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Progressive Band Processing of Fast Iterative Pixel
Purity Index for Finding Endmembers
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Abstract—This letter develops a progressive band process-
ing (PBP) of fast iterative pixel purity index (FIPPI) according
to a band sequential acquisition format in such a way that
FIPPI can be processed band by band, while band acquisition
is ongoing. As a result, PBP-FIPPI can generate progressive
profiles of interband changes among PPI counts which allow
users to observe significant bands that capture PPI counts. The
idea to implement PBP-FIPPI is to use an inner loop specified by
skewers and an outer loop specified by bands to process FIPPI.
Interestingly, these two loops can also be interchanged with an
inner loop specified by bands and an outer loop iterated by
growing skewers. The resulting FIPPI is called progressive skewer
processing of FIPPIL. It turns out that both versions provide
different insights into the design of FIPPI.

Index Terms—Fast iterative pixel purity index (FIPPI),
PBP of FIPPI (PBP-FIPPI), pixel purity index (PPI), progressive
band processing (PBP), progressive skewer processing of
FIPPI (PSP-FIPPI).

I. INTRODUCTION

IXEL purity index (PPI) [1] is one of the most widely

used methods for finding endmembers [2]-[6]. However,
there are also several major issues when PPI is implemented.
First of all, it is sensitive to input parameters, namely,
nskewer (Nnumber of skewers) and ¢ (cutoff threshold value).
Second, the use of so-called skewer vectors (or skewers) which
are randomly generated produces inconsistent final results.
Third, it requires human intervention to manually select a
final set of endmembers by visual inspection. To address the
aforementioned issues a fast iterative algorithm, referred to
as fast iterative pixel purity index (FIPPI) was developed by
Chang and Plaza [3]. It has several significant advantages
over PPL. It takes advantage of a recently developed concept,
virtual dimensionality (VD) developed in [7] and [8] to esti-
mate the initial number of skewers as endmembers for FIPPI.
As a result, there is no need of using the two parameters,
k and t for PPI. Furthermore, FIPPI makes use of auto-
matic target generation process (ATGP) in [9] to generate
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an appropriate set of initial endmembers to initialize FIPPI
that can speed up the algorithm considerably. Since the initial
endmembers are specified by ATGP-generated targets, there is
no issue of randomness resulting from skewers.

Recently, a new concept of progressive band process-
ing (PBP) was introduced to process hyperspectral imaging
algorithms band by band progressively without waiting for full
bands being completely acquired [10]-[14]. Its idea is derived
from a data acquisition format, band sequential (BSQ) [15]
where bands are acquired band by band. By taking advantage
of such interband information provided by PBP, this letter
develops a PBP version of FIPPI, to be called PBP-FIPPI
which can generate progressive profiles of PPI counts pro-
duced by FIPPI band by band to dictate changes of PPI counts
between bands. However, this is easier said than done
because there is one additional parameter, skewers involved
in PBP-FIPPI, which is absent in [10]-[14]. This is because
PPI counts always vary with skewers and requires an extra
dimensionality to keep track of changes in skewers. It is this
parameter of “skewers” that makes PBP-FIPPI quite differ-
ent from the PBP-versions developed in [10]-[14] because
PBP-FIPPI must deal with three parameters, sample vectors,
bands, and skewers compared to the PBP-based algorithms
in [10]-[14] which only have to work with two parameters,
sample vectors and bands. Accordingly, the approaches pro-
posed in [10]-[14] cannot be directly applied to PBP-FIPPI.
Most interestingly, PBP-FIPPI can be used to derive a new
version of FIPPI, called progressive skewer processing of
FIPPI (PSP-FIPPI) which has no counterparts in [10]-[14]
because PSP-FIPPI implements FIPPI skewers by skewers
progressively. Both PBP-FIPPI and PSP-FIPPI use two loops
(inner and outer loops) to carry out iterative processes. Specif-
ically, PBP-FIPPI iterates skewers in an inner loop while
iterating bands in an outer loop. By contrast, PSP-FIPPI
iterates bands in an inner loop and skewers in an outer loop in
which case the number of skewers grows iteration by iteration.
So, there are two major differences between PBP-FIPPI and
PSP-FIPPI. One is that both implement inner and outer loops
reversely. The other is that the number of skewers ngkewer
must be fixed during data processing by PBP-FIPPI. But the
benefit is that PBP-FIPPI can be implemented as a real-time
processing algorithm. On the other hand, despite that
PSP-FIPPI cannot be implemented in real time as PBP-FIPPI
does its great benefit is no need of fixing the number of
skewers nggewer Which is a significant advantage since in
many cases determining an appropriate value of K is very
difficult. Nevertheless, both PBP-FIPPI and PS-FIPPI provide
significant insights into the design of PPI which cannot be
offered by the works in [2]-[6], specifically progressive pro-
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files of interband changes in PPI counts as bands are processed
progressively.

