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Abstract— Wealthy spectral information provided by hyper-
spectral image (HSI) offers great benefits for many applications in
hyperspectral data exploitation. However, processing such high-
dimensional data volumes that may result in redundant bands
due to its high interband correlation will be a challenge. For
target detection and classification, this is particularly true since
there may only need a relatively small number of bands that
respond one particular target of interest well, while most of
other bands do not. Band selection (BS) is a major dimensionality
reduction technique to remove the redundant bands and selects
a few bands to represent the entire image. However, how to
eliminate the effect of uninteresting targets with similar spectra
on detection of interesting targets is a severe issue arising in target
detection for BS. This article develops a new approach called
target-constrained interference-minimized BS (TCIMBS) which
can be used to select band subset for specific target detection,
while annihilating targets of no interest and suppressing interfer-
ers and background. Its idea is derived from target-constrained
interference-minimized filter (TCIMF). By taking advantage of
TCIMF, two band prioritization (BP) criteria called forward
minimum variance BP (FMinV-BP) and backward maximum
variance BP (BMaxV-BP) along with their three band search-
based BS counterparts called sequential forward TCIMBS (SF-
TCIMBS), sequential backward TCIMBS (SB-TCIMBS), and
improved SB-TCIMBS (SB-TCIMBS*) are derived. The experi-
mental results suggest that TCIMBS can improve the detection
accuracy and also achieve better performance in comparison with
several state-of-the-art methods.

Index Terms—Band prioritization (BP), band selection (BS),
hyperspectral image (HSI), target detection, target-
constrained interference-minimum filter (TCIMF), virtual
dimensionality (VD).
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NOMENCLATURE

HSI Hyperspectral image.

BKG Background.

DR Dimensionality reduction.

BS Band selection.

BP Band prioritization.

TCIMF Target-constrained interference-minimized
filter.

TCIMBS Target-constrained interference-minimized
BS.

FMinV-BP Forward minimum variance BP.

BMaxV-BP Backward maximum variance BP.

SF-TCIMBS Sequential forward TCIMBS.

SB-TCIMBS Sequential backward TCIMBS.

SB-TCIMBS*  Improved SB-TCIMBS.

CTBS Constrained target BS.

SF-CTBS Sequential forward CTBS.

SB-CTBS Sequential backward CTBS.

SCBS Sparse constrained BS.

CSCBS Class signature-constrained BKG
suppression.

CSCBS-SFBS  CSCBS search forward BS.

CSCBS-SBBS  CSCBS search backward BS.

SDIA Signal-decomposed and interference-
annihilated.

SNR Signal-to-noise ratio.

SBR Signal-to-BKG ratio.

UBS Uniform BS.

VD Virtual dimensionality.

I. INTRODUCTION

YPERSPECTRAL remote sensing takes advantage of
the nanoscale spectral resolution provided by an imaging

spectrometer to acquire a large volume of image data with very
narrow and contiguous spectra so as to achieve synchronous
acquisition of ground object space, radiation, and spectral
information [1]-[6]. Accordingly, hyperspectral imaging has
recently developed as an emerging remote sensing technique,
which greatly expands conventional remote sensing’s capabil-
ity in revealing subtle material substances which cannot be
known or by visual inspection a priori [7], [8]. Therefore,
it has been widely used in many applications [7]-[19], which
generally cannot be resolved by multispectral imaging [20].
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Specifically, this article will place its main focus on a partic-
ular application in target detection via BS.

DR can retain crucial and vital information for follow-up
data processing [7, Ch. 6], so that it has been widely used
to reduce the high dimensional data volumes of HSI with
hundreds of spectral channels. BS is one of the major DR
techniques used for this purpose by removing unnecessary
redundant bands or unwanted bands such as noisy bands.
A major advantage of BS over other DR approaches such
as component analysis-based methods and feature extraction-
based techniques is that the selected bands not only contain
more useful detailed data information but also keep integrity
of their spectral characteristics.

Generally, BS can be performed by several different
patterns. The first one is BP-based BS which prioritizes
all the spectral bands in accordance with their priority
scores ranked by a BP criterion such as variance [21],
mutual information [22], [38], entropy [23], information diver-
gence [24], maximum variance principal component analy-
sis (MVPCA) [25], constrained band selection (CBS) [26],
and minimum estimated abundance covariance (MEAC) [27].
This type of BS is easy to implement and widely used.
Unfortunately, the prioritization of each band is based on
the data information or statistics contained in the image data
and has nothing to do with specific applications. The second
one is band clustering/grouping-based BS [28]-[30], [34].
Such cluster-based BS approaches first divide the bands into
disjoint clusters and then select the center of each cluster to
form a selected band subset. The band subsets selected by
the cluster-based BS approaches are strongly influenced by
initial centers and parameters. The third one is greedy-based
BS [31], [32] which decouples an NP-hard combination prob-
lem through greedy mountain climbing and iteratively obtains
a candidate band subset. Band subset is generally found by
a band search strategy such as sequential forward selection
(SFS) [33] and sequential backward selection (SBS) where
SFES starts with an empty set of candidates and then increments
the current candidate band subset by one band at a time,
while SBS starts with the full band set and then deletes one
band at a time to form the current candidate band subset.
The fourth one is evolution-based BS [23], which includes
a variety of evolutionary computing strategies such as particle
swarm optimization (PSO) [34], [35], firefly [36], and colony
algorithm [37], [38].

Regarding BS  developed for target detection,
Yuan et al. [39] developed an approach, called multigraph
determinantal point process (MDPP) to capture the full
structure among different bands from a graph where each
band is considered as a node and the edge is specified by
similarity between bands. Accordingly, a path represents a
possible band subset. On the other hand, Wang et al. [40]
proposed a multiple-band selection (MBS) method, which
does not require prioritizing the bands but rather selects
a desired band subset for anomaly detection. Based on
constrained energy minimization (CEM) developed in [41],
Geng et al [42] also developed an SCBS, which is
convenient for solving the global optimal solution and
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avoids the complicated process for searching subset from
total bands. Wang et al. [43] proposed a new BS method
called minimum variance band prioritization (MinV-BP)
for multiple-target detection, which minimizes the variance
generated by the desired target signal to calculate the priority
of each band. Despite that the above-mentioned methods can
effectively select a set of bands that are sensitive to targets
of interest, they do not fully consider the interference and
impact of targets of no interest which have similar spectra
to that of targets of interest on BS for target detection. As a
matter of fact, in many real-world applications, this type of
uninteresting targets and complex BKG may greatly influence
detection, result in false target identification, and also create
many false alarms.

This article presents a TCIMBS approach where two BP
criteria and three corresponding band search-based BS meth-
ods as their counterparts are developed to select optimal band
subsets for target detection. Its idea is originated from target
constrained interference-minimized filter (TCIMF) [44] but
its motivation is actually inspired by three different pieces
of work, the signal-decomposed and interference-annihilated
(SDIA) model developed in [45], CEM [41], and orthogonal
subspace projection (OSP) [12], all of which are designed for
target detection. In TCIME, two types of targets are specified,
the desired target matrix D and the undesired target matrix
U where D is used for multiple target detection and U is
used to remove the effects of undesired targets. Moreover,
the SDIA model further decomposes the target matrix D
into two target submatrices, one consisting of targets of
interest, Djperesc and the other comprised targets of no interest,
Dio-interest- Therefore, TCIMBS expands the two-component
(D, U) target matrix used in TCIMF to a three-component
(Dingerest> Dnointerests U)  target matrix as the SDIA does.
Accordingly, TCIMBS can be expected to select more effective
and appropriate bands for detection of specific targets of
interest in Diperes;, While suppressing the effect of similar
targets in Uynwanted = [Dho-interest U] 0On target detection at the
same time.

As a summary, four main contributions of this article can
be described as follows.

1) This article develops a new BS approach, TCIMBS
for target detection. It extends a two-component
(D,U)-based TCIMF to a three-compomnet
(Dingerest> Dho-interests U)-based TCIMBS by considering
Uunwanted = [Dno-interest U] @s an unwanted target matrix
to replace the original U used in TCIMF as undesired
target matrix. As a result, TCIMBS selects a band
subset with strong ability in responding to targets
of interest via further partitioning the desired target
matrix D into targets of interest Diperess and targets
of no interest, Dyo.ineerest- In this case, the targets of
no interest in Dyginerese Similar to targets of interest
in Diyerest can be considered as unwanted targets in
Uunwanted to be eliminated for further improving target
detectability.

2) To implement TCIMBS, two types of TCIMF-BP crite-
ria, FMinV-BP and BMaxV-BP, are derived.
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3) In correspondence to TCIMF-BP criteria, three
search strategy-based BS algorithms, SF-TCIMBS,
SB-TCIMBS, and the SB-TCIMBS*, are also developed
as their counterparts.

4) A comprehensive study and analysis via extensive exper-
iments is conducted to demonstrate the advantages of
TCIMBS over CTBS, CSCBS, and several state-of-the-
art methods.

The remainder of this article is organized as follows.
Section II briefly describes original motivations and delineates
significance of this article in detail. Section III introduces
the basic principles of TCIMF. Section IV derives TCIMBS.
Section V designs two types of criteria for prioritizing
bands. Section VI provides details of the implementation
process of three search strategies based on TCIMBS.
Sections VII and VIII perform experiments based on the
simulated data and real data, respectively, and conduct com-
parative analysis on the experimental results. Section IX pro-
vides some discussions of the experimental results. Finally,
Section X draws some conclusions.

II. MOTIVATIONS AND SIGNIFICANCE

A. Motivations

The motivation of TCIMBS was originated from combining
the ideas of CEM [41], OSP [12], and TCIMF [44], all
of which are available at https://www.harrisgeospatial.com/
docs/tdselectmethods.html from the popular software Environ-
ment for Visualizing Images (ENVI) which is developed by
L3Harris Geospatial and has been widely used for remote
sensing image analysis. TCIMF combines the strengths of
both CEM and OSP to enhance the target detectability. Also,
according to the SDIA model in [45], the targets in D used in
TCIMF may be made up of two types of targets: interesting
targets Diperest and uninteresting targets Dpg.interest- In this case,
a direct use of TCIMF to detect the targets of interest in
Dinerest may not effectively work if it does not take care
of the effect resulting from uninteresting targets in Dyoingerest
whose signatures are similar to those of targets in Diyerest. This
issue was investigated previously in the SDIA model [45],
but unfortunately, it was designed using full band spectral
information in which case all targets in D to be detected are
assumed to have equal responses to all spectral bands. In many
practical applications, this is generally not true. TCIMBS is
derived by combining all the four models, CEM, OSP, TCIMF,
and SDIA, to take advantages of their benefits.

