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ABSTRACT

Clustering is a well established data analysis methodology that lie in the framework of pat-
tern recognition and it has been extensively used in various fields of applications during
the last decades. Given a set of objects, the aim of clustering is the identification of groups
(clusters) formed by “similar” objects. A major effort in the clustering bibliography has been
devoted to the identification of compact and hyperellipsoidally shaped clusters and one
of the most well-known categories of clustering algorithms that are commonly used in the
literature for this purpose is that of the cost function optimization based algorithms. The
present thesis focuses on the Possibilistic C-Means (PCM) algorithms that are one of the
most well-known representatives of the aforementioned category. Specifically, exposing
first their shortcomings, they are extended next, in order to overcome them. These exten-
sions rely on the adoption of the parameter adaptivity and the sparsity concepts. In the
sequel, the main contributions of the present thesis are briefly exposed.

First, a novel approach in the context of possibilistic clustering algorithms, named Adap-
tive Possibilistic C-Means (APCM) has been developed. APCM addresses several of the
weaknesses of original PCM, by allowing the adaptation of some parameters that are char-
acteristic to all PCM algorithms, during its execution. This is in contrast to classical PCM
algorithms where these parameters, once they are set, they remain fixed. This character-
istic of APCM gives rise to two new features that are not met in classical PCM algorithms.
The first one is that APCM is capable, in principle, to reveal the true number of physical
clusters formed by the data, provided that it starts with a reasonable overestimate of it,
thus overcoming a long-standing issue in the clustering literature. This is carried out by
removing the clusters that gradually become obsolete (i.e., the clusters whose charac-
teristic parameter diminishes towards zero as the algorithm evolves). The other feature
resulting from the adaptation of the characteristic parameters of APCM is the increase of
its flexibility in following the variations in the formation of the clusters during the algorithm
execution. This makes APCM able to uncover the underlying clustering structure, even
in demanding cases, where the physical clusters are closely located to each other and/or
have significant differences in their variances. APCM is compared against several related
state-of-the-art algorithms through extensive simulations on both synthetic and real data
and the provided results show that APCM exhibits superior performance in almost all the
considered data sets. Moreover, theoretical results that are indicative of the convergence
behavior of the algorithm are also provided.

Next, the focus is turned on extending PCM by introducing the concept of sparsity. The
rationale behind this extension is that, in practice, a data point is most compatible with at
most one, a few or even none cluster (outlier). Thus, taking into account the data points
that are most compatible with a given cluster and excluding those that are not compati-
ble with it, leads to more accurate estimations of the clusters’ parameters. The resulting
algorithm, called Sparse Possibilistic C-Means (SPCM) can deal well with closely located
clusters that may also be of significantly different densities, while at the same time it ex-
hibits immunity to noise and outliers. Finally, a non-trivial convergence proof for the SPCM
algorithm is conducted. The main source of difficulty in the provided convergence anal-



ysis, compared to those given for previous possibilistic algorithms, relies on the fact that
one of its updating parameter equations is not given in closed form but is computed via a
two-branch expression, which defines a non-continuous mapping. In the present disserta-
tion, it is shown that SPCM will converge to one of the local minima of its associated cost
function. As a side effect, it is also shown that similar convergence results can be derived
for the PCM algorithm, viewed as a special case of SPCM, which are stronger than those
established in previous works.

In the sequel, the main features of the proposed APCM and SPCM algorithms are com-
bined giving rise to the Sparse Adaptive Possibilistic C-Means (SAPCM) algorithm, which,
inheriting all the advantages of its ancestors, has the ability to (a) cope well with demand-
ing data sets with closely located physical clusters with possibly different densities and/or
variances, (b) determine the number of physical clusters and (c) improve even more the
estimates of the clusters’ parameters, compared to APCM and SPCM. Extensive experi-
mentation verified the overall advantages of SAPCM compared to other related algorithms.
Moreover, two variants of SAPCM, which use the above original SAPCM algorithm as a
building block, have been devised. The first one is an iterative bottom-up version, called
Sequential SAPCM (SeqSAPCM), which, at each iteration, determines a single new clus-
ter by employing SAPCM. Thus, it unravels sequentially the underlying clustering struc-
ture. The basic advantage of SeqSAPCM is that it does not require knowledge of the
number of physical clusters (not even a crude overestimate, as is the case with APCM,
SPCM and SAPCM). The second variant of SAPCM is called Layered SAPCM (L-SAPCM)
and works in layers. Specifically, the SAPCM algorithm is initially applied in the whole data
set and then it is recursively applied individually on each resulting cluster, in order to reveal
possible clustering structure within it, working in a tree structure basis. L-SAPCM termi-
nates when none of the clusters resulting so far has further clustering structure within it.
As is verified by the experimental results, L-SAPCM can provide accurate clustering even
in cases where the data form closely located clusters at various “resolutions”, i.e. the
variances of the clusters may differ orders of magnitude from each other.

