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ABSTRACT

In this paper a novel efficient online possibilistic clustering
algorithm suitable for hyperspectral image clustering is pro-
posed. The algorithm is an online version of the recently pro-
posed adaptive possibilistic c-means (APCM) algorithm and
inherits its basic advantage, that is the ability to adapt the in-
volved parameters during its execution in order to track varia-
tions during the clustering formation. In addition, it embodies
new procedures for creating new clusters or merging existing
ones. The proposed algorithm is much more computationally
efficient, compared to its batch ancestor with no degradation
of the quality of the resulting clustering, while also, it com-
pares favourably with other online related algorithms. Exper-
imental results on a real data set corroborate the effectiveness
of the proposed method.

Index Terms— possibilistic clustering, online clustering,
parameter adaptivity, hyperspectral imaging

1. INTRODUCTION

Hyperspectral image (HSI) classification is a challenging task
that has attracted considerable attention in the remote sensing
literature during the last decades. One of the issues that fre-
quently arises in the processing of HSIs is the partial or to-
tal lack of ground truth information. A common way to deal
with this issue is to resort to unsupervised classification (clus-
tering), where each pixel is represented by a vector (spectral
signature) containing its spectral values in the observed bands
and the goal is to identify spectrally homogeneous regions in
the current HSI. Applying clustering to HSIs becomes much
more challenging due to (a) the high spectral correlation of
contiguous bands that tend to form overlapping clusters and
(b) their high dimensionality, as well as, their (usually) very
large size, which increase dramatically both computation and
memory requirements.

Recently, the clustering problem of HSIs has gain sig-
nificant attention, e.g. [2], [3] and [4]. However, most well
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known such clustering schemes are of batch nature, that is,
they need to process the whole data set at each iteration be-
fore updating their parameters. Thus, they are considered ex-
tremely demanding in processing large sized and high dimen-
sional data sets, as is the case with HSIs. One way to deal
with this issue is to resort to online techniques, where param-
eter updating takes place after the consideration of each single
data vector (pixel).

In this paper, we propose a novel online clustering al-
gorithm, called online adaptive possibilistic c-means (O-
APCM), which is an extension of the batch APCM algorithm
presented in [1]. As is usually the case in all online algo-
rithms, data vectors (pixels) are being processed one by one
and their impact is memorized to suitably defined parameters;
thus O-APCM is released from the noose of storing all the
hyperspectral data cube and using it at each iteration, as is the
case with the batch schemes. The basic feature that O-APCM
inherits from its ancestor is the adaptation of the involved
parameters during its execution, which makes the algorithm
flexible in tracking variations during the clustering formation.
In addition, O-APCM has its own novel mechanisms that
allow (a) the creation of new clusters and (b) the merging
of clusters, as the algorithm evolves, where necessary. As
a result, O-APCM starts with a zero number of clusters and
creates or merges clusters dynamically, as pixels are pro-
cessed sequentially. This makes O-APCM, in principle, able
to achieve high quality clusterings on HSIs. It is worth noting
that other online clustering algorithms have also been pre-
sented in the bibliography, e.g. [5], [6], [7], albeit they have
not been applied for HSI processing. In addition, all of them
require knowledge of the exact number of physical clusters
beforehand, which is kept fixed during their execution and
they employ a random initialization of cluster representatives,
which, obviously, affects the final clustering result.

The rest of the paper is organized as follows. In Section 2,
a brief description of APCM algorithm is given. In Section 3,
the proposed online APCM (O-APCM) clustering algorithm
is presented in detail. Finally, in Section 4 the prerformance
of O-APCM is assessed against batch APCM and online k-
means [6] in a real AVIRIS HSI data set. Concluding remarks
are provided in Section 5.
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2. BRIEF REVIEW OF APCM

Let X = {x; € R, i = 1,..., N} be the set of the N
pixel vectors of an HSI in the /-dimensional feature space
(bands) and © = {0, € R’, j = 1,...,m} be aset of m
vectors that will be used for the representation of the clusters
formed by the pixelsin X. Let U = [u;;], i =1,...,N, j =
1,...,mbean N x m matrix whose (7, j) entry corresponds
to the degree of compatibility of the i-th pixel x; with the j-
th cluster, denoted by C; and represented by the vector ;.
In APCM, we have that u;; € [0,1], ¢ = 1,...,N, j =
1,....m, max;=1,..,m Uij > Oand 0 < Ezj\;1 U5 < N and
the following objective function has to be minimized:

N m
Japem(0,0) =Y > [uijllxi — 0,1 + v (wij Inuij — uiy)]

=1 j=1
M
with respect to 8;’s and u;;’s. This leads to the following
updating equations for u;;’s and 8;’s:
N
2= WigXi

X; — 0, 2
i D iz Ui

with «y; = gnj, where parameter 7); is a measure of the mean

absolute deviation of the current form of cluster Cj, 7 is

a constant defined as the minimum among all initial 7;’s,

f) = minn;, and « is a user defined positive parameter.
J

3)

Loosely speaking, ,/y; may be considered as a measure
of the “radius” of cluster C; (for the rationale behind the
expression of 7;’s, see [1]).

The initialization of 8,’s is carried out using the final clus-
ter representatives obtained by the FCM algorithm, executed
with m;,; clusters, where m;,; is an overestimation of the
true number of clusters m (m;,; > m). Then the initializa-
tion of 7);’s is carried out as follows:

N
ity u M — 65
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where 6;’s and uf;-CM ’s are the final estimates of FCM.

At each iteration of APCM, 7);’s are adapted, according to
the following update equation:

n =~ > I -

14 ) ” ’ (5 )
M5 g Ui =MAX,=1,... m Wir

where n; denotes the number of the pixels x; that are most
compatible with cluster C; and p; is their mean vector. Fi-
nally, APCM incorporates a mechanism for eliminating clus-
ters, as described in Algorithm 1. Note that APCM is a batch
clustering scheme meaning that the whole data set is used for
updating the various algorithmic quantities in each iteration.
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Algorithm 1 [©, H, m]
Input: X, m;,;, o
.t=0
B> [nitialization phase
2: Initialize: 6;(t) via FCM
Zin e ™Mix0,0ll g

= APCM(X’ Mini, Oé)

3. Initialize: n;(t) = SSr PO yeees MM
i=1" 1/

4: Set: 7 =minj—1__m,., 1;(t)

50 m(t) = Mg

6: repeat

> Update U and ©
7 uq;j(t) —exp( z%) Vi, j
8: 0'(t+1) Zuzj() i/,zluij(t)’jzl,...,m

> Possible cluster ellmmatlon
9: for: < 1to N do

10: Determine: w;,(t) = max;—q ) wij(t)

11 Set: label(i) =

12: end for

13: p =0 //mumber of removed clusters at iteration t

14: for j < 1tom do

15: if j ¢ label then

16: Remove: C; (renumber accordingly ©, U)

17: p=p+1

18: end if

19: end for

20: m(t+1)=m()—p

> Adaptation of 1);’s

21 n;(t+1) = (t) Exi:uij(t):maxrzl,...,m,(t+1) wir (1) I
@l J=1,.

2 t=t+1

23: until the change in 8;’s between two successive iterations
becomes sufficiently small

24: return © = {01,...,0,, 1, H={m,...,0m}, m

3. THE PROPOSED ONLINE APCM METHOD

In this section, we describe in detail the proposed online
APCM (O-APCM) clustering algorithm, which considers a
single pixel per iteration and immediately updates its param-
eters. The cost function (1) in the online context becomes,

t m(t)

U)=> > [uilxi—0

i=1 j=1

— uij)]
(6)

where ¢ denotes the current iteration of the algorithm, x; is
the current pixel to be processed and m(t) is the number of
clusters formed up to the ¢-th iteration.

N + 75 (£) (wiy Inwsy

3.1. Parameter initialization

As it is easily understood, the initialization of the parame-
ters 6; and n; in O-APCM cannot be impemented as in batch
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APCM, due to the fact that the whole HSI cube is not avail-
able a-priori. Specifically, consider the first iteration of O-
APCM, where the first cluster is created containing only the
pixel x;. Obviously, it is not feasible to extract information
about the “size” of this cluster from just a single pixel, in order
to initialize its parameter 7;. Therefore, in the initialization
phase of O-APCM, we run the batch APCM on a small sam-
ple of, say K, pixels (e.g. K = 100), with an overestimated
number of clusters, m;,;. After its convergence, APCM ends
up with m (< m;,;) number of clusters and their final esti-
mates, 6;’s and 7;’s, are used as the current state of O-APCM.
Also, we set 7) = min; 7; (as in APCM) and then we run O-
APCM for the remaining pixels of the HSI cube.