On the other hand, the BS issue for target detection has
been investigated in the past. Recently, an approach called
CTBS was developed in [43] to select bands according to
target characteristics specified by CEM. Then CTBS was later
extended to HSI classification by CSCBS-based BS [46] where
the concept of multiple target detection proposed in [47]
was extended to multiple-class classification via linearly con-
strained minimum variance (LCMV) in [49]. Despite all these
efforts, CTBS and CSCBS-based BS did not take advantage
of U in TCIMF to eliminate the effect of undesired targets on
target detection which inspires the work of TCIMBS.
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B. Significance of TCIMBS

The significance of TCIMBS can be summarized in four
aspects.

1) The first and foremost significance is exploration of
interaction between the desired target matrix denoted by
D and undesired target matrix denoted by U. In CTBS,
only a single target is considered for BS with D = d and
no undesired targets are involved, i.e., U = . On the
other hand, CSCBS-based BS considered D as a multiple
target matrix for BS simultaneously but also no U is
used, i.e., U = . Neither CTBS nor CSCBS-based BS
includes U as a part of BS. As a matter of fact, the
similarity between target signatures in D and U plays
a key factor in BS. If one desired target d in D has
its signature too similar to that of an undesired target
u in U, eliminating u could have impact on reducing
the detectability of d and vice versa. In this case, the
detection of d may also detect u which may further
confuse the detection of d. Despite that the detectability
of d can be reduced by eliminating u, the great benefit
resulting from the use of u is the complete elimination of
its interfering effect on detection of d. In contrast, if the
signature of a desired target d in D is dissimilar to the
signature of an undesired target u in U, eliminating u
could even further enhance the detectability of d and
vice versa.

This article conducts a detailed analysis of TCIMBS by
manipulating the desired targets in D and the undesired
targets in U via extensive experiments performed in
Sections VII and VIII where three scenarios for BS
are particularly designed, namely, single-target detection
with D = d and U = @ for CTBS, full multiple-target
detection with D and U = ¢ for CSCBS-based BS,
and partial multiple target detection with a partial
set of multiple targets in D, denoted by Diperest With
Dinterest C D and Dimerest 75 D for TCIMBS. The 3rd
scenario is of particular interest. With this scenario,
D is broken up into two target submatrices, called
targets of interest, Diyerest and targets of no interest,
Dio-interest 3 D = [Dingerest Dhno-interest]- In this case,
we can move the uninteresting targets in Dyginterest tO
the original U to form a new augmented undesired target
matrix, considered as unwanted target matrix specified
by Uunwanted = [Dho-interest U]. As a result, the original
formulation of [D U] used in TCIMF can be further
partitioned as a three-component (Djperest, Dno-interest> U)-
target matrix as [D U] = [Dinerest Dno-interest Ul =
[Dinterest Uunwanted] Where the original D and U used
in TCIMF are now replaced with D < Djperess and
U < Uuwanted = [Dno-interest Ul It is this 3rd sce-
nario that manifests the interaction between Diperest

and Uunwanted = [Dro-inerest U]. Moreover, if we let
Dinterest = d7 Dno-interest = @, and U = @, which
gives rise t0 Uypwantea = ¥, then the 3rd scenario is

reduced to the 1st scenario. On the other hand, if we let
Dinterest = D, Dio-interest = ¥, and U = ¢ which results in
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Uunwanted = @, then the 3rd scenario is further reduced
to the 2nd scenario.

2) It is well known that BKG has a tremendous impact on
target detection. The commonly used SNR is generally
not applicable to hyperspectral target detection due to
the fact that an HSI usually has high SNR but a
severe BKG issue caused by unknown subtle material
substances which can be uncovered by its very fine
spectral resolution. TCIMBS is developed to particu-
larly deal with such an issue. It takes the least-squares
error (LSE) resulting from TCIMF in [44] as a BP
criterion designed for TCIMBS. Most interestingly, such
TCIMF-derived criteria turn out to be so-called SBR
which can be actually considered as an extension to SNR
where the definition and derivations of SBR are provided
in Section IV. SBR is a new concept introduced into BS.

3) According to [43, Th. 1], CTBS was derived by impos-
ing a constraint on a single target with D specified
by a single desired target as d. As an extension to
CTBS, [46, Th. 1] was used to derive CSCBS-based
BS by imposing multiple constraints on D consisting
of desired multiple targets corresponding to multiple
class means without specifying U. This article presents
a general theorem which indeed includes these theorems
as special cases by imposing constraints on both D and
U simultaneously. In fact, it is this theorem that provides
a basis for the fundamental design criteria for TCIMBS.
Specifically, all the BS criteria derived in [43] and [46]
can be readily interpreted as special cases of TCIMBS
criteria.

4) Last but not the least, since CEM, TCIMEF, and OSP have
been used by the ENVI software, it may be very likely
that TCIMBS will have potential to be also included in
its future software updates. With this benefit, TCIMBS
can advance further development in many applications.

I1I. TCIMF
Suppose that {r;}}Y, is the set of data sample vectors
in an HSI, where r;, = (ri1,7i2,...,5iz)’, 1 < i < N,

represents an L-dimensional sample vector, and N and L are
the total number of pixels and spectral bands, respectively.
In addition, let D = [d; d>...d,] be an (L x p)-dimensional
signature matrix of interest and denote U = [u; uy...u,]
as an (L x g)-dimensional undesired target signature matrix
in detection. It should be noted that D and U can be either
provided by a priori knowledge or obtained by a posteriori
knowledge. TCIMF aims to find a target detector which can
detect signal specified by the desired target signature matrix D
and undesired target signature matrix U via designing a finite
impulse response (FIR) filter denoted by an L-dimensional
vector w = (w, wy, ..., wr)". The filter output energy can
be minimized according to the following constraint:

(D U"w = [(1;’“] (1)
gx1

where [D U] is defined as [D U] =[d; dy...d, uj uy...u,]
and 1,,; is a p x 1 vector with ones in all components and
0,1 is a g x 1 vector with zero in its components. Using (1)
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as a constraint, the TCIMF problem considered in [44] can be
formulated as a target constrained optimization problem

min{w'Rw} st [DU"w= H"“} )
w gx1

TCIMF

with the optimal weight vector w given by

wC™F — R=[D UJ([D U"R"'[D UJ) H”Xi } 3)
qx

The detector TCIMF using wT“™F specified by (3) can be
implemented as

T
STOME (1) = (R"[D vl U'R D UY) " [(I)Pxi]) r
qx
“)

where R = (1/N) ZlN=1 r;r] is the sample correlation matrix.
In particular, there are p targets needed to be detected by
p desired target signatures, di,d>,...,d, and g undesired
targets needed to be annihilated using ¢ undesired target
signatures, uj, up,...,u,. The size of the target signature
matrix, [D U] = [d; d>...d, u; uy...u,], and the weight
matrix w = (w, wa, ..., wr)T are L x (p +¢) and L x 1,
respectively. In order to constrain desired target and unde-
sired target signatures, the (p X ¢)-dimensional vector ¢ =

(C1,€25 s Cpy ..., cq)T can be specified by
T
c={1"“}= 1,...,1,0,...,0 5)
qul e e’ N
P q

Compared with the CEM [41] and OSP [12], TCIMF com-
bines the strengths of both of them, by suppressing BKG as
CEM does and annihilating the impact of undesired target sig-
nal as OSP does. Unlike CEM and OSP, which can only detect
a single target at one time, TCIMF can also simultaneously
detect multiple targets in the image like LCMV. Moreover,
compared to LCMYV, TCIMF expands constraint vector 1 to
[1,x1 0,x11", where the component “1” is used to constrain the
particular desired target signatures, while the component “0” is
added to annihilate the undesired target signatures. Because of
these two joint constraints imposed on the desired targets and
undesired targets, TCIMF can improve the detection ability
of the detector on the targets of interest as desired targets by
imposing the constraint vector “1” and the constraint vector
“0” on undesired targets to eliminate the influence of undesired
targets on the desired targets. In the meantime, TCIMF can
also minimize the interfering effects resulting from BKG and
noise by inverting the sample correlation matrix R.

IV. TCIMBS

The key feature of TCIMBS is miny{w?Rw} in (2), referred
to as minimum variance (MV) in [44]. Accordingly, replace
the original D and U used in TCIMF with D <— Djyerest and
U <« Uunwanted = [Dno-interest U] mentioned in Section II, and
then substitute (3) into (2) to yield the following MV, denoted

Authorized licensed use limited to: DALIAN MARITIME UNIVERSITY. Downloaded on December 12,2023 at 13:15:20 UTC from IEEE Xplore. Restrictions apply.



6048

by V(R2) given by:

V(R) = (WTCIMF)TRWTCIMF

- (R*‘[D UI(ID U"R'[D U])_lc)TR
X (R*l[D U]([D U)"R™'[D U])_lc)

= (¢'(UR'DU) DU (RT'RR)
x(Ip U] ([D U'RTD U )

= (IDUIR'DU]) ' [DUIR'[DUJ
x (D UI"R™'[D U]) ¢

= (DUIR'DUN) e
=c ((R"/Z[D u))' (R?[D U]))ilc 6)

It is interesting to note the role of

R’ DU = (R?) ' D U] @)

playing in (6). If we assume that R'/? = 21/2 is a noise
covariance matrix and [D U] is only the signal of interest,
we can further extend a single target to a signal matrix
[D U] = S, then (7) can be reformulated as signal-to-BKG
ratio matrix (SBRM)

(R™"2[p U1)" (R?[D U])
2y P\ T 12\ !
-((2) o) () ¢
-1
=S") S =SBRM ®)

which is a (p+¢) x (p+¢) matrix containing p desired signals
and g undesired signals. As a special case of (8), if [D U] =S
is reduced to a single s and X is reduced to ¢ I where I is an
identity matrix, then (8) is reduced to ¢ ~2s”'s which is exactly
SNR.

By virtue of (8), the MV, V() can be expressed in terms
of SBRM as

R
V() =c’ (ST > s> ¢ =c"(SBRM) ‘¢ )

Accordingly, minimizing (2) is equivalent to finding (6)
and (9), which is also equivalent to maximizing SBRM in (8).
In other words, (6) and (9) indeed the solution to (2) which
maximizes SBRM as a criterion. Since V() in (9) is derived
by using the full band set 2, we can make it adaptive to band
subset €2; which contains / bands by replacing £ in (9) with
©; to derive V(£2;) for BS. As a matter of fact, in the following
theorem, Theorem 1, we will prove that V(£2) with € in (9)
replaced with €2; is monotonically decreasing as more bands
are used, [ is increased.