Also, a considerable contribution of this thesis is the development of an online version
of the APCM algorithm, called Online APCM (O-APCM), which processes data points
one by one and memorizes their impact to suitably defined accumulating variables. O-
APCM embodies three new procedures for (a) generating, (b) merging or (c) deleting
clusters dynamically and it is a good candidate for clustering of big data sets, whose size
and dimensionality are prohibitive for batch algorithms. Finally, it is highlighted that O-
APCM may be utilized for applications in both stationary, as well as dynamically varying
environments, where the physical clusters may change their location in data space over
time. Experimental results show that O-APCM offers high quality clustering results at a
very low computational cost.

The potential of the proposed methods is also demonstrated via experimentation on the
basis of three case studies, concerning real hyperspectral images (HSIs). The images
have been collected from different hyperspectral sensors and depict various land cover
cases. The proposed algorithms gave, in general, superior performance compared to
other related algorithms.



Finally, a sparsity-aware feature selection technique suitable for HSIs has been developed
in the frame of the current thesis. The proposed method is based on the optimization of
a sparsity promoting cost-function, in order to identify the bands with the most signifi-
cant ability in discriminating the various homogeneous regions in the HSI under study.
Experimental results on real HSI data have shown remarkable quality of the clustering
considering only the selected bands that result from the above technique.

SUBJECT AREA: Pattern recognition

KEYWORDS: possibilistic clustering, parameter adaptation, sparsity, cluster elimination,
convergence analysis, online clustering, feature selection, hyperspectral image process-

ing



NEPIAHWH

H opadoTroinon dedopévwy gival pia edpaiwpévn peBodooyia avaluong OedOUEVWY OTO
TTAQICI0 TNG AvayvwpIoNS TTPOTUTTWY Kal €XEI XPNOIWOTTOINBEI eKTEVWG 0€ didgopa TTedia
EQAPUOYWY KATA TN OIAPKEIN TV TEAEUTAIWY OEKAETILWV. AedOPEVOU EVOG TUVOAOU AVTIKEI-
MEVWYV, OKOTTOG TNG opadoTroinong €ival N TaUTOTIoiNON TwV OPAdWY TTOU ATTOTEAOUVTAI
atrd "ouola” avTikeiyeva. ‘Eva onuavtiké TuApa g BiBAloypagiag atnv opadotroinon
0edoUEVWV EXEI APIEPWOET OTNV aAvayVWPIOT CUUTTAYWYV Kal UTTEPEAAEIYOEIBOUG OXAMATOG
OMAdWYV Kal hia atrd TIG TTI0 YVWOTES KATNYOPIES AAYOPiBUwWY ouadoTToinong TTou XPNoluo-
TToI0UVTalI OUVABWG oTNV BIBAIOYpa@ia yia TOV OKOTTO auTo, €ival ol aAyopiBuol TTou Baacido-
vTQal 0T BEATIOTOTTOINON KATAAANAWY OUVAPTHOEWY KOOTOUG. H TTapouca diaTpifry eoTIddel
oToug aAyépiBuoug opadotroinong dedopévwy pe Baon Ta evdexdueva (Possibilistic C-
Means, PCM), TTou €ival a1rd TOUG TTI0 YVWOTOUG TNG TTPOAVOQEPBEIcAS KATNYOPIOG. 2UYKE-
KpIéva, avadelkviovTag TTPWTA TIG adUVANIEG TOUG, TTPOTEIVOVTAI OTN CUVEXEIa PEBODOI
ETTEKTACTG TOUG YIO TNV AVTIMETWTTION TWV aduvauiwy autwy. O1 yébodol autég Baaifovtal
KUpiwg oTnV UI0B€TNON TWV EVVOIWV TNG TTPOCAPUOCTIKOTATAG TTApAUETPWY (parameter
adaptivity) ka1 Tng apaidTNTAG (Sparsity). ZTn cuvéxela, TTapoucialovTal €V ouvTouia, Ta
KUpIO onueEia ouvelo@opdg TnG TTapoucag dIaTpIRAG.