3.2. Parameter adaptation - Cluster creation

In O-APCM, this part refers to (a) the computation of the de-

gree of compatibility u;;, j = 1,...,m(t — 1) of the cur-
rent pixel x; with all clusters and the adaptation of all clus-
ter representatives 8;’s, j = 1,...,m(t — 1), taking into

consideration only the corresponding uy;’s, and (b) the adap-
tation of the parameters 7, and p, of the cluster C,., with
Uy = MAX;—1 . m(t—1) Utj, i-. of the most compatible clus-
ter to pixel x;.

Minimization of eq. (6) with respect to u; and 0, j =
1,...,m(t — 1) results to

b Oy g

vt —1)

— 1) and to the following time

utj = exXp (—

where v;(t — 1) = 2771' t
recursive equation for 6 (¢)

0;(t) =0;(t —1) +

(
t

Utj

U;(t)

(x¢ = 0;(t=1), (8

where U;(t) = U;(t — 1) + wyy, 5 = 1,...,m(t — 1), re-
spectively. Note that all cluster representatives are updated,
during the processing of the current pixel x;. However, this
is not the case with the parameters p; and 7); of the clusters.
Specifically, if wuy, is above a certain threshold, thres (e.g.
thres = le — 05), which implies that x; is not far enough
from the pixels processed up to now so that to create a new
cluster, only the parameters p,. and 7, of the most compat-
ible to x; cluster, C.., are updated. Setting I;; = 0, j # r
and [, = 1, we can easily get from (5) the following time-
recursive formulas:

sl = il = 1)+ g

(xe —p;(t=1))

w(0) = =D+ 5% (b= (0] =yt = 1) @10

where Sj (t) = Sj (t — 1) + Itj.
Let us now comment on the mechanism that creates new
clusters, as the algorithm evolves. This procedure is activated
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when wuy, is less than thres. In this case, a new cluster is
created, containing only Xy, its corresponding parameters 6,
p are set equal to x,, its parameters U, S are set to 1, while
its parameter 7 is set to the minimum 7 among all current
clusters. Finally, the number of clusters is increased by one.

3.3. Cluster merging

In online clustering schemes, the clustering result is usually
dependent on the order in which the data (pixels) are pro-
cessed. Therefore, depending on this, several clusters might
be created, which nevertheless represent parts of the same
physical cluster. Consequently, a mechanism that identifies
and merges such clusters should be incorporated in an on-
line clustering algorithm. To this end, every T iterations (e.g.
T = 100), O-APCM considers all pairs of clusters and checks
whether they exhibit overlapping; that is, it checks whether
Vs + Ve > B - d(8,,05), where d(6,,0y) is the Eu-
clidean distance between two cluster representatives 0, 6y,
(B controls the acceptable degree of overlapping and it is set
equal to 1.1 in our case). If this is the case, these two clusters
are merged into one cluster and the parameters of the newly
formed cluster are defined as follows:

Uses + Ukek
0o = ——m—— 11
U+ Uy (n
Unew = Us + Uy, (12)
Ssl‘l’s + Sk‘l"l’k
= 2sBs T OBk 13
Hrew S, + Sy (13)
Ssns + Sk'nk’
new — T &, o 14
! e+ Sy (19
Snew = Ss + Sk (15)

The basic steps of O-APCM are shown in Algorithm 2.