Assume that the HSI is consisted of a set of band images,
{bl}lL:l. b; is the /th band image represented by a column
vector. £; = {by, b,, ..., b;} is any band subset containing /
bands, 1 <[ < L. Using the subset 2; instead of the full band
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set §2, we can define a new criterion according to the TCIMF
error derived from (6), as follows:

V(&) = ¢’ (ID UL Rg'[D Ulg,) ¢ (10)

It can be used for TCIMBS, which is the MV only using
bands in the band set ;. More significantly, we can prove

the following theorem, which is vital to the development of
TCIMBS:

V@),

is a monotonically decreasing sequence.
Theorem 1:

¢ (DU, Rg! DUlg,) ¢
¢’ (ID Ul§ Ry (D U]Q,)_lc (12)

(1)

Proof: Proof of Theorem 1 is given in the Appendix.
Where ¢ is a (p + ¢) x 1-dimensional constrained vec-
tor which is independent of the subset $2;. The target
matrices [D Ulg, = [dg, dg ...dg ug ...ug] with
dg = (d{.,d;,...,d})" and “£21 (ul,uz,.. u)?, a

Dg U .
[D Ulg,,, = { @ % ] with d;y; = (d,+1,d,+1,...,d,+1)T

dirr wy
and wryy = (u,, uf,, .. “1+1) Let {rg }/_, be the matrix
composed of all data samples in the first / bands. The sample
correlation matrix R is reformulated with the first / bands as
follows:

13)

N
o=1/MY (k)
i=1

V. BP BY TCIMBS

One of the simplest and most direct methods for BS is
to design a criterion for prioritizing each band based on
the information and data characteristics of the band. Most
importantly, the sequence {V(,)}~, has been proved to be
monotonically decreasing. Therefore, we design two criteria
for band prioritizing, called FMinV-BP and BMaxV-BP.

A. Forward Minimum Variance Band Prioritization

According to (6) obtained by full band set €2, the variance
resulting from TCIMF can be considered as the interfering
effect caused by signal sources including undesired target
signals and BKG signals which do not pass through the
TCIMF (3). Therefore, for any band b;, we can define a
forward BP criterion called FMinV-BP by letting €; in (10)
be a single-band subset {b;} as follows:

V(b) = (DUILR;' D UL,) ¢ (14)

where the band set €; in (10) is replaced with a single-band
image b; in (14), and the constrained vector ¢ can be denoted
by (5). Equation (14) measures the minimal variance of all
the samples in band image b; which are specified by target
and undesired target signature in [D Uly,. Specifically, the
smaller the V(b)) is, the higher the priority of the /th band.
Algorithm 1 shows the implementation process of FMinV-BP.
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Algorithm 1 FMinV-BP

Algorithm 3 SF-TCIMBS

1. Initial condition:
According to (14), calculate the priority score for each
band of hyperspectral image, {V(b;)}% ;.

2. Prioritize bands by {V(b;)},L=1 to get the final sequence
of all the bands. Furthermore, the following equivalence is
obtained.

by, > by, < V(by,) < V(by,) (15)

o

where the notation “>"" represents “superior to.” The follow-
ing is the final sequence of all the bands:

b]l > b]2 o > b]L (16)

3. The final band subset of selected bands is obtained by the
first ngs bands, 255 = {b;, by, .. .,b;nBS} where ngs is the
number of bands to be selected.

B. Backward Maximum Variance Band Prioritization

In addition to using (14) to prioritize all bands, there is
another idea, called BMaxV-BP, to prioritize the total bands.
BMaxV-BP believes that if one band’s removal from the full
band set 2 results in the largest variance of the remaining
band subset €, = € — {b;}, it should be most important for
the target. Accordingly, BMaxV-BP removes the /th band b,
from the full-band set €2, calculates the maximum variance of
the remaining bands, €, by (17) and then prioritizes the total
bands in the descending order according to V(£;). A detailed
implementation of BMaxV-BP is given as Algorithm 2.

V(&) = ¢ (IDULR;'D UL, . (17)

VI. BS BY TCIMBS

Many BS methods only consider the information character-
istics or statistical information of HSI such as entropy, vari-
ance, and SNR and select a band subset to be used for different
targets. Unfortunately, as shown in [43], different targets may

Algorithm 2 BMaxV-BP
1. Initial condition:

According to (17), calculate the priority score for each
band of hyperspectral image, {V(Q;)}le.

2. Prioritize bands by {V(fll)}f:l to get the final sequence
of all the bands. Furthermore, the following equivalence is
obtained.

by, > by & V(&) > V(&) (18)

W

where the notation “>"" represents “superior to.” The follow-
ing is the final sequence of all the bands:

b, >b, >--->b, (19)

3. The final band subset of selected bands is obtained by the
first ngs bands, 255 = {b;, by, ..., b,nBS} where nps is the
number of bands to be selected.

1. Initial condition:

Let ngs be the number of bands needed to be selected,
which are determined by VD and T = [D U].
Find

) B -1
b} = arg{lr;lelg (cT (Tgl Rb,lTbl> c) } (20)

2. Band augmentation:

-1
(T (pT —1
bZ:arg{bmm (c (TSZ‘,_lU{b,}RSl.,-_lU{bI}Tﬂj—lU{bI]) c)}

1,
(2D
where &;_; = {by,, by, ..., b;,_,} and 9371 =2-Q .
3.If j < mngs,
Q; ={by,by,....,b;} =R; 1 U{b,} (22)

and go step 2. Otherwise, BS is terminated. The final set of
selected bands is given by 255 = {b;,,bs,..., b, }.

nBS

respond to various bands quite differently. To address this
issue, the two new TCIMBS-based BP criteria designed in
Section V, FMinV-BP and BMaxV-BP, are used to evaluate
how much information does a specific target contain in a
band so as to select a band that has the strongest responsive
ability and contains the most information to respond to the
specific targets of interest. In this section, three various search
strategies are developed to find an optimal band subset, which
are SF-TCIMBS, SB-TCIMBS, and the SB-TCIMBS*.

A. Sequential Forward TCIMBS

SF-TCIMBS is an SFS-based method to argument one sin-
gle band at a time sequentially by (14) instead of prioritizing
all bands as FMinV-BP does. It can be implemented as shown
in Algorithm 3.

It should be noted that there are two key differences in
SE-TCIMBS and FMinV-BP. The first one is that SF-TCIMBS
will take the selected band set £ into consideration, while
FMinV-BP only focuses on the band b; selected to be eval-
vated for prioritizing. The second one is that compared to
FMinV-BP which has to prioritize all bands, SF-TCIMBS will
terminate as long as it reaches the required number of bands
to be selected, ngs.

B. Sequential Backward TCIMBS

Contrary to SF-TCIMBS, an SBS-based BS method can also
be developed according to BMaxV-BP, called SB-TCIMBS,
which selects the bands by (17). Starting from the full band
set &, SB-TCIMBS removes one band at a time from the
remaining band set which is not selected as described in
Algorithm 4.

C. Improved Sequential Backward TCIMBS

The band to be removed by SB-TCIMBS will be the one
which maximizes the variance of the remaining band set every
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Algorithm 4 SB-TCIMBS

Algorithm 5 SB-TCIMBS*

1. Initial condition:
Let ngs be the number of bands needed to be selected,
which are determined by VD, and T = [D U].

Find
B ~1
b11 = arg{{)?gé (cT (TsTZ—{bI}RSZl—{bI}TQ—{bI]) C) }
(23)
2. Band Reduction:
~1
(24)
where ;1 = {b;,by,,...,b;_} and Slj»_l =2-9Q
3. If] < NBS,
Q; ={by,by,....b,} =R U{b;,} (25)

and go step 2. Otherwise, BS is terminated. The final set of
selected bands is given by 2zs = {b;,,by,..., b, }.

nBS

time. In this case, the removed band is considered to be the
one that can best characterize the targets of interest. This is
reasonable, but this method does not guarantee that the set of
bands made up of all the removed bands can meet the con-
dition of MV according to TCIMF. Therefore, in this section,
the SB-TCIMBS has been improved from another perspective
based on the definition of TCIMEF, called SB-TCIMBS*. Like
SB-TCIMBS, SB-TCIMBS* also uses BMaxV-BP to select
an appropriate band for each search process. SB-TCIMBS*
deletes only one band at a time to make the remaining band
set meet MV criterion. The process stops when the number
of remaining bands reaches nps, and the remaining band set
with nps bands is the optimal band subset to be selected.
But the difference between SB-TCIMBS* and SB-TCIMBS
is theoretically using the band selected by SB-TCIMBS* for
target detection can minimize the output energy of overall
target detection. Its detailed implementation is described in
Algorithm 5.

VII. SYNTHETIC IMAGE EXPERIMENTS

To evaluate the effectiveness of TCIMBS, this section per-
forms experiments on a synthetic image which was used in [7,
Ch. 4]. It is target embeddedness (TE), which was particularly
designed for signal detection. It was simulated from a real
Cuprite image data shown in Fig. 1(a) available at the US
GS website http://aviris.jpl.nasa.gov/. This scene is a 224-band
image with size of 350 x 350 pixels and was collected over
the Cuprite mining site, Nevada, in 1997. It is well understood
mineralogically. As a result, a total of 189 bands were used
for experiments where bands 1-3, 105-115, and 150-170 have
been removed prior to the analysis due to water absorption and
low SNR in those bands. In this particular scene, five minerals,
alunite (A), buddingtonite (B), calcite (C), kaolinite (K), and

1. Initial condition:
Let ngs be the number of bands needed to be selected,
which are determined by VD.

2. Band augmentation:

Let T = [D U],
-1
% _ . T (T -1 )
by, —arg{blrenslz?_] (C (Tsz;_,—{bz}Rsz;,lf{bz}Tﬂj-_l—{bz}) C)}

(26)
where &;_; = {b;, by, ..., b;,_ } and Slj;l =Q-Q .
3. If ] < (L —nBs),

Q; ={by,by,....b,} =R;_ 1 U{b;} (27)
and go step 2. Otherwise, BS is terminated. The final set of
selected bands is given by 255 = Q)| = € — ;| =
{bl]9b125"'9bl }

"BS

6000F Altrite —
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Fig. 1. (a) Cuprite AVIRIS image scene. (b) Spatial positions of five pure
pixels corresponding to minerals: A, B, C, K, and M. (c) Five mineral
reflectance spectra and BKG signature (b) which is the sample mean of the
image in (a).

muscovite (M) were identified by ground truth along with their
spatial locations in Fig. 1(b).