ApXIKG, avaTrTuXOnke pia véa TTpoo€yyion oTo TTAioI0 Twv aAyopiBuwv PCM, 1Tou ovopad-
Cetan Adaptive Possibilistic C-Means (APCM). O APCM avtigyeTwtriel TTOANEG aTTd TIG
aduvapieg Twv PCM aAyopiBuwy, eTITPETTOVTAG TNV TTPOCAPUOYH OPICHEVWY TTAPANETPWV
TTOU €ival XapaKTNPIOTIKES YIa OAoug Toug aAyopiBuoug PCM, katd Tnv dIGPKEIQ EKTEAEONG
Tou. AUTO £pxeTal o€ avTiBeon pe Toug KAaolkoug PCM aAyopiBuoug, 61Tou auTtég ol TTapd-
METPOI, atrd TN OTIyur TTou opilovTal apyxikd, d0ev aAAalouv. H trpocapuoyr auth Twv
TTapapéTpwy, divel otov APCM dU0 vEa XapaKTnPIoTIKG TTOU EV CUVAVTWVTAI OTOUG KAACI-
Koug aAyopiBuoug PCM. To rpwro gival 611 0 APCM eivai o€ B€on, kat apxrv, va TTpocdio-
picel TOV TTPAYHATIKO apIBUO TwV QUOIKWY OPJAdwWY TTou oxnuatifovral atrd Ta dedopéva,
uTTd TNV TTPOUTTOBEDN OTI EEKIVA UE MIA AOYIKK) UTTEPEKTIUNGN TOU, QVTIMETWTTICOVTAG £TO1 €éva
Hakpoxpovio TTpoBANua otn BiIBAIoypagia TnG opadoTtroinong dedouévwy. AuTd TTpayuaTo-
TTOIEITAI hJE TNV QPAiPETN TWV OPAdWY TTOU OTAdIAKA KaBioTavTal TTapwynUEVES (dNAadH,
OMAdEG TWV OTTOIWV N XAPAKTNEIOTIKA TTAPAUETPOG EAATTWVETAI TTPOG TO PNOEV, KABWG O
aAyopIBuog egelicoeTal). 'Eva AANO XOpaKTNPIOTIKO TNG TTIPOCAPHUOYNS TWV XOPAKTNPIOTI-
KWV TTapapéTpwy otov APCM gival n augnon tng eueAiiag Tou oTo va akoAouBei Tig petapo-
AéC 0TO oXNUATIONO TWV OPAdWYV KATA TNV EKTEAEON TOU aAyopiBuou. To yeyovog autd
kaBiota Tov APCM IKavo va attokaAUWel TV UTTOKEIUEVN dour opadoTtroinong, akoua Kai
0€ OUOKOAEG TTEPITITWOEIG, OTTOU O1 QUOIKEG OUADEG BpioKovTal KOVTA N pia aTnV AGAAN kai/n
EXOUv onUavTikéS dla@opés OTIG dlakupavoelg Toug. O APCM ouykpiveTal JE QPKETOUG
OXETIKOUG OAYOPIOUOUG HECW EKTETAUEVWV TTPOCOUOICEWY TOOO 0€ OUVOETIKA 00O KAl O€
TTPAYMATIKA Oedopéva Kal Ta attoTeAéopaTa deixvouv OTI TTapouaidlel KaAUTEPn attédoon
o€ ONeg oXedOV TIG TTEPITTTWOEIG. EmmTTAéov, TTapéxovTal BewpnTiKA atmmoTeAéopaTa, Ta
oTToia gival evOEIKTIKA TNG CUUTTEPIPOPAS GUYKAIONG TOU aAyopiBuou.