Algorithm 2 [O, I'] = O-APCM(X, mp;, o)
Input: X, m;,;, o
1:t=0

B> Initialization
K =100, thres = 1le — 05 and T = 100
[O(t), H(t), m(t)|=APCM(X (:,1 : K), min;, @)
0= ming—1 . m(t) Uj(t)

:U;j(t)=1and S;(t)=1,7=1,...,m(¢)

while ¢t + K < DataSize do

t=t+1

Xt = X(Z, t+ K)

Dy = lxe = 0;(t = )% j = 1...om(t 1)

R A A i
2]
[e"]
-

10: Utj :exp(—%%),jzl,...,m(t—l)
B> Update cluster representatives

e U () =Uj(t = 1) +ug,j=1,...,m(t —1)
12: 0;(t)=06;t—1)+ [}j'é) (x¢ —0,(t—1)),Vj
13: Determine: vy = max;—i, . m(t—1) Uty

14 if uy,. < thres then

> Create a new cluster
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15: m(t) m(t—1)+1

16: m(t) (t) =Xt

17: Py (1) = X

18: ant)() ming—; . 1y n;(t—1)
19: @ (t) =1 and Sm(t ( ) =1

20: Set It] =0,7=1,...,m(t)

21: else

D> Update parameters of cluster C,.

22: m(t) =m(t — 1)

23: Set: I;; =0,Vj #r and [, =1
24: end if

25: Sj(t)ZSj(t—1)+Im,j=1,...,m(t)

26: Hj(t) = H'j( 1)+ S (t) (Xt - Nj(t - 1))’ vj
27: T]J(t) =
= p6— 1)+ s (I — g5 ()] = my 6 — 1)),

B> Every T iterations perform the merging clusters procedure
28: end while
29: return ©, I

4. EXPERIMENTAL RESULTS

In this section, we test the proposed O-APCM method in a
real HSI data set and illustrate the results. Moreover, we com-
pare the results with those obtained from the batch APCM, as
well as the online k-means (O-kmeans), presented in [6].

In this experiment, we consider an HSI that depicts
a subscene of size 512x217 of the flightline acquired by
the AVIRIS sensor over Salinas Valley, California [8]. The
AVIRIS sensor generates 224 spectral bands across the range
from 0.2 to 2.4 yym. The number of bands is reduced to 204
by removing 20 water absorption bands. For this HSI, only
partial ground-truth information is available. Specifically, all
pixels, except for those of black colour for which no ground
truth is available, stem from the following 16 ground-truth
classes: two types of “Broccoli” (classes 1, 2), three types of
“Fallow” (classes 3, 4, 5), “Stubble” (class 6), “Celery” (class
7), “Grapes” (class 8), “Corn” (class 10), four types of “Let-
tuce” (classes 11, 12, 13, 14) and three types of “Vineyard”
(classes 9, 15, 16), denoted by different colors in Fig. 1(a).
Note that Fig. 1 depicts the best clustering obtained by each
algorithm after the fine-tuning of its involved parameters.

Fig. 1(b) shows the 1st PC of the data set. As it can be de-
duced, there is some more detailed information not appearring
in the ground truth in Fig. 1(a). Specifically, Fig. 1(b) demon-
strates that (i) class 2 is formed by two distinguished from
each other “subclasses” (2a and 2b), (ii) class 6 is formed by
three distinguished from each other “subclasses” (6a, 6b and
6¢), (iii) class 7 is formed by two “subclasses” (7a and 7b),
(iv) class 10 is formed by two “subclasses” (10a and 10b),
(v) class 12 is formed by two “subclasses” (12a and 12b), (vi)
class 14 is formed by two “subclasses” (14a and 14b) and (vii)
class 16 is formed by five “subclasses” (16a - 16e).
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In order to measure the quality of clustering obtained by
O-APCM, APCM and O-kmeans, we use the Success Rate
(SR) metric, which measures the percentage of the points that
have been correctly labeled by each algorithm with respect to
the ground truth information. Table 1 shows the SR measure
for all algorithms, where m;,; and m ;. denote the initial
and the final number of the obtained clusters, respectively.
Due to the partial ground-truth labeling, SR is measured only
over the pixels where ground truth class information is avail-
able. To avoid ending up with misleading decreased SR met-
ric values, we adopt the following convention: First, in each
of the 16 ground-truth classes, we identify structures (sub-
classes) with the aid of the 1st PC (Fig. 1(b)). Then, for a
given cluster, produced by an algorithm, we determine the
subclass to which it matches more. Then, for the computation
of SR, we assign the pixels of this cluster to the class, from
which the above subclass stems. Clearly, all the pixels of the
cluster that do not fall in this class are considered as misclas-
sified. In the case where a cluster does not match with any of
the subclasses shown in the 1st PC (Fig. 1(b)), all of its pixels
are considered as misclassified. Finally, the runtime of each
algorithm is also provided in Table 1.