Fig. 2 shows the TE simulated by 25 panels using these five
mineral signatures with their appropriate abundance fractions
specified the legends in Fig. 1(c). Among these 25 panels
are five 4 x 4 pure-pixel panels for each row in the Ist
column, five 2 x 2 pure-pixel panels for each row in the 2nd
column, five 2 x 2-mixed pixel panels for each row in the
3rd column, and both the five 1 x 1 subpixel panels for each
row in the 4th column and the 5th column where the mixed
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Fig. 2. Set of 25 panels simulated by A, B, C, K, and M.

and panel subpixels were simulated according to legends in
Fig. 2. So, a total of 100 pure pixels (80 in the 1st column
and 20 in the 2nd column), referred to as endmember pixels
were simulated in the data by the five endmembers, A, B, C, K
and M. An area marked by “BKG” at the upper right corner
of Fig. 1(a) was selected to find its sample mean, i.e., the
average of all pixel vectors within the area “BKG,” denoted
by b and plotted in Fig. 1(c), to be used to simulate the BKG
for image scene in Fig. 2. The reason for this BKG selection
is empirical since the selected area “BKG” seemed more
homogeneous than other regions. Nevertheless, other areas can
be also selected for the same purpose. This b-simulated image
BKG was further corrupted by an additive noise to achieve a
certain SNR of 20:1, which was defined as 50% signature (i.e.,
reflectance/radiance) divided by the standard deviation of the
noise in [12].

Several state-of-the-art methods, SCBS [42], UBS,
CTBS [43], and CSCBS [46], were used to conduct a
comparative analysis and study. The required number of
bands to be selected for TE was determined by VD [48],
which was 14.

Since there are various scenarios to specify D and U, the
experiments were performed from three aspects; 1) single-
target detection; 2) full multiple-target detection; and 3) par-
tial multiple-target detection to evaluate the effectiveness of
TCIMBS in target detection. It should be noted that, for
full multiple-target detection, D used by TCIMBS consists
of all five targets and U is made up of BKG signatures
extracted from the data set. In partial multiple-target detection,
D contains more than one target of interest, and U consists
of the remaining targets. Moreover, single-target detection is
simply a special case of partial multiple-target detection. More
specifically, the original desired matrix D used by TCIMBS is
reduced to a single-target signature, D = d, and the remaining
four target signatures are considered as targets of no interest
to form an undesired target matrix U.

Qualitative and quantitative analyses were also conducted to
compare the performance among various tested BS methods.
Specifically, the 3-D receiver operating characteristic (ROC)
developed in [7, Ch. 3] and [50]-[52] was used to calculate the
area under the curve (AUC) for the three 2-D ROC curves of
(Pp, Pr), (Pp, 7), and (Pg, 7) to measure the overall detection
performance, target detection capability, and BKG suppression
ability of a detector, respectively. That is, the higher the AUC
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values of (Pp, Pp) and (Pp, 7) are, the better the detection
performance of the detector is. Conversely, the smaller the
AUC value of (Pg, 7) is, the better the BKG suppression ability
of the detector is.

A. Single-Target Detection

Four methods, UBS, SCBS, CTBS, and TCIMBS, were
compared due to the fact that SCBS and CTBS are CEM-based
BS methods for single-target detection. UBS was included
for comparison because it is a commonly used BS method
without prior knowledge and any specific application. Table I
tabulates bands selected by UBS, SCBS, CTBS, and TCIMBS
using each of five target signatures, A, B, C, K, and M as
the desired target signature d. Fig. 3 shows the detection
results of UBS, SCBS, SF-CTBS, SF-TCIMBS, SB-CTBS,
SB-TCIMBS, and SB-TCIMBS* which used bands in Table I
along with Table IT which calculated the AUC values of three
2-D ROC curves produced by the seven methods and recorded
the running times.

By visual inspection from Fig. 3, SCBS, SF-CTBS, and
SB-CTBS not only detected the target of interest but also
detected similar target pixels whose spectral signatures are
close to the desired target signature d. In contrast, TCIMBS
could effectively reduce the interfering effect resulting from
similar targets and in the meantime, it could also improve the
accuracy rate of detection. Furthermore, according to the AUC
values of (Pp, Pr) in Table II, except target signatures B and
K, both UBS and TCIMBS reached the same highest values,
and the AUC value of SB-TCIMBS* yielded the highest values
for the remaining three targets. It should be emphasized that
unlike SCBS and CTBS which used CEM as the detector, the
detector used by UBS and TCIMBS was TCIMF. Nevertheless,
TCIMBS selected better bands for a specific target detec-
tion than UBS did. In addition, the TCIMF-detected results
using SF-TCIMBS-selected bands were generally better than
those using SF-CTBS-selected bands. On the other hand, the
TCIMF-detected results using SB-TCIMBS*-selected bands
were the best. This indicated that compared to CTBS using
the same search strategies, the bands selected by TCIMBS had
better characterization ability for a single target d and could
reduce the influence of similar targets on detection of desired
targets. Finally, although SCBS and UBS have advantages in
time, their selected bands were not as good as those selected
by TCIMBS in terms of target detection.

B. Full Multiple-Target Detection

The experiments performed in this section assumed that a
full set of targets of interest was considered altogether as a
whole to make up the target signature matrix D. In this case,
the undesired target signature matrix U for target annihilation
must be extracted from BKG where the 4 x 4 region at four
corners of the image was extracted and their means were
calculated to be used as undesired target signature to form
U. Also, since CTBS and SCBS are designed for single-target
detection, they are not applicable to multiple-target detection.
So, in the experiments, only UBS, CSCBS, and TCIMBS
were compared for multiple-target detection. Table III lists the
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TABLE I
BAND SET SELECTED BY UBS, SCBS, CTBS, AND TCIMBS ON DETECTION OF EACH SINGLE TARGET A, B, C, K, AND M (ngs = 14)

UBS 1 15 28 42 55 82 96 109 123 136 150 163 177

A 134 133 105 135 132 106 131 151 153 152 58 60 107 59

B 149 148 150 147 133 146 134 142 132 141 135 151 131 144

SCBS C 159 157 158 172 156 160 2 18 15 1 3 16 17 67

K 168 174 167 166 159 169 173 165 164 172 158 155 162 156

M 1 60 58 59 61 160 161 63 62 2 152 57 4 66

A 58 187 60 151 54 105 50 53 152 52 106 47 134 49

B 75 150 187 149 151 148 188 133 147 152 134 140 96

SF-CTBS C 189 172 188 171 187 170 15 169 159 173 186 160 158 18

K 15 188 5 174 105 189 4 173 6 175 2 168 3 106

M 34 1 35 2 33 36 63 32 65 37 60 30 67

A 187 105 106 133 134 135 104 132 103 131 54 50 58 52

B 187 149 150 148 147 146 151 152 144 140 145 142 141 143

SB-CTBS C 189 187 172 173 171 170 169 168 186 188 174 167 166 159

K 188 174 173 2 1 5 3 6 7 189 8 9 168

M 1 2 4 189 3 6 7 8 34 35 32 37 36

A 189 34 184 82 105 187 62 106 175 134 50 151 48

B 16 42 38 148 187 189 170 149 133 150 147 135 151 186

SF-TCIMBS C 34 78 124 110 62 105 79 74 102 189 171 172 170
K 189 34 184 56 174 105 188 183 1 187 2 168 167 3

M 68 48 14 3 102 66 36 65 35 67 34 70 29

A 105 187 106 133 134 135 104 132 103 131 162 161 163 107

B 187 189 148 149 150 147 146 179 181 182 177 178 180 185

SB-TCIMBS C 189 187 172 171 173 170 169 168 186 188 174 167 166 159
K 187 105 2 1 4 5 189 6 7 8 188 9 10

M 1 2 4 5 3 189 7 8 9 10 34 35 32

A 2 47 48 49 50 54 105 106 134 174 186 187 189

B 7 15 88 105 106 133 140 148 149 150 151 182 185 187

SB-TCIMBS® C 53 54 105 150 159 160 161 169 170 171 172 186 187 189

K 1 2 3 29 36 105 134 167 168 173 174 187 188 189

M 1 2 4 34 35 65 150 151 152 153 160 169 183

optimal band subsets selected by UBS, CSCBS, and TCIMBS
with D consisting of five target signatures A, B, C, K, and M.
Fig. 4 shows the detection results of UBS, CSCBS-SFBS,
SF-TCIMBS, CSCBS-SBBS, SB-TCIMBS, and
SB-TCIMBS*. Table IV tabulates the AUC values of
three 2-D ROC curves obtained from Fig. 4. From Fig. 4, the
detection results of TCIMF using the band subset obtained by
UBS showed that the targets were nearly embedded in BKG,
especially the subpixel targets in the third column, which are
barely invisible. In contrast, the detection results obtained
by TCIMF using the TCIMBS-selected bands detected the
targets very well and the difference between the detected
targets and BKG was visibly clear. This was due to the fact
that the bands selected by TCIMBS could better suppress
BKG while reducing the BKG’s impact on target detection.
This can be also verified by the AUC value of (Pg, 7) in
Table IV where the smaller the AUC value of (Pg, 7) is, the
better the suppression of BKG by the detector and vice versa.
In Table IV, the AUC value of (Pg, 7) produced by TCIMF
using TCIMBS-selected bands was smaller than that using
UBS-selected bands, which further confirms the advantage of
using TCIMBS-selected bands in BKG suppression.
Furthermore, the performance of CSCBS and TCIMBS was
also compared when they both used the same BS search
strategies. According to the AUC values of (Pp, Pg) in
Table IV, it was found that using the forward BS search
method CSCBS-SFBS achieved one which was higher than
SF-TCIMBS, whereas using the backward BS search method,

SB-TCIMBS* also achieved the AUC value = 1, which
is the same as that produced by CSCBS-SFBS. The reason is
that the function of U in TCIMBS is to suppress the response
of the similar undesired targets, while the suppression of the
large BKG uses R™'. However, in the full multiple-target
detection, especially in the analog image TE, U is selected
from the simple BKG, and the spectral in U is very similar
to that of all BKG pixels, which leads to the function of U
being close to R™!, and the effect of U being minimal, making
the mechanism of TCIMBS almost consistent with CSCBS.
Obviously, the AUC value of (Pp, Pr) has been unable to
evaluate which of the band subsets selected by these two
methods is better for detection. Then, by comparing the AUC
value of (Pg, 7), it can be concluded that the BKG suppression
effect of SB-TCIMBS* was better than that of CSCBS-SFBS.
This indicated that although U did not have an advantage in
removing similar undesired targets, it could still reduce the
influence of certain BKG pixels that R™' cannot suppress.
In conclusion, SB-TCIMBS* was the best and slightly better
than CSCBS-SFBS in full multiple-target detection.