2Tn ouvéxela, eoTidfoupe otnv TékTacn Tou PCM giocdyovTtag Tnv évvola TG apaidTnTag.
To OKETITIKO TTiOW aTrd AUTHV TNV €TTEKTACN €ival 0TI, oTNV TTPAEN, €va onueio-0edouévo
gival oupBatd ye To TTOAU pia, Aiyeg ] akOun kal kauia opada (akpaio onueio). ‘Etol,
XPNOIUOTTOIWVTAG Ta onueia dedopévwy TTou gival CUPPBATA PE PIA CUYKEKPIPEVN OUAda Kal



eCalpwvTag eKeiva TTou dev gival CUPBATA PE auTr, 0ONYOUNAOTE O€ TTIO AKPIPEIC EKTINACEIG

TWV TTAPAPETPWY TNG opadag. O aAyopiBuog TTou TTPOKUTITEI OVOPAleTal Sparse Pos-

sibilistic C-Means (SPCM) kal PTTOpEi va aQvTIMETWTTIOEI KOAQ TTEPITITWOEIG OTTOU €XOUUE

KOVTIVEG OUADEG, Ol OTTOIEG PTTOPEI ETTIONG VA €XOUV ONUAVTIKR dIa@op& oTNV TTUKVOTNTA

TOUG, EVW TAUTOXpOVA TTapoucidlel eupwaoTia o€ BOpURO Kal akpaia onueia. TEAog, diveTal

MIa PN TETPIMMEVN aTTOdEIEN OUYKAIONG Tou aAyopiBuou SPCM. H kUpia 1Tnyry SUOKOAIag

oTnv avdAuon oUyKAIoONG, o€ oUYKPION JE EKEIVES TTOU BivovTal yia TTPONYOUNEVOUG aAyopiB-
poug PCM, €ykeiTal 0TO yeyovog OTI Jia aTTo TIG EEICWOEIC EVNUEPWONG TWV TTAPANETPWV

TOU O¢ev diveTal 0€ KAEIOTH Hop@r}, AAAG UTTOAOYICETaI JECW PIAG HOBNUATIKAG EKPPAONG

QU0 KAGdWV, N o1Toia OPICEl MIa IN-OUVEXN ATTEIKOVION. ZTNV TTapouoa dIaTpIpr], ATTodEIKVU-
etal 011 0 SPCM ouykAivel o€ éva atrd Ta TOTNKA EAAXIOTA TNG ouvAPTNONG KOOTOUG TOU.

ETriong, atrodeikvueTtal 0TI TTapdpola atroTeAéouaTa OUYKAIONG ITTOPET va TTPOKUWOUV Kal

yla Tov KAao1kG aAyoépiBuo PCM, av o TeAeuTaiog 10wBei wg €18IKA TTepiTTwon Tou SPCM,

T OTTOIA €ival IOXUPOTEPA aTTO AUTA TTOU TTAPATIOEVTAI O€ TTPONYOUUEVEG EAETEG.