II. PROGRESSIVE BAND PROCESSING OF FIPPI

FIPPI was developed to resolve two main issues arising
in PPI, random initial condition and determination of number
of skewers ngkewer. FIPPI uses ATGP to generate a specific set
of initial skewers as endmembers to avoid randomness caused
by skewers and then grows skewers from ATGP-generated
initial endmembers instead of fixing the value of ngkewer. For
the step-by-step implementation of FIPPI we refer its details
in [3].

As pointed out in the introduction, the major difficulty
in developing PBP-FIPPI is to deal with the parameter of
skewers, an issue that does not exist in [10]-[14]. In this
section, we extend FIPPI to PBP-FIPPI and PSP-FIPPI, both
of which use two loops specified by skewers and bands to
process FIPPI depending upon which one is implemented in
the outer loop.

A. PBP-FIPPI

The first algorithm iterates the number of skewers, denoted
by nskewer, in the inner loop indexed by parameter k, while
iterating the number of the first / bands to be used to process
the data, denoted by n; in the outer loop indexed by the
parameter /. The resulting algorithm is called PBP-FIPPI.

B. PSP-FIPPI

The second algorithm swaps the inner loop and outer loop
implemented in PBP-FIPPI by iterating the number of the first
[ bands being used, denoted by n; in the inner loop indexed
by the parameter /, while iterating the number of skewers,
denoted by ngkewer, in the outer loop indexed by parameter k.
Since the outer loop produces skewer sets progressively the
resulting algorithm is called progressive skewer processing of
FIPPI (PSP-FIPPI) described below.

C. Discussions

PBP has been explored for various applications,
for example, inverting signature matrices in [10],
[12], and [13] and inverting the sample correlation

matrix in [11] and [14]. Developing PBP versions of
FIPPI was first investigated in [16] where PBP was
implemented to account for PPI counts calculated from
skewers which are absent in [10]-[14]. Comparing to PBP
versions in [10]-[14] which are functions of two parameters,
sample vectors and bands, PBP versions of FIPPI are
functions of three parameters, sample vectors, bands, and
skewers to produce PPI counts which can technically be
viewed in a 4-D space. So, there are no corresponding
counterparts in [10]-[14]. However, for each given sample
vector PBP-FIPPI and PSP-FIPPI can be reduced to functions
of two parameters, skewers and bands. In other words, by
fixing sample vectors while growing skewers and bands
PBP-FIPPI and PSP-FIPPI can be used to see a progressive
profile of interband changes in PPI counts for a particular
sample vector of interest, such as an endmember. To the
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Algorithm 1 Progressive Band Processing of FIPPI
(PBP-FIPPI)
Initial Conditions: Find the value of VD, nyp and let it be p.
Outer loop from/ = p to L

Inner loop

©17”
Lifi_y
set of p skewers generated by ATGI{’.
P
g()} ~ into a unit vector.

j=1
c. At iteration k, for each skewel‘l(k; ’

a. Initial Condition: Let {skewer be an initial

b. Normalize {skewer

project all the

sample vectors {r;}Y, onto the skewerl(,k} to find

sample vectors which are at its extreme positions to
form an extrema set, denoted by Sexsrema (skewerl(k;).
Find the sample vector rl(k]) that produces the largest