C. Partial Multiple-Target Detection

As shown in full multiple-target detection, TCIMBS had
less advantages in the simulated images than in the real images
to be shown in Section VIII. The reason for this is that the goal
of U is to remove the influence of undesired targets, especially
similar interfering targets in D, rather than to suppress the
BKG. When U is formed by a simple signature extracted
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SB-CTBS SB-TCIMBS SB-TCIMBS"

CEM detection of a single target using bands selected by SCBS and CTBS as well as TCIMF detection of a single target using bands selected by

UBS and TCIMBS where each single target is chosen from one of the five target signatures, A, B, C, K, and M in TE data.

CSCBS-SFBS

SF-TCIMBS

SB-TCIMBS"

CSCBS-SBBS SB-TCIMBS

Fig. 4. LCMV detection of full multiple-target using bands selected by CSCBS and TCIMF detection of full multiple-target using bands selected by UBS

and TCIMBS where full multiple-target is D = [A, B, C, K, M] in TE data.

from BKG, its effect is very little. Therefore, partial multiple-
target detection using band subsets selected by UBS, CSCBS,
and TCIMBS was particularly designed to explore the removal
ability of U in target detection.

In order to better discuss the ability of U to remove the
similar interfering targets in D, the setting of the desired
target matrix D and the undesired target matrix U was specif-
ically designed and carefully selected based on the following
guidelines. One is that the less the spectral similarity in
the targets of interest, the better the partial-multiple target
detection. The other is that the higher the spectral similarity
between targets of interest and targets of no interest, the
better the partial-multiple target detection. In other words,
if the spectral difference between the targets of interest and

targets of no interest is small, CSCBS-selected bands used
for detecting interesting targets may not be effective since
such similar uninteresting targets will be still considered by
CSCBS as desired targets to be detected which results in
false alarms. On the contrary, TCIMBS can effectively select
a band subset with strong characterization ability for each
target by suppressing these similar but uninteresting targets as
unwanted targets so as to find better and more effective bands
for each target of interest. In order to evaluate the similarity
between targets, the spectral angle mapper (SAM) was used
to calculate the similarity among all desired targets tabulated
in Table V.

It can be seen that in the TE image, the spectral angles
of targets A and B, A and M, and C and K are the
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TABLE 11
AUC VALUES OF (Pp, Pr), (Pp, ), AND (Pr, 1) CALCULATED FROM THE RESULTS IN FIG. 3 AND RUNNING TIME OF EACH BS METHOD

Target Method AUC of (Pp, Pr) AUC of (Pp, 7) AUC of (P, 1) Running time (s)

UBS 0.99998749 0.86923077 0.05120528 0.0043

SCBS 0.99990763 0.87884615 0.01697804 0.62

SF-CTBS 0.99994612 0.87653846 0.01311903 8.46

A SF-TCIMBS 0.99998845 0.86923077 0.02305499 10.92
SB-CTBS 0.99996825 0.87115385 0.01654751 242.58
SB-TCIMBS 0.99995718 0.87230769 0.07333667 349.13
SB-TCIMBS" 0.99998845 0.86923077 0.02127183 1940.04
UBS 0.99998845 0.87000000 0.04507180 0.0043

SCBS 0.99980372 0.89769231 0.02318432 0.57

SF-CTBS 0.99996729 0.87730769 0.02020213 8.46

B SF-TCIMBS 0.99998845 0.86923077 0.02362311 10.65
SB-CTBS 0.99994901 0.86807692 0.03778656 243.21
SB-TCIMBS 0.99742669 0.86846154 0.10547081 348.90
SB-TCIMBS" 0.99998845 0.86923077 0.02289088 1833.51
UBS 0.99188126 0.88384615 0.19842348 0.0043

SCBS 0.99967094 0.85076923 0.04833092 0.73

SF-CTBS 0.99992591 0.86269231 0.02421049 8.43

C SF-TCIMBS 0.99998845 0.86923077 0.03729749 10.65
SB-CTBS 0.99981430 0.85461538 0.02459799 241.14
SB-TCIMBS 0.99998845 0.87038462 0.04330415 348.22
SB-TCIMBS" 0.99998845 0.86923077 0.02893131 1912.50
UBS 0.99998845 0.87153846 0.05221144 0.0043

SCBS 0.99943569 0.76576923 0.04642217 0.51

SF-CTBS 0.99996729 0.87730769 0.01061740 8.49

K SF-TCIMBS 0.99998845 0.86923077 0.01852029 10.62
SB-CTBS 0.99996777 0.87500000 0.01046330 248.71
SB-TCIMBS 0.99998461 0.86923077 0.03673838 346.93
SB-TCIMBS® 0.99998845 0.86923077 0.01733827 1884.99
UBS 0.99998461 0.86884615 0.04227173 0.0043

SCBS 0.99989031 0.89307692 0.04573423 0.47

SF-CTBS 0.99994468 0.88615385 0.02088282 8.63

M SF-TCIMBS 0.99998653 0.86961538 0.03094061 10.66
SB-CTBS 0.99985760 0.89038462 0.02089933 246.77
SB-TCIMBS 0.95399991 0.79692308 0.19171461 346.45
SB-TCIMBS" 0.99998845 0.86846154 0.02444464 1874.70

TABLE III

BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF FULL TARGETS D = [A, B, C, K, M]

UBS 1 15 28 42 55 69
CSCBS-SFBS 34 18 44 28 187 170
SF-TCIMBS 35 172 188 148 187 109
CSCBS-SBBS 189 187 172 173 171 170
SB-TCIMBS 189 187 172 173 171 170
SB-TCIMBS” 34 38 39 41 68 150

82 96 109 123 136 150 163 177
3 54 171 189 150 172 151 173
189 61 33 153 170 34 150 151
169 168 186 188 174 167 166 159
169 168 186 188 174 167 166 159
151 152 169 170 171 172 187 189

TABLE IV
AUC VALUES OF (Pp, Pr), (Pp, ), AND (Pg, 1) CALCULATED FROM THE RESULTS IN FIG. 4 AND RUNNING TIME OF EACH BS METHOD

Method AUC of (Pp, Pr) AUC of (Pp, ) AUC of (P, 1) Running time (s)
UBS 0.96577386 0.49384615 0.16867669 0.0043
CSCBS-SFBS 1.00000000 0.94807692 0.04678329 9.46
SF-TCIMBS 0.99999904 0.94769231 0.04759894 11.70
CSCBS-SBBS 0.99823513 0.95423077 0.14217256 252.70
SB-TCIMBS 0.99413913 0.95000000 0.16033809 375.98
SB-TCIMBS" 1.00000000 0.94769231 0.04447178 2004.27

smallest. Therefore, D and U are set to two combinations,
{A, C} and {B, K, M} for BS and target detection of partial
targets, respectively. Tables VI-IX and Figs. 5 and 6 are
the results of their BS, detection, and quantitative analy-
sis including AUC values and running time of each BS
method.
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Regardless of D = [A, C] or D = [B, K, M], TCIMBS’ con-
straints on the target matrix D and the undesired target matrix
U in partial multiple-target detection ensure that the undesired
targets can be suppressed well while the targets can be also
detected. This fact was demonstrated in Tables VII and IX
where the AUC values calculated by partial multiple-target
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CSCBS-SFBS SF-TCIMBS

Fig. 5.

UBS and TCIMBS where partial multiple-target is D = [A, C] in TE data.

CSCBS-SFBS SF-TCIMBS
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LCMV detection of partial multiple-target using bands selected by CSCBS and TCIMF detection of partial multiple-target using bands selected by

CSCBS-SBBS SB-TCIMBS SB-TCIMBS’

Fig. 6. LCMV detection of partial multiple-target using bands selected by CSCBS and TCIMF detection of partial multiple-target using bands selected by

UBS and TCIMBS where partial multiple-target is D =

TABLE V
SAM OF EACH TARGET SIGNATURE FOR TE DATA

SAM A B C K M
A 0.00000

B 0.03232  0.00000

C 0.04301  0.04836  0.00000

K 0.04025  0.05654  0.03025  0.00000

M 0.04085 0.04582  0.05090 0.05142  0.00000

detection using the bands selected SB-TCIMBS* had the best
detection performance, and its suppression effect on BKG
was also relatively excellent. In addition, except the detection
results of the two backward BS methods, CSCBS-SBBS and
SB-TCIMBS in Table IX which were slightly worse than
UBS, the results of other BS methods designed for specific
targets were all better than UBS, which justified the use of
the target-constrained BS method.

VIII. REAL-IMAGE EXPERIMENTS

A real-world image, hyperspectral digital imagery collection
experiment (HYDICE) which is widely used in target detection
has a spatial resolution of 1.56 m and contains 169 spec-
tral bands with a size of 64 x 64. There are 15 panels
divided into five types of targets, pi, p2, P3, P4, and Ps,
which are distributed on each row with three different sizes,
3 x 3,2 x 2,and 1 x 1, respectively, shown in Fig. 7(a).
Fig. 7(b) shows their precise spatial locations with the pixels in
yellow (Y pixels) indicating panel pixels mixed with the BKG.
In addition, there are a total of 19 panel pixels highlighted by
red, which are the target pixels to focus on.

Similar to synthetic image experiments, the effectiveness
of TCIMBS was also verified by single-target detection, full
multiple-target detection, and partial multiple-target detection
with ngg = 18 determined by VD.

[B, K, M] in TE data.

11> P12, P13

P211, P22, P23

P3i1, P312, P32, P33

Pa11, Pa12, P42, Pa3

Psi1, P52, Ps3s

Fig. 7.

(a) HYDICE panel scene. (b) Ground truth map of the 15 panels.

A. Single-Target Detection

As the same as the TE experiments, for single-target detec-
tion, each of the five target panel pixels p;, p2, P3, P4,
and ps was used as the desired single-target signature d.
The bands selected by UBS, SCBS, SF-CTBS, SF-TCIMBS,
SB-CTBS, SB-TCIMBS, and SB-TCIMBS* are listed in
Table X. The detection results using the bands in Table X
along with their corresponding AUC values are also shown in
Fig. 8 and Table XI.