27N CUVEXEID, Ta KUPIOTEPO XAPOKTNPIOTIKA TwV TTPOTEIVOPEVWY aAyopiBuwv APCM kai
SPCM ouvduadovTal, odnywvTag atov Sparse Adaptive Possibilistic C-Means (SAPCM)
aAyopIBuo, 0 oTT0i0G KANPOVOUEI OAQ TA TTAEOVEKTHUATA TWV TTPOYOVWYV TOU Kal €XEl TN
duvartoTnTa (a) va avTINETWTTIOE! KaAd attaiTnTIkG oUvoAa dedouévwy, OTTOU Ta anueia-
0edopéva oxXNUATICOUV KOVTIVEG QUOIKEG OMADBEG, ME TTIBAVWG OIOPOPETIKEG TTUKVOTNTEG
f/Ka1 SIOKUPAVOEIG, (B) va TTPOodIoPIicEl TOV APIBPO TWV QUOIKWY OPAdWY Kal (Y) va BEATIW-
O€l aKOUN TTEPICCOTEPO TIG EKTINNOEIG TWV TTOPAPETPWYV TV OPAdWY, 0€ CUYKPION PE TOUG
APCM kai SPCM. Ektetapéva Treipdparta eTTaAnBeUouv Ta OUVOAIKA TTAEOVEKTIUATA TOU
SAPCM o¢ ouykpion pe GAAoug ouvageic alyopiBuoug. ETmimTAéov, avatrtuxenkav duo
TTapaAdayég Tou SAPCM, o otroieg Xpnoiuyotrololv Tov SAPCM wg dopuikd oToixeio. H
TTPWTN €ival hia eTTavaAnTITIKA atro KATw-TTPpog-Ta-TTavw (bottom-up) ekdoxry, TTou ovoudde-
Tai Sequential SAPCM (SeqSAPCM), 61rou o€ kaBe eTrTavaAnyn kaBopileTtal pia véa opdada
ME TN Xprion Tou SAPCM. ‘ETol, avadeikvuovTal akoAouBIakd pia-pia ol OuAdES TToU OXNUO-
Tiouv Ta onueia-0edopéva. To Baoikd TTAeovéKTNUa Tou SeqSAPCM cival 011 dev aTTaITEI
TN yVWon Tou apIBPoU TwV QUOIKWY OPAdWY (OUTE KAV MIO UTTEPEKTIUNOT auTOoU, OTTWG
oupBaivel pye Toug APCM, SPCM kat SAPCM). H deutepn TTapaAAayr) Tou SAPCM ovoudde-
Tal Layered SAPCM (L-SAPCM) kai epyddetal o€ iTreda. 2ZUYKEKPIPEVA, O AAYOPIBUOG
SAPCM epappoletal apxikd o€ OA0 T0 0UVOAO eDOUEVWV KAl OTN CUVEXEIQ, EQapUOCETal
XWPIOTA 0€ KAOE TTPOKUTITOUCO OPAdA, TTPOKEIMEVOU VA aTTOKOAUQBEi TTIBav dour) opado-
Troinong péoa o€ autry. O L-SAPCM teppartidel 6tav kayia atrod TIG OJAdES TTOU TTPOEKUYAV
MEXPI OTIVUAG Oev €xel TTEpaITEpw doun opadotroinong péoa tnG. Otwg eTaAnBeveTal
atro Ta TTEIPAUATIKG attoTeAéopaTta, o L-SAPCM utropei va rapéxel akpipr) opadoTtroinon,
OKOMN KOl O€ TTEPITITWOEIG OTTOU T ONUEIR OEOOPEVWV BNUIOUPYOUV TTOAU KOVTIVEG ONADES
oe dIAQPOPETIKEG "avaluoelg” (resolutions), dnAadr] ouddeg TwV OTTOIWV O BIAKUPAVOEIG
dlapépouv TALEIC peyEBOUG JETALU TOUG.

ETriong, pia onuavtik cupBoAf auTig TNG diatpIPng gival n avarTugn piag online ékdoong
ToU aAyopiBuou APCM, tTou ovouddetal Online APCM (O-APCM), o otroiog eTTegepyadeTail
Ta onueia OedoPEVWV Eva TTPOG £VA KAl CUCCWPEUEI TNV TTANPOQYOPIa TTOU TTEPIEXOUV OF
KaTdAANAa opiopéveg petaBAnTéG. EmmAéov, o O-APCM evowuatwvel TpeIg véeg dl1adIKa-
oieg yia duvapikn (a) dnuioupyia, (b) ocuyxwveuon N (y) diaypa@r] ouddwy Kai gival £€vag
KAAOG UTTOWNPIOG aAYOPIBUOG yIa opadoTtroinon HEYAAwY ouvOoAwy deBOUEVWY, TWV OTTOI-



WV TO UEYEBOC Kal N dIACTACN EiVAl ATTAYOPEUTIKA VIO TOUG AAYOPIOUOUG ETTECEPYATIOG KATA
0éopeg. TENog, ToviCeTal 0TI 0 O-APCM pT1r0opEi va xpnoIhoTroinBei yia eQapuoyEg TOOO O€
OTATIKA, 600 Kal OQUVOUIKA TTEPIBAAAOVTA, OTTOU O QUOIKEG OUADEG eVvOEXETAI VA aANGlouV
B€on oTo XWPO TwV OEBOUEVWY PE TNV TTAPOOO Tou XpoOvou. [eipauaTiKd ammoTeAéopaTa
dcixvouv 6110 O-APCM 1T1poc@épel uPnAig To16TNTAG aTTOTEAETUATA EVAVTI TTOAU XapnAou
UTTOAOYIOTIKOU KOOTOUG.