NPPI(I‘I(,]?) where Nppr(r) is defined as as the PPI

count of the sample vector r by

NPPI (r) = Zj ISextrema (Skewer/(f})(r) (1)
where  Sextrema (skewerl(,k;) is an extreme set
obtained by an indicator function of a set S, Ig (r)
defined by

1; ifreS
IS(r)—{o; ifres: @)
d. Form the joint set skewerl(’k]ﬂ)} =
(k) (k)
{rl,j }Nppl(r,(f‘})>0 U {skewerl,j }
e. If {skewerl(’k]ﬂ) = {skewerl(? , then no new

endmembers are added to the skewer set. In this case,
the algorithm is terminated, break the inner loop.
Otherwise, let k < k + 1, and go to step b.
End Inner loop
End Outer loop

authors’ best knowledge no such work ever reported in the
literature enables to do so.

There are some significant differences between PBP-FIPPI
and PSP-FIPPL. In the inner loop, PBP-FIPPI fixes n; while
growing skewer sets as opposed to PSP-FIPPI which fixes
a given set of skewers but grows n;. So, the inner loop of
PBP-FIPPI can be considered to perform FIPPI for a given
value of n;. Consequently, the final growing skewer sets pro-
duced by different values of n; in the outer loop of PBP-FIPPI
are also different. When n; = L the skewer set produced
by PBP-FIPPI is basically the same skewer set produced
by FIPPI. On the other hand, in the inner loop PSP-FIPPI fixes
a set of skewers and performs PPI as does the inner loop of
PBP-FIPPI in which case the inner loop of PSP-FIPPI can be
considered as PBP-PPI as n; is increased. More importantly,
PBP-FIPPI grows skewer sets in the inner loop, whereas
PSP-FIPPI grows skewer sets in the outer loop. Therefore,
their results are different.
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Algorithm 2 Progressive-Skewer-Processing of FIPPI (PSP-
FIPPI)
Initial Conditions:

1. Find the value of VD, nyp and let it be p.

2. Let {skewerl(,oj)}[_) ]
generated by AT(I}TD.

. . .
3. Normalize {skewerl(oj)} 1 into a unit vector.
=

be an initial set of p skewers

Outer loop indexed by k
Inner loop from/ = p to L

a. Input band /
b. At iteration k, for each skewer(k)

Lj’

sample vectors {ri}f\': | onto this particular skewerl(kj?
to find those which are at its extreme positions to
form an extrema set, denoted by Sextrema (skewerl(k;).

Find the sample vectors that produce the largest
Nppi (rl(,kj)) and let them be denoted by {rl(k])}

skewerl(,k;r D } =

project all the

c. Form the

{rl(’k")}Nppz(rlfkj))>0 U {skewerl(?
End Inner loop
If skewerl(’kjﬂ) l(kj) }, then no new endmem-
bers are added to the skewer set. In this case, the algorithm
is terminated, exit the outer loop. Otherwise, let k < k + 1.

End Outer loop

joint  set

} = {skewer

pi1, pi2, p13

P211, P22, P23
P221
P311, P312, P32, P33

Pat1, Pa12, Pa2, P43

Ps11, Ps2, Ps3
Ps21

Fig. 1. (a) HYDICE panel scene which contains 15 panels. (b) Ground truth
map of spatial locations of the 15 panels.

III. REAL IMAGE EXPERIMENTS

A real hyperspectral image scene collected by HYperspec-
tral Digital Imagery Collection Experiments (HYDICE) is
shown in Fig. 1(a), which has been studied extensively. More
details about this scene can be found in [2]. It was used for
experiments to demonstrate the utility of the PBP-FIPPI and
PSP-FIPPI in finding endmembers.