According to the AUC values of (Pp, Pr) in Table XI, it was
found that UBS had a poor detection of the panel pixels in
rows 2 and 3 using target signatures p, and ps. This is because
the UBS method selected the same bands for different targets,
so the selected subset of bands cannot effectively identify
panel pixels in rows 2 and 3 using targets p, and ps. Similarly,
SB-TCIMBS was not effective in detecting panel pixels in
rows 2, 4, and 5 using targets p», ps, and ps. The reason
for analysis is that SB-TCIMBS removed one band from the
current band set at a time, so as to meet the maximum variance
of the remaining band set. As a result, the selected band set
may not be able to guarantee the MV and, thus, the best
matching degree between the selected band and the desired
target. In other words, the set of selected bands may not be
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TABLE VI
BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF PARTIAL TARGETS D = [A, C]

UBS 1 15 28 42 55 69 82 96 109 123 136 150 163 177
CSCBS-SFBS 54 78 52 79 50 172 189 170 186 105 171 53 169 55
SF-TCIMBS 34 95 126 189 48 186 62 105 170 63 106 171 61 104
CSCBS-SBBS 189 172 171 170 187 173 169 168 186 188 167 174 166 159
SB-TCIMBS 189 172 171 170 187 173 169 168 186 188 167 174 166 159
SB-TCIMBS® 48 50 52 53 54 105 106 151 161 170 171 172 186 189

TABLE VII

AUC VALUES OF (Pp, Pr), (Pp, ), AND (Pp, 7) CALCULATED FROM THE RESULTS IN FIG. 5 AND RUNNING TIME OF EACH BS METHOD

Method AUC of (Pp, Pr) AUC of (Pp, T) AUC of (P, 1) Running time (s)
UBS(TCIMF) 0.98927307 0.90307692 0.21615500 0.004278
CSCBS-SFBS 0.99988061 0.90730769 0.03973165 10.70

SF-TCIMBS 0.99998508 0.88807692 0.04730400 10.99
CSCBS-SBBS 0.99985173 0.89307692 0.06808526 276.21
SB-TCIMBS 0.99980504 0.89038462 0.08231952 361.87
SB-TCIMBS" 0.99998556 0.88769231 0.04287399 1943.62

TABLE VIII

BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF PARTIAL TARGETS D = [B, K, M]

UBS 1 15 28 42 55 69 82 96 109 123 136 150 163 177
CSCBS-SFBS 34 46 137 39 37 152 1 154 105 106 2 162 187 161
SF-TCIMBS 36 18 42 44 79 50 78 60 48 173 106 148 133 1
CSCBS-SBBS 187 105 106 133 135 134 189 132 131 104 161 162 163 164
SB-TCIMBS 187 105 106 133 134 135 132 104 131 162 161 103 163 164
SB-TCIMBS® 1 105 106 131 133 134 135 149 150 161 162 163 165 187
TABLE IX

AUC VALUES OF (Pp, Pr), (Pp, ), AND (Pr, 1) CALCULATED FROM THE RESULTS IN FIG. 6 AND RUNNING TIME OF EACH BS METHOD

AUC of (Py, 7)

Method AUC of (Pp, Pr) AUC of (Pp, 7) Running time (s)
UBS(TCIMF) 0.99990510 0.90884615 0.07404364 0.004278
CSCBS-SFBS 0.99992678 0.91846154 0.02737037 10.50

SF-TCIMBS 0.99998555 0.90615385 0.05296002 10.83

CSCBS-SBBS 0.99641561 0.89807692 0.04997971 275.78
SB-TCIMBS 0.99890893 0.90923077 0.10732954 355.35
SB-TCIMBS" 0.99998699 0.90653846 0.03146836 1914.49

the most representative for the targets to be detected. This
was why its improved method SB-TCIMBS* was proposed.
SB-TCIMBS* guaranteed the MV of the remaining bands
while removing redundant bands, so it could retain enough
information to characterize the targets of interest. It turned
out that the target detection results using the band set selected
by SB-TCIMBS* was the best.

In general, when a similar target has a certain degree
of similarity to the interesting target to be detected, SCBS
and CTBS can hardly remove the information of such a
similar target, leading to obvious false alarms. By taking
advantage of U, TCIMBS performed better than SCBS and
CTBS in suppressing these similar targets. From the AUC
value of (Pp, Pr) for each target, most of the AUC values
of using UBS-selected bands were relatively low, while using
TCIMBS-selected bands always yielded higher values. In par-
ticular, TCIMF using SB-TCIMBS*-selected bands always
produced the maximum AUC values. These demonstrated that
TCIMBS was a very effective BS for specific single-target
detection.

B. Full Multiple-Target Detection

According to the HYDICE scene, in addition to the five
types of target panel pixels, there are also four types of sub-
stances in BKG, namely, grass, road, forest, and interferences
in a large area. Therefore, for each BKG signature, the spectra
of 9 pixels were extracted to calculate the average spectra as
its signature, and then these average spectra of the four BKG
signatures were used to form the undesired target matrix U.

Following the same experiments conducted for TE, the
bands selected by UBS, CSCBS, and TCIMBS are listed in
Table XII. The detection results using the bands in Table XII
along with their corresponding AUC values are also shown in
Fig. 9 and Table XIII, respectively. The detection results in
Fig. 9 show that all the BS methods could detect the target
pixels well, but the bands selected by UBS, CSCBS-SBBS,
and SB-TCIMBS were not effective in suppressing BKG as the
other three BS methods. Three conclusions can be drawn from
the quantitative analysis of the AUC values of (Pp, Pr). First,
CSCBS-SFBS had the lowest value. Second, TCIMBS had
higher values than that produced by CSCBS in both forward
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UBS SCBS SF-CTBS

Fig. 8.

SF-TCIMBS
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SB-CTBS SB-TCIMBS SB-TCIMBS"

CEM detection of a single target using bands selected by SCBS and CTBS as well as TCIMF detection of a single target using bands selected by

UBS and TCIMBS where each single target is chosen from one of the five target signatures, pi, p2, p3, P4, and ps in HYDICE data.

UBS CSCBS-SFBS SF-TCIMBS

SB-TCIMBS

CSCBS-SBBS SB-TCIMBS*

Fig. 9. LCMV detection of full multiple-target using bands selected by CSCBS and TCIMF detection of full multiple-target using bands selected by UBS
and TCIMBS where full multiple-target is D = [pi, p2, P3, P4. ps] in HYDICE data.

and backward search manners. Third, the SB-TCIMBS* had
the highest AUC value. Since the BKG of the HYDICE image
is more complicated than that of the simulated TE image with
a simple Gaussian noise BKG, R™! could not suppress as it
did for TE image data. In summary, using bands selected by
TCIMBS for full target detection of real images could improve
the detection performance.

C. Partial Multiple-Target Detection

In analogy with Table V, Table XIV calculated SAM
values among five target signatures, pi, P2, P3, P4, and
ps. As can be seen from Table XIV, the SAM values of
target signatures p; and p,, p; and p3, ps and ps were
the smallest. This implies that {p;, p»} were very similar,

so are {pz, p3} and {p4, ps}. Therefore, {p;, p3, p4} and
{p2, ps} were used as D and U for BS. Table XV lists
the bands selected by UBS, CSCBS, and TCIMBS. Fig. 10
shows the target detection results of various methods. Their
AUC values and running time are tabulated in Table XVI
where the TCIMF-detected results using the bands selected by
SB-TCIMBS were the worst and the TCIMF-detected results
using bands selected by UBS were also poor. In compar-
ison with CSCBS and TCIMBS, the forward BS method
SE-TCIMBS selected better bands than CSCBS-SFBS did
and the backward BS method SB-TCIMBS* was significantly
better than CSCBS-SBBS in terms of selecting effective bands.
On the whole, SB-TCIMBS* selected the best band subset for
TCIMF detection.
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TABLE X
BAND SET SELECTED BY UBS, SCBS, CTBS, AND TCIMBS ON DETECTION OF EACH SINGLE TARGET pj, P2, P3, P4, AND ps5 (ngs = 18)

UBS 1 10 20 29 39 48 57 67 76 86 95 104 114 123 132 142 151 161
P 105 111 112 24 104 57 67 66 28 53 49 39 103 11 79 17 25 106
p2 33 99 115 69 82 90 27 26 52 100 53 67 19 57 49 58 2 83
SCBS ps 45 51 46 50 44 52 47 43 35 49 19 5 34 17 15 111 36 18
ps 115 114 63 61 102 103 80 65 96 33 56 57 51 69 64 25 104 32
ps 25 28 24 114 26 27 115 57 61 17 89 14 38 23 39 11 56 67
P 169 127 122 105 112 149 130 116 128 123 148 17 22 2 106 109 142 132
p> 122 128 133 154 143 137 142 148 153 11 27 19 6 138 46 49 42 129
SF-CTBS P: 122 126 53 41 118 111 15 52 45 51 38 107 44 5 49 26 37 98
ps 123 166 50 128 158 101 152 141 149 46 153 25 134 9 38 112 104 140
Ps 122 49 25 17 39 154 136 28 153 18 27 38 52 132 155 26 151 14
p: 109 110 111 112 122 113 132 137 138 140 123 139 108 114 136 142 141 120
P> 133 129 143 144 118 44 46 47 45 43 115 78 154 153 142 33 35 32
SB-CTBS P: 123 45 44 46 47 43 51 52 50 49 53 54 55 56 57 48 70 39
ps 158 152 154 155 153 63 156 151 150 149 159 148 147 157 161 163 166 165
ps 61 62 73 67 124 58 94 114 27 28 25 26 24 113 136 23 21 29
P 122 144 154 120 119 71 126 142 79 97 128 113 106 70 58 112 117 75
P> 122 128 124 163 46 169 48 154 151 50 120 113 115 42 49 142 133 107
SF-TCIMBS P 122169 154 168 167 126 52 40 98 45 49 86 42 46 129 156 26 19
ps 169 51 154 127 129 119 152 97 56 156 133 42 113 106 122 26 36 143
Ps 122 150 140 126 111 71 148 151 38 131 27 14 25 132 156 106 136 152
P 109 110 111 112 113 122 132 137 138 140 123 139 108 114 136 142 141 120
P> 133 45 46 47 44 43 42 49 78 41 39 40 38 37 48 36 50 154
SB-TCIMBS P; 123 45 44 46 47 43 42 49 41 39 38 40 37 36 48 50 70 35
ps 6l 62 152 158 155 154 153 156 151 150 149 159 157 148 147 161 166 165
ps 61 62 73 67 58 27 28 25 114 26 24 136 23 113 94 21 29 22
P 17 28 39 49 51 54 55 70 90 93 106 110 111 116 128 132 140 148
P2 19 27 38 46 50 71 82 95 97 98 101 113 115 118 123 129 133 142
SB-TCIMBS® ps 27 35 38 45 46 50 52 54 56 88 98 99 109 113 123 129 133 154
ps 18 26 27 33 38 54 61 63 89 98 105 112 138 143 149 152 155 156
Ps 17 27 28 38 52 57 61 63 78 82 89 94 106 114 122 142 151 156

Similarly, we swapped D and U as D = [p2, ps] and U
= [p1, p3, p4]. Table XVII lists the bands selected by UBS,
CSCBS, and TCIMBS. Fig. 11 shows the detection results of
various BS methods along with their AUC values and running
time tabulated in Table XVIII. The TCIMF-detected results of
UBS were obviously worse than those using bands selected
by CSCBS and TCIMBS which are specifically designed for
desired targets to be detected. However, running time of UBS
is least. In general, SB-TCIMBS* was the best BS method
since band set selected by SB-TCIMBS* can perform well in
target detection and has excellent ability in suppressing BKG.