As shown in Fig. 1, APCM (with m;,; = 30 and o = 5)
concludes to 15 clusters. Specifically, APCM identifies cor-
rectly the two subclasses (7a and 7b) of class 7, but fails to
distinguish cluster 12b from class 3 and cluster 10b from class
13. Moreover, APCM fails to uncover class 15. Online k-
means (O-kmeans), when it is run with m = 16, identifies two
subclasses (6a and 6b) in class 6 and the two subclasses (10a
and 10b) in class 10. However, it fails to uncover class 3 and
class 11. When O-kmeans is run with m = 22, it manages ad-
ditionally to distinguish all subclasses (6a, 6b and 6c) of class
6 and class 3. However, O-kmeans still fails to distinguish
class 11 and poorly distinguishes class 8. Finally, O-APCM
(with m;y,; = 30 and o = 0.6) fails only in identifying class
15, however, it succeeds in distinguishing the subclasses (2a
and 2b) of class 2, the subclasses (6a, 6b and 6c¢) of class 6,
the subclasses (7a and 7b) of class 7, the subclasses (10a and
10b) of class 10 and the subclasses (14a and 14b) of class 14.
The fact that the subclasses are not labeled as actual classes
in the ground truth labeling, prevents the high discrimination
ability of O-APCM, from being fully highlighted. Finally, O-
APCM exhibits high robustness in the choice of parameter a.

As we can see in Table 1, O-APCM performs better than
both O-kmeans and APCM in terms of SR. This may be at-
tributed to the flexibility that O-APCM gains from its mecha-
nisms for creating new clusters, as well as, for merging exist-
ing ones, compared to O-kmeans (where the number of clus-
ters is fixed) and APCM (where the number of clusters may
only be reduced). Compared to APCM, O-APCM is much
more computationally efficient, while it is less fast than O-
kmeans. However, as shown in Table 1, the performance of O-
kmeans depends critically on m;,;, the actual value of which
is unknown in most cases in practice.
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(a) Ground truth

(b) Lst PC (c) APCM

(d) O-kmeans (m = 16) (e) O-kmeans (m = 22)

(f) 0-APCM

Fig. 1. (a) The ground truth of Salinas HSI, (b) the 1st PC and the clustering results of (c) APCM, (d) O-kmeans (m = 16), (e)

O-kmeans (m = 22) and (f) O-APCM.

Table 1. Performance of clustering algorithms for the Salinas
HSI data set.

Mini | Msinal | SR(%)| Runtime
O-kmeans 16 16 70.86 1.39sec
O-kmeans 22 22 65.50 1.60sec
APCM (o = b5) 30 15 71.98 28.22min
O-APCM (a = 0.6) 30 22 73.78 14.49sec

5. CONCLUSION

In this paper, a novel online adaptive possibilistic c-means
clustering algorithm, called O-APCM, suitable for hyperspec-
tral image clustering is proposed. The algorithm is an on-
line implementation of the recently proposed adaptive pos-
sibilistc c-means (APCM) [1], and thus, it incorporates the
relative parameter adaptation mechanism of the latter, which
makes it capable to deal well with closely located and hardly
distinguished clusters. Moreover, O-APCM embodies two
new procedures for creating new clusters and merging exist-
ing ones, when necessary. As a result, O-APCM does not
need a priori knowledge of the underlying number of phys-
ical clusters. In contrast, it creates or merges clusters dy-
namically, as data points (pixels) are considered sequentially.
Due to its online nature, O-APCM requires very low com-
putational time, compared to a batch mode implementation,
where the whole data cube is considered at each iteration of
the algorithm. This makes O-APCM applicable to HSI clus-
tering even in cases where the size and the dimensionality are
prohibitively increased for batch algorithms. Experimental
results show that O-APCM offers high discrimination ability
at a very low computational cost. The extension of O-APCM
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to non-stationary enviroments is a subject of current research.
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