Fig. 1(b) provides the ground truth of Fig. 1(a) where there
are 15 panels of three different sizes, 3 mx3 m and 2 m x2 m
and 1 m x 1 m with 19 center pixels highlighted by RED, three
panel pixels pi1, p12, and p13 in row 1, four panel pixels p211,
P221, P22, and po3 in row 2, four panel pixels pa11, pP312, P32,
and p33 in row 3, four panel pixels p411, pa12, P42, and pa3
in row 4, four panel pixels psi, ps21, P52, and ps3 in row 5.
Also, the pixels in yellow (Y pixels) in Fig. 1(b) are panel
pixels mixed with the background. According to the ground
truth the panel pixels are true endmembers since these panels
are made by a single material fabric which can be considered
as pure signatures.

IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 14, NO. 9, SEPTEMBER 2017

®)

Fig. 2. Comparison of endmember candidates extracted between FIPPI and
PBP-FIPPI using nyp = 18. (a) FIPPL (b) PBP-FIPPI.
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Fig. 3. Result of PBP-FIPPI. (a) Number of skewers found by PBP-FIPPI
in each band. (b) Number of distinct endmember candidates identified by
PBP-FIPPI versus number of processed bands.
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Fig. 4. Orders of extracted panel pixels versus n;.

A. PBP-FIPPI

Fig. 2(a) and (b) shows endmember candidates extracted
from the HYDICE scene by FIPPI and PBP-FIPPI using
nyp = 18 [17], respectively, where FIPPI extracted 4 R-panel
pixels, p11, p311, p411, and psp; plus 1 Y-panel pixel, p212
as opposed to 6 R-panel pixels, pii, p221, P3ii, P312, P4it,
and psp; plus 1 Y-panel pixel, paj2 extracted by PBP-FIPPI
where the R-panel pixels, the Y-panel pixels, the endmember
candidates extracted by previous bands, and the endmember
candidates extracted by the current band are highlighted by red
crosses, yellow crosses, the magenta circles and the cyan upper
triangles, respectively. It also shows that PBP-FIPPI produced
the same results as FIPPI did when it reached the last band.
In particular, many target pixels marked by magenta circles in
Fig. 2(b) were extracted by PBP-FIPPI as additional endmem-
ber candidates during band-by-band processing which were
not picked up by FIPPI. Specifically, PBP-FIPPI extracted 2
additional R-panel pixels p2z; and p3j2 which were missed
by FIPPIL.
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® (®

Fig. 5. Endmember candidates identified by PBP-FIPPI with different number of bands processed, n;. (a) 18 bands. (b) 26 bands. (c) 27 bands. (d) 46 bands.

(e) 48 bands. (f) 97 bands. (g) 169 bands (full bands).
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Fig. 6. Three-dimensional histogram of the pixels picked up by PBP-FIPPI
as endmember candidates after processing full 169 bands.

Furthermore, Fig. 3(a) also plots the number of endmem-
ber candidates extracted by each band and Fig. 3(b) shows
the accumulative distinct endmember candidates extracted by
PBP-FIPPI as the number of processed the first / bands, n; is
increased. As shown in Fig. 3(b), a total of 101 distinct target
pixels were extracted as endmember candidates. As n; > 97
no more endmember candidates were extracted.

Fig. 4 plots the order of these panel pixels being extracted
versus n; where it clearly shows that, psy; was the first
R-panel pixel being extracted using only n; = 18 bands.
After n; > 97 in Fig. 4, all the 7 R-panel pixels
were eventually extracted by PBP-FIPPI as endmember
candidates.