IX. DISCUSSION

Five concluding remarks are noteworthy.

1y

2)

Since UBS has been widely used in BS and also has
its advantage of no prior knowledge required, UBS
was compared to our proposed TCIMBS. The experi-
mental results demonstrated that with the same detec-
tor used to perform target detection, SF-TCIMBS and
SB-TCIMBS* performed better than UBS in terms of
the AUC value of (Pp, Pr) regardless of single-target
detection, full multiple-target detection, and partial
multiple-target detection. This evidence shows that dif-
ferent targets require different sets of bands to be
detected well and the same set of bands selected by
UBS could only work well to some extent.

TCIMBS combines the advantages of both CTBS and
CSCBS to select better band subsets to perform target

3)

4)

detection well. This is because TCIMBS moves the
similar targets of no interest Dpginterest in D to form an
unwanted target matrix Uypwaneq for eliminating their
interfering effects on targets to be detected. The exper-
imental results demonstrated that TCIMBS had good
consistency and robustness compared with other BS
methods, especially in partial multiple-target detection.
The selection of U in TCIMBS is crucial since it
has direct impact on detection performance. Through
the results of single-target detection and partial
multiple-target detection, TCIMBS could select more
effective bands when U is composed of similar targets
of no interest in D which have significant impact on
target detection. When the full targets are detected,
there are no similar targets to be used to construct U
in which case U must be formed by BKG signatures.
However, BKG is so complicated that finding appropri-
ate BKG signatures used for BKG suppression will be
very challenging as demonstrated in TE and HYDICE
experiments.

The running time(s) of various BS methods were
documented for the time complexity. The used com-
puter environment was Intel i7-6700 3.4-HZ base
frequency CPU and 16-GB 2133-MHz memory. All
experiments were implemented using MATLAB with
version 2015b. As shown in the Tables II and XI for
single-target detection, UBS required the least time,
followed by SCBS and CTBS, and finally TCIMBS,
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TABLE XI
AUC VALUES OF (Pp, Pr), (Pp, ), AND (P, 1) CALCULATED FROM THE RESULTS IN FIG. 8 AND RUNNING TIME OF EACH BS METHOD
Target Method AUC of (Pp, Pr) AUC of (Pp, 7) AUC of (Pr, T) Running time (s)
UBS 0.99902272 0.55833333 0.02770706 0.000566
SCBS 0.99918560 0.57500000 0.01302590 0.38
SF-CTBS 0.99918560 0.57833333 0.01017469 0.65
b SF-TCIMBS 0.99918560 0.56833333 0.01109822 0.91
SB-CTBS 0.99918560 0.56166667 0.01368800 27.73
SB-TCIMBS 0.99918560 0.56166667 0.01501710 44.42
SB-TCIMBS" 0.99918560 0.57166667 0.00991571 164.14
UBS 0.93132942 0.69250000 0.07828690 0.000566
SCBS 0.99914467 0.80250000 0.03138807 0.39
SF-CTBS 0.99954179 0.79000000 0.02500000 0.62
P: SF-TCIMBS 0.99972507 0.78250000 0.03098485 0.90
SB-CTBS 0.99926686 0.81250000 0.03097507 27.67
SB-TCIMBS 0.96465665 0.66750000 0.07936950 44.27
SB-TCIMBS" 0.99981672 0.79000000 0.02803519 164.50
UBS 0.99828935 0.76500000 0.08005132 0.000566
SCBS 0.99963343 0.71000000 0.01393206 0.30
SF-CTBS 0.99963343 0.72250000 0.01203568 0.61
ps SF-TCIMBS 0.99963343 0.73250000 0.01927175 0.90
SB-CTBS 0.99963343 0.71250000 0.01168866 27.49
SB-TCIMBS 0.99969453 0.75750000 0.03766373 44.28
SB-TCIMBS’ 0.99969453 0.72500000 0.01703812 170.59
UBS 0.99957234 0.73250000 0.02601417 0.000566
SCBS 0.99926686 0.77500000 0.01692815 0.44
SF-CTBS 0.99975562 0.75250000 0.01403715 0.61
P SF-TCIMBS 0.99969453 0.74500000 0.01972630 0.90
SB-CTBS 0.99926686 0.72750000 0.03491447 27.70
SB-TCIMBS 0.93786657 0.67000000 0.04617791 44.25
SB-TCIMBS" 0.99975562 0.75250000 0.01639296 170.58
UBS 0.99960288 0.67250000 0.02501222 0.000566
SCBS 0.99917522 0.66750000 0.01116813 0.30
Ps SF-CTBS 0.99951124 0.67000000 0.01240469 0.62
’ SF-TCIMBS 0.99963343 0.65500000 0.01698436 0.90
SB-CTBS 0.99911413 0.71000000 0.02617058 27.53
SB-TCIMBS 0.99385997 0.73750000 0.10491691 44.17
SB-TCIMBS" 0.99969453 0.67500000 0.01524682 167.16
TABLE XII
BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF FULL TARGETS D = [py, p2, P3, P4, P51
UBS 1 10 20 29 39 48 57 67 76 86 95 104 114 123 132 142 151 16l
CSCBS-SFBS 122 128 127 154 51 50 133 136 49 27 134 142 121 14 55 132129 149
SF-TCIMBS 122 128 71 45 52 73 18 47 155 135 142 133 49 149 129 57 161 132
CSCBS-SBBS 122 142 143 69 133 129 49 135 134 132 70 108 124 111 112 110 131 56
SB-TCIMBS 122 142 143 69 129 133 49 135 134 132 70 108 131 124 56 121 137 111
SB-TCIMBS" 14 29 41 49 51 65 69 84 93 95 108 111 122 129 133 134 142 153
TABLE XIII

AUC VALUES OF (Pp, Pr), (Pp, ), AND (P, 7) CALCULATED FROM THE RESULTS IN FIG. 9 AND RUNNING TIME OF EACH BS METHOD

Method AUC of (Pp, Pp) AUC of (Pp, 7) AUC of (P, 7) Running time (s)

UBS(TCIMF) 0.99781186 0.59657895 0.02902011 0.000566

CSCBS-SFBS 0.99809587 0.58289474 0.01745033 0.81

SF-TCIMBS 0.99810877 0.58815789 0.01894653 1.06

CSCBS-SBBS 0.99466842 0.60236842 0.04683959 28.46

SB-TCIMBS 0.99638537 0.65552632 0.04355040 50.60

SB-TCIMBS" 0.99821205 0.59289474 0.01729826 182.98

especially SB-TCIMBS*, which required the longest
TABLE XIV

SAM OF EACH TARGET SIGNATURE FOR HYDICE DATA

SAM P P2 p3 P4 Ps
P 0.0000
p2 0.0435 0.0000
P: 0.0673 0.0430 0.0000
P4 0.1144 0.1479 0.1652 0.0000
Ps 0.1240 0.1567 0.1710 0.0248 0.0000

time. Similarly, for full multiple-target detection and
partial multiple-target detection, Tables IV, VII, IX,
XIII, XVI, and XVIII showed that the forward selection
method consumed less time than the backward selection
method. In particular, since SB-TCIMBS* needed to be
implemented L-ngg times to obtain the final band subset,
the running time of SB-TCIMBS* was the longest.
However, as computing power keeps being improved,
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TABLE XV
BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF PARTIAL TARGETS D = [py, p3, p4]
UBS 1 10 20 29 39 48 57 67 76 86 95 104 114 123 132 142 151 161
CSCBS-SFBS 122 128 127 125 124 138 153 132 126 99 87 69 156 134 5 54 45 53
SF-TCIMBS 122 128 130 140 53 49 126 47 99 169 112 103 97 108 84 156 106 142
CSCBS-SBBS 51 50 49 52 53 54 55 47 48 56 57 45 70 19 90 17 44 15
SB-TCIMBS 45 46 47 44 51 50 52 49 53 54 48 55 56 57 70 69 19 78
SB-TCIMBS" 17 24 27 33 38 42 45 46 50 88 94 106 112 123 144 151 156 159

UBS

UBS and TCIMBS where partial multiple-target is D =

SF-TCIMBS

UBS and TCIMBS where partial multiple-target is D =

CSCBS-SFBS

CSCBS-SFBS

SF-TCIMBS

CSCBS-SBBS

[p1, p3, p4] in HYDICE data.

[p2, ps] in HYDICE data.