H duvapIiKA TwV TTPOTEIVOUEVWY HEBOOWY avadeIKVUETAI ETTIONG HECW TTEIPAPATWY PE BAon
TPEIG TTEPITITWOEIG MEAETNG, TTOU APOPOUV OE TTPAYUATIKEG UTTEPPATHOTIKEG EIKOVEG (HSI).
O1 €IkOveg oUAAEXBNKaV aTTd dIOPOPETIKOUG UTTEPPATHATIKOUG aIoBNTAPES KOl ATTEIKOVi-
(OUV TTOIKIAEG TTEPITITWOEIG KAAUWNG YNG. O1 TTpoTEIVOUEVOI OAYOPIBUOI EiXav, OE YEVIKEG
YPOUMEG, QVWTEPN ATTOdOON O€ OUYKPIoN ME AAAOUG ouvaQEig aAyopiBuoug.

TéNog, OoTa TTAQiOIO TNG TTapoUcag dIATPIRNG AVATITUXONKE Kal YIa vEQ TEXVIKN €TTIAOYNAG
XOPOAKTNPIOTIKWY Baciouévn oTnV 1I0€a TNG apaidTnTag, KATAAANAN yia HSIs. H 1TpoTteivope-
vn pEBodOG BacileTal oTn BEATIOTOTTOINON PIAG CUVAPTNONG KOOTOUG TTpowBNoNG apaing
avaTtrapdoTaong, TTPOKEIMEVOU VA EVTOTTIOTOUV OI UTTAVTEG PE TNV TTIO CNPAVTIKA IKAVOTNTA
oTn OIAKPIOTN TWV JIAPOPETIKWYV OMOIOYEVWV TTEPIOXWYV TNG UTTO YeAETN HSI. Meipapatika
arroteAéopaTa o€ TTPAYMATIKG dedopéva HSI £€deigav agloonueiwTn TTO1I0TNTA OTNV OPadO-
TT0INCN TTOU TTPOKUTITEI, AdPBAvVOVTAG UTTOWN POVO TIG ETTIAEYMEVEG PTTAVTEG TTOU TTPOKU-
TITOUV ATTO TV AVWTEPW TEXVIKN.

OEMATIKH NMEPIOXH: Avayvwpion TTpOoTUTTIWV

AEZEIZ KAEIAIA: opadotroinon e Baon Ta evOEXOUEVA, TIPOCAPHUOYN TTAPAUETPWY, apdal-
otTnTa, e€AAeIYn opadag, avaAuon ocuykAiong, online opadoTroinon, €TmAOYr XapAKTNPIOTI-
KWV, ETTECEPYQTIA UTTEPPACUATIKAG EIKOVOG
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Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

1. INTRODUCTION

Pattern recognition is a branch of machine learning whose main task is the search of
patterns in sets of objects with the aim of assigning them into a number of categories or
classes based on a set of preselected features. The most well-known branch of pattern
recognition is the statistical pattern recognition, which is the framework where the present
thesis lie'. Here, each object is represented by a set of, say {, measurements-features?
(this verifies the term “statistical”), which forms its associated feature vector, also called
data vector. Any decision concerning a certain object is based exclusively on its associ-
ated feature vector. In most cases, the design of a pattern recognition system is based
on a certain set of objects, whose associated feature vectors constitute the so-called data
set, while the [-dimensional space where all these vectors “live” is called feature space.

Traditionally, the two major problems that lie in the frame of pattern recognition are those of
classification (supervised pattern recognition) and clustering (unsupervised pattern recog-
nition). In the first one, a set of known classes is given and the aim is to assign a certain
object? to one of these classes (according to an optimality rule/criterion). The rule accord-
ing to which classification is carried out is called classifier. In most cases, the design of a
classifier is based on a given data set where the class to which each data vector belongs
is known. This process is usually called classifier training and the data vectors used in
this process are called training vectors, while the corresponding set is called fraining set.
Once the classifier has been properly designed, it can be used to classify objects that have
not been used for its training. Also, it should be pointed out that the term “supervised” is
justified by the fact that the classes where the training data vectors belong are known.