Fig. 5(a)—(g) further shows the spatial locations of the
endmember candidates identified by PBP-FIPPI using different
number of bands processed with n; starting from the first
18 bands. In Fig. 5(a)—(g), the spatial locations of the ground
truth pixels, the endmember candidates extracted by the pre-
vious bands and the endmember candidates by the current
band are highlighted by red crosses, yellow circles, and the
cyan upper triangles, respectively. When PBP-FIPPI began
with n; = 18, the R-panel pixel psy; was immediately

0.2 12

0.15

0.1

Computing Time
Computing Time
@

0.05

° 25 5 75 100 125 150 0 25 50 75 100 125 150
1™ Band Number of Processed Bands n,

(@ (b)

Fig. 7. Computing time versus /th band and n; required by PBP-FIPPIL
(a) Ith band. (b) n;-bands.

extracted. It was followed by pa1> with n; = 26 bands being
processed. After n; > 97 bands, all the 6 R-panel pixels were
eventually extracted by PBP-FIPPI and no more panel pixels
are extracted.

Moreover, Fig. 6 demonstrates a 3-D plot to show how
frequently a particular pixel is picked up by PBP-FIPPI as
an endmember candidate where the magenta arrows indicate
the panel pixels; the x-axis and y-axis correspond to the
columns and rows of the HYDICE scene and the z-axis
indicates the number of times a given pixel was detected as
an endmember pixel by PBP-FIPPI after processing all bands.
Such progressive profiles provided by FIPPI in Fig. 6 are
unique advantages and benefits that cannot be offered by any
PPI-based method.

Finally, Fig. 7(a) plots computing time versus the /th band
where PBP-FIPPI was executed in MATLAB R2012B with
an Intel Core i7-3770 running at 3.40 GHz with 16 GB
of RAM. The results were obtained by running PBP-FIPPI
ten times to produce an average computing time. When the
Ith band reached the last band, 169 the computing time
was 0.1524 as opposed to FIPPI which required 0.1756 s
using full 169 bands.
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Fig. 8. PSP-FIPPI results using nyp = 18.
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Fig. 9. Plots of number of distinct endmember candidates extracted by

PSP-FIPPI versus number of bands processed, n; in each iteration. (a) First
iteration. (b) Second iteration.

Fig. 7(b) also plots the accumulative computing time versus
n; required by PBP-FIPPI where approximate 10.5 s were
required to process all bands. However, the payoff is that
PBP-FIPPI provides 152 progressive profiles of pixels as the
first band numbers n; increased from 18 to 169.

B. B. PSP-FIPP]

Fig. 8 plots the results of applying PSP-FIPPI to the
HYDICE scene using nyp = 18.

As shown in Fig. 8, the spatial locations of the ground
truth pixels and the endmember candidates extracted by the
current band are highlighted by red crosses and the cyan upper
triangles, respectively, where 4 R-panel pixels and 1 Y-panel
pixel were extracted as endmember candidates by PSP-FIPPI.

Furthermore, PSP-FIPPI required only two iterations to
terminate the outer loop. Fig. 9(a) plots the number of distinct
endmember candidates extracted by PSP-FIPPI versus n; in
each outer iterations. As shown in Fig. 9(b), after the first
outer iteration, there were 21 endmember candidates extracted
by PSP-FIPPI and then no additional pixels were extracted as
endmembers afterwards. This is the reason that the plot in
Fig. 7(b) is flat.

IV. CONCLUSION

FIPPI was previously developed to address two major issues
encountered in PPI: 1) the use of skewers whose number must
be determined a priori and 2) inconsistent final results which
cannot be re-produced. Recently, a new concept of PBP has
been developed for hyperspectral data communication accord-
ing to the BSQ acquisition format in such a way that data can
be processed while band-by-band acquisition is ongoing. Its
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advantages have been justified in several applications such as
anomaly detection [14], constrained energy minimization [11],
ATGP [12], and orthogonal subspace projection [10]. This
letter further extends FIPPI to two progressive versions of
FIPPI, PBP-FIPPI, and PSP-FIPPI by growing skewer sets as
well as first band numbers n; via two iterative loops. When
the outer loop is iterated by growing ny, it is PBP-FIPPL
When the outer loop is iterated by growing skewers, it is PSP-
FIPPI. Interestingly, both versions provide different insights
into the design of FIPPI but produce slightly different results.
More details regarding PBP-FIPPI and PSP-FIPPI such as their
synthetic image experiments and GUI design can be found
in [16].
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