To establish
T)rlme original data set consists of 512217 pixels Witf):,a our ground truths as objective as possible, this work turns to
spatial ?esolution of 3.7 m and com rises?/e otables bhi%oerspectral classibcation techniques. To be specibc, for a
sgils and vinevard bélds Convent?onal ox griments’u%{perspectral image with known category information of the
all éxclude 25’ atmos héric and water balads (10801 gckground objects, a classibcation training set is constructed
y P ; . g‘ selecting some adequate pixels for each background cat-
154P167, and 224) due to the low signal-to-noise rati . :
(SNR). In this paper, the employegalinas scenés a egory and is further rebned through the constraint of ran-
subset. with 18% pléo ixelspcr{) ed from the onedom sample consensus [35] to restrain the contamination by
downloaded from the Glgwebsi%e PP the possible anomalies. After performing the classibcation by
Lakeshore sceneThis data set Was acauired by th support vector machineclassi cation and regression trees
SAMSON sens;)r which is a oush broc?m sensii/ive %-nearest neighborsand Gaussian mixture modethe pixels
the near-infrared l;)ands and waps collected by the Flori aat have rare labels with respect to their surrounding neighbors
Environmental Research Institute as part of tr?e GOES-B® selected as candidates. Then, the true anomaly pixels are
sponsored experiment. The SAMS(S)N SENSOr IS devepecilaed as those rare in more than half of the classibcation
P P ' . processes. The bnalized ground truths of the employed data
oped by FERI and generates 156 bands covering the - . .
spectral ranae from 400 to 900 nm with a bandwidth o:sfets are shown in Fig. 4. The pixel sizes of the anomaly targets
P 9 . . contained in these two real-world data sets are approximately
3.2 nm. The collected scene consists of 95952 pixels inthe range of 1 1t03 3
\évrlrt]h Ii ge%(j;nkeetgﬁorrissclgﬂgna(;Léé%tn;% :Qetgﬁeparz\e/ira;ze The second question is how to evaluate the anomaly de-
b {)heyo ticks proiec and is composed of 208 200 tectors. In the related literatures, the detectors are typically
i};els witﬂ atmops Leri’c correctionp evaluated by plotting their receiver operating characteristic
P P ' (ROC) curves referring to ground truth masks [9], [10], [17].
This curve is sketched by varying the threshold used to di-
chotomize the detection results, according to which a detected
pixel could be judged as true anomaly or false alarm. Based

3http://opticks.org/conBuence/display/opticks/. on the ROC curves, a derivative indicator, i.e., the area under
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Fig. 8. Comparison of the performances on the noisy images. From left to right, the columns respectively represent the compariSimautaidtiescendehe
Salinas sceneand theLakeshore scene

TABLE I
AMOUNTS OF RELATIVE CHANGES ON THEPERFORMANCESBEFORE ANDAFTERADDING NOISE

as anomalies, while losing awareness to the truly anomalousAs a result, for all the employed simulated and real-world
ones embedded in the complex lands. SVDD produces a resylperspectral images, 2DCAD costs less time of two or three
better than RX; however, the overall detection statistics for tlreders of magnitude than most of the competitive algorithms,
entire anomaly positions are not conspicuous enough withemcept for the nearly equivalent running time compared with
the background regions. RSAD performs consistent on tiéSCF and CBAD, while guaranteeing the superior anomaly
Salinas scendts detection result lacks interpretability for themaps. As for WSCF and CBAD, it is found that there is always
anomalies. WSCF and CBAD are seriously interfered with an unsatisfying upper bound on the performance in practice. For
the interface between two remote scanning series. On the cerample, WSCF is limited by AU 0.81 on the employed
trary, the proposed 2DCAD is more effective for the employeldakeshore scenén such a case, claiming the true-positive rate

Lakeshore scene at 90.91% entails the false-alarm rate to exceed 41%. Compared
_ _ _ with WSCF, the proposed method achieves AHQ.93 on the
D. Comparison of Running Times same scene, with which a high true-positive rate of 92.73% only

To evaluate the efpciency of the imp'emented detector‘s7 Wripces the false-alarm rate to be 1.28%. Therefore, from an
running times of each method are compared in Table I. Timing¥erall perspective, the proposed 2DCAD can claim to be most
have been taken on an Intel Core i3-550 3.2-GHz CPU with Bredominant in practical applications.

GB RAM. All these detectors are implemented in the MATLAB ] )

platform. Assuming there are a total Nf pixels contained in E- Parameter Discussion

the outer region of the sliding hollow window aKdordersthat ~ As presented in Section IV-C, there is a tremendous ad-
are taken into account, for each examined pixel, the proposexthcement in both effectiveness and efbciency when taking
detector need®(4KN + N) computation time to assign athe proposed 2DCAD for hyperspectral anomaly detection.
detection degree. However, there is still an uncertainty concerning the selection
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