The second problem in pattern recognition, i.e. clustering (or unsupervised pattern recog-
nition), has a different formulation from that of classification. Specifically, here the only
available information is a set of objects without, however, any class knowledge about them
(this justifies the term “unsupervised”). The goal is to unravel their underlying similarities,
in order to group “similar” objects to the same group (cluster) and “dissimilar” objects to
different groups, based on a suitable similarity measure. Clustering tasks may arise in
many application fields, such as remote sensing, image segmentation, speech and text
recognition, etc. Next, we focus only on the clustering task for which a brief overview is
given.

1.1 An Overview of Clustering

At the heart of the clustering task is the clustering algorithm, that is, the algorithm that
groups the data vectors into clusters, producing thus a clustering, which is simply the set of

"Another well-known pattern recognition framework is the structural (or syntactic) pattern recognition ([1],
[2]).

2Features may be discrete or real-valued. In this work we consider exclusively the real-valued case.

3t is assumed that the I features used for the representation of the objects at hand have already been
selected and fixed, during the previously applied feature selection/generation stage.
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these clusters. However, before focusing on the clustering algorithms, some prerequisites
are necessary.

According to the way the data vectors are associated with the clusters, we have various
types of clustering, the most significant of which are: (a) hard clustering, where each
data vector belongs exclusively to a single cluster and all pairs of clusters are disjoint,
(b) fuzzy clustering, where each data vector is shared among all available clusters and
(c) possibilistic clustering, where each data vector is associated with a certain cluster
independently of how it is associated with the remaining ones.

Before touching the clustering algorithms issue, the following two additional issues need
to be firstly resolved. The first one is the cluster representation issue. A cluster may be
represented either (a) by all of its data vectors, or (b) by a representative. In the second
case, the representative is chosen so that to be indicative of the location and the “shape”
of the cluster it represents. For example, compact and hyperellipsoidally shaped clusters
(see Fig. 1.1a) are usually represented by a single vector that is located at the center of the
cluster. Other choices, such as hyperplanes (Figs. 1.1b, 1.1c) or second degree curves
(Fig. 1.1d) may also appear, in applications related to image processing. In this work, we
consider the case where a single point is used to represent a cluster (that is, we focus on
compact and hyperellipsoidally shaped clusters).

The second issue to be resolved is that of the proximity measure. Proximity may be either
a similarity (the higher its value the closer the compared entities) or a dissimilarity measure
(the lower its value the closer the compared entities). Depending on the way a cluster is
represented, we have proximity measures between (a) two clusters, (b) two data vectors
and (c) a data vector and a cluster. Obviously, different choices of similarity measures
leads to different clustering results, as shown in Fig. 1.2.

Having resolved the above issues one can proceed now to the heart of the clustering
task, the clustering algorithm. A vast amount of clustering algorithms has been developed
during the past eight decades. Taking into account their underlying rationale, they can be
divided into the following main categories®.

* Hierarchical algorithms. These algorithms produce a sequence of nested cluster-
ings, where the clustering of each step emanates from that of the previous step
either by merging the two most similar clusters into one (agglomerative algorithms,
bottom-up nesting) or by dividing the cluster with the highest variance into two (di-
visive algorithms, top-down nesting). Typical examples of agglomerative algorithms
are the single link and complete link algorithms ([3]), the Ward’s algorithm [4], which
are differentiated from each other in the definition of the proximity between two clus-
ters. For example, in single link the proximity between two clusters is defined based
on the two “most similar” data vectors of them, while in complete link the respective
proximity is based on the two “most dissimilar” data vectors of the clusters.

As far as the divisive algorithms are concerned, they are discriminated to polythetic,

4Note that the categorization is not strict, since several (usually more sophisticated) algorithms may
exhibit characteristics of more than one category.
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Figure 1.1: Data sets of different shaped clusters.

where all features contribute to the selection of the cluster that will be split (and how
it will be split) and monothetic, where single features are used, in order to deter-
mine which cluster will be split. It is noted that due to the very high computational
requirements for detecting the most appropriate cluster to split (since it is needed
to consider at each clustering, each cluster separately and for each cluster all pos-
sible splits), almost all of these algorithms apply heuristic techniques at the cost of
providing suboptimal solutions.