TABLE XVI

CSCBS-SBBS
Fig. 11. LCMV detection of partial multiple-target using bands selected by CSCBS and TCIMF detection of partial multiple-target using bands selected by

SB-TCIMBS

SB-TCIMBS’
Fig. 10. LCMV detection of partial multiple-target using bands selected by CSCBS and TCIMF detection of partial multiple-target using bands selected by

SB-TCIMBS

SB-TCIMBS'

AUC VALUES OF (Pp, Pr), (Pp, 7), AND (Pg, 7) CALCULATED FROM THE RESULTS IN FIG. 10 AND RUNNING TIME OF EACH BS METHOD

Method AUC of (Pp, Pr) AUC of (Pp, T) AUC of (Pr, T) Running time (s)
UBS(TCIMF) 0.96769779 0.57409091 0.07840269 0.000566
CSCBS-SFBS 0.99766329 0.59500000 0.02044676 0.88

SF-TCIMBS 0.99820852 0.57954545 0.03195471 091

CSCBS-SBBS 0.98366529 0.53500000 0.05492166 31.29

SB-TCIMBS 0.87252698 0.59136364 0.14805508 45.33

SB-TCIMBS" 0.99902081 0.60863636 0.02386903 162.85
TABLE XVII

BAND SET SELECTED BY UBS, CSCBS, AND TCIMBS ON DETECTION OF PARTIAL TARGETS D = [p2, ps]

UBS 1 10 20 29 39 48 57 67 76 86 95 104 114 123 132 142 151 161
CSCBS-SFBS 122 169 164 133 147 42 129 54 119 113 107 149 25 17 46 49 38 55
SF-TCIMBS 122 118 94 64 120 69 101 162 99 71 131 91 83 113 52 136 45 49
CSCBS-SBBS 143 129 133 142 144 82 83 33 134 46 45 47 44 122 69 123 78 43
SB-TCIMBS 45 46 47 44 43 78 27 28 123 122 69 133 33 134 142 143 129 144
SB-TCIMBS" 27 38 46 49 54 57 61 70 78 82 88 94 107 113 115 122 129 133

TABLE XVIII

AUC VALUES OF (Pp, Pr), (Pp, t), AND (P, 1) CALCULATED FROM THE RESULTS IN FIG. 11 AND RUNNING TIME OF EACH BS METHOD

Method AUC of (Pp, Pr) AUC of (Pp, 7) AUC of (Pr, T) Running time (s)
UBS(TCIMF) 0.93750000 0.66125000 0.08369374 0.000566
CSCBS-SFBS 0.99876162 0.67375000 0.02699364 0.87

SF-TCIMBS 0.99695756 0.72375000 0.05995841 1.08
CSCBS-SBBS 0.99678938 0.55625000 0.02439579 31.13
SB-TCIMBS 0.99692698 0.73875000 0.10450342 50.99
SB-TCIMBS" 0.99928143 0.68625000 0.03389922 183.97

the time consumption will become less a problem.
In this case, the detection performance will be the main

concern.

5) Although this article only investigated the application

in target detection, the concepts and ideas derived
from TCIMBS can also be applied to other application

areas, hyperspectral classification, spectral unmixing,
etc., which will be our future work.

X. CONCLUSION

This article develops a new BS method for target detection,
TCIMBS. By constraining a target matrix D of interest and an
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undesired target matrix U, TCIMBS minimizes the variance
of the desired target signals passing through an FIR filter so
as to obtain an optimal band subset that can be used to detect
the desired targets in D. Two BP criteria based on TCIMF
are designed. In addition, using these two BP criteria, two
BS search methods, SF-TCIMBS and SB-TCIMBS along with
an improved backward search method, SB-TCIMBS* is also
derived as their corresponding counterparts. The experimental
results demonstrate the effectiveness of TCIMBS from three
aspects. First, unlike UBS, TCIMBS searches for different
optimal subsets of bands for different targets. For desired
targets, when TCIMF is used to detect the targets on the
band subset selected by UBS and TCIMBS, the detection
results based on TCIMBS-selected bands perform better than
that on UBS-selected bands. Moreover, the band subsets
obtained by SF-TCIMBS and SB-TCIMBS* are more capable
of suppressing the BKG than UBS. Second, under the same
selection mechanism, comparing the single-target-based BS
method CTBS, experiments have shown that the bands selected
by TCIMBS can effectively reduce the detection of similar
undesired targets and also improve the detection performance.
Third, since the BKG is complex, the band subset obtained
by TCIMBS can effectively reduce the influence of BKG on
the detection and optimize the detection results. In general,
TCIMBS can effectively select a band subset with strong
responsive ability to specific targets in D and weak response to
similar undesired targets in U while suppressing BKG, which
can be successfully applied to the detection of multiple targets
of different types. It should be pointed out that this article only
investigates target detection as an application to demonstrate
the utility of TCIMBS. Its potential can be further explored
for other applications such as classification and spectral
unmixing.

APPENDIX

Proof of Theorem 1: For simplicity, let [D U] = T,

1,.
[D Ulg, =T, [DUlg,, =T, c= [0” ! , and represent

a band image B; as a band vector by, i.qe*.l, ; = b;. Also,
let
X, = [rle2,. . .x)] = LRI (A1)
g

denote the data matrix using the first / bands, which is an
| x N-dimensional matrix, where ri = (ri,ri,...,r})7 is
the ith sample vector with the first / bands. Then, from
(Al), the data matrix X;y; using ([+1) bands is given
by

oo o
r21 r22 r2
Xii1 = { X ] - : : (A2)
Tl 1 2 N
rl rl .« .. rl
rll+1 712+1 rzlil
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where 1 = (L rh...rl)T. Let Rg =
/NN rieh = (1/N)X,XT. We have
Re,uib..)
RS i i \T 1 T
- N Z (rz+1 (ri41) ) = NXI+1X1+1
i=1
1 X] 1 X]XT X[I'] 1
== X' r = — ! *
N [rlil} (X[ ] N [rlTHXIT A
_ { Rg, (1/N)Xiri14 ] (A3)
(l/N)rlT_HXIT (l/N)rlT_HrgH ’

Now, in order to take care of the scalar 1/N in (A3) to
simplify the following mathematical derivations, we define
X, = (1/V/N)X; and ¥,1 = (1/+/N)r;, both of which
absorb 1/+/N into their notations to yield

R, = %XN: (xi()") = XN: (®(®)") =%XI. a9

i= i=1

Then, (A3) becomes

Roup.} = i{ XX/ X ] = { Rﬂi X ]
(s N rl]-HXIT 1'1T+11'l+1 f.l]-HXIT f'zT+1f7+1
(AS)

Using (A4) and (AS5) and the following matrix identity:

1

ATA ATz]7' [ (ATA)T 4 pATzT (AF)T ATz
zZ’A 727z - _ﬁZT(A#)T )
(A6)
with A = XIT and z = F,;1, we can further derive
- -1
R-! _ { Ro, XiF11 ]
@;U{b41} f.]THXlT f.ITHf-lH
_ o\ o7 © ST\ H o
_ | Rg +IB(X1T) Bt X (XT) Fi (A7)
i Xt
118
where (XN)* = XX)7'X] and g = (¥, -

XI XD} = @ PgE4) 7" due to the fact Py =
1

~ ~ 1
I — X7 (X[)* is idempotent, i.e., (Pg;)* = P
1 1

. . D U
Using (A7) and letting [D Ulgum,,) = { a’ o
1 2 P N\T AR
where d1+1 = (d]Jrl,d]Jrl, ""dl+l) . L VA =
(ulll_H,uerl,...,14Z+I)Ti an(zi T :q [TD U], tl+1. =
iy diys s diy Uy, ugyy, ..., up )", we can derive

[D U] STZIU{bm }R§11U[b1+1 } [D U] QU{b;1}
= Tglu{le}Rs_leU{le}Tnlu{le}
_ ot o s
= 1] t] R+ (X)) Bni#l, XS —p(X]) T Hz]
_ﬂfﬁrle p t
b o .
= TIT (R;ZII +IB(XIT) rl+lr1T+1X?)Tl - ,Btl.;_]I‘IT_HX?Tl
o~ H#
=BT} (X)) Tyt + Btiatl,
~ # ~
= T/ R T, + 1] (X] ) T ¥, XIT,
=2t ¥ X+ Bt
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T -1
[D U] @;U{by+1 }RQIU{le } [D U] Uiy}

T —1
= To,uim, ) Re,up Tub)

o B(T7Rg T,)_l [T,T (5({)#?,+1 - t,ﬂ] [T,T (X,T)#m - t1+1] ' (T7Rg T,)_l

= (T,TRS;}TI) - — - ~ — (A10)
L B[ (RT) =t | (T7RG ) [17 (XF) Fusr =t
! {[D U]é,u{bM]Ri,lu{bH,][D Ulg,utb, 1) }c
=c' {TSTZIU{bm }RSEIIU{le }Tﬂlu{blﬂ} }C
-1 ~ o\ # ~ o\ # T —1
e ey 1 pe’ (TzTRs_zlsz) [TIT (XIT) Fip —t1+1] [TIT (XIT) B — t1+1] (TzTRs_zlsz) c
=/ (T/RG!T)) - (A11)

1 +/)’[T1T (XIT)#T‘IH - tz+1]T(T1TR§,1T1)71 [TIT (XIT)#f'H—l - tl-H]

o\ B o\ # T
= T/Ry'T, +ﬁ{[TlT (X7) T | [ 17 (X7) 5111
o~ H
— 2t {TIT (X7) I‘1+1} +t1+1t1T+1}

=T/Rg'T; + B [TlT X)) — t/+1]

ST de T
< [T X)) Frar =t (A8)
where f = (tZTJrl Pfé'rt1+1)71. Using Woodbury’s identity
1
. A-lu] [VTA]
Atuv’] ' =A = [ATw][vTAT] A9
[A+uv'] 1+ vIA-lu (A9

with A = T/ Ry T/, u = v = /BIT/ (X )*¥141—t141], we can
derive, (A10), as shown at the top of the page. So, (Al1), as
shown at the top of the page

Since f > 0

CT (T]TRS_ZII T[) B I:TIT (X]T)#fpr] — t[+1:|
X I:TIT (X]T)#'f'[+1 — t1+1:| ! (T]TRS_ZII T/) _lc
- HcT (T7Rg'T)) " 17 (R7) Fia — 1] H2 >0 (A12)
and
o\ # T B -1 o\ #
X7 (R7) Frr =t | (TR [0 (XF) Fusr =t

T (oT\ T Tp—1m \ /2 ?
_ [Tl (X7) r1+1—t1+1] (T/Rg'T,) > 0. (Al3)

Substituting (A13) and (A12) into (All) yields (Al4) as
follows:

" {[D Ul Rg! D Ulg,, je—c” {[D U, R/ [D Ulg fe
= ¢/ {T§,, Rg! Ta. fe—c"{T§ Ry T, fe

gl (17mg! ) [T &R - ]|

~ T —1/2|2
[ [T &y — 6] (7RG |
(A14)

Therefore, ¢’ ([D U]STZMRS_ZII+l [D Ulg,,) 'e <
c’'(ID U]STZIRQIl [D Ulg,) 'c is monotonically decreasing.
Theorem is proved.
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