In addition, there are algorithms, e.g. Chameleon [5] that model data dynamically.
Specifically, Chameleon combines elements from both agglomerative and divisive
concepts, as it merges and divides clusters dynamically.

» Cost function optimization based algorithms. These algorithms iteratively optimize
suitably defined cost functions, in order to produce “sensible” clusterings. They ter-
minate when a local optimum of the associated cost function is reached. Celebrated
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Figure 1.2: Different clustering results of the same 2-dimensional data set, based on different simi-
larity measures.

algorithms of this type are the k-means (hard clustering), e.g. [6], the fuzzy c-means
(FCM - fuzzy clustering), e.g. [7], [8] and the possibilistic c-means (PCM - possibilis-
tic clustering), e.g. [9], [10]. Since all algorithms developed in the present thesis fall
into this category, this category is analysed in more detail in the next chapter.

» Density-based algorithms. The density-based clustering algorithms use a local clus-
ter criterion, according to which clusters are defined as regions in the data space
where the objects are densely located, and clusters are separated from each other
by low-density regions. DBSCAN [11], a well-known representative of this category,
uses density-based notions to define clusters. More specifically, it identifies via suit-
ably chosen criteria each data point as either a “core” point or a “border” point of a
cluster. DBSCAN visits points in a random manner and if a point is a core point, it
tries to expand and form a cluster around it. Other algorithms in this category are
the DBCLASD [12], DENCLUE [13], while an additional one is given in [14].

» Subspace-based algorithms. In certain applications (e.g. in biology), the data vec-
tors are aggregated along subspaces of a (usually high dimensional) feature space.
Subspace clustering aims at finding a multi-subspace representation that best fits a
collection of data points taken from a high dimensional space. In other words, sub-
space clustering could be thought as an extension of feature selection that attempts
to find clusters in different subspaces of the same dataset. Thus, the problem here
is not only to identify the clusters themselves, as is the case with the algorithms of
the previous categories, but also the subspaces where these clusters live. In this
category, there are two prevailing algorithms. First, CLIQUE [15], which was one
of the first subspace-based algorithms, creates a histogram for each dimension and
selects those bins with densities® above a given threshold. Candidate subspaces

5The measure of density is based on the number of data points, whose projection in the relative dimension
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in two dimensions can then be formed using only those dimensions which contain
dense units, dramatically reducing thus the search space. The algorithm proceeds
until there are no more dense units found. Adjacent dense units are then combined to
form clusters. Secondly, the recently proposed Sparse Subspace Clustering (SSC)
algorithm [16] (a) finds a sparse representation of each data point in the dictionary of
the other data points, (b) builds a similarity graph using the sparse coefficients, and
(c) obtains the segmentation of the data into clusters using spectral clustering. The
algorithm, under appropriate conditions, is expected to recover the desired sparse
representations of data points.

» Combination-based algorithms. Clustering combination relies on the idea that ev-
idence gathered by a number of clusterings can be combined to produce a final
(hopefully) more accurate result. Clustering combination methods receive as input
an ensemble of clusterings that may have been generated either by applying differ-
ent clustering algorithms or by applying the same clustering algorithm with different
values of parameters or initializations on the data set under study. Furthermore,
combinations of different data representations (feature spaces) and clustering al-
gorithms can also provide a multitude of significantly different data clusterings. A
simple framework for extracting a consistent clustering, given the various partitions
in a clustering ensemble, is proposed in [17].

Itis noted that the selection of the appropriate algorithmic scheme for clustering is adjusted
according to the application under study, while the interpretation of the results is carried
out by experts in the specific application domain.

1.1.1 Related work

Speaking more precisely, in this work we consider only the case of compact and hyper-
ellipsoidally shaped clusters, represented by a single vector. Moreover, we focus on the
possibilistic clustering alternative. In the sequel, a brief summary of the relative bibliogra-
phy is given.

A great amount of work reported in the clustering literature has been devoted to the identi-
fication of compact and hyperellipsoidally shaped clusters as those shown in Fig. 1.1a. As
stated before, each such cluster is represented by a vector called cluster representative
or simply representative, which lies in the same [-dimensional space with the data and
(ideally) is located at the center of the cluster.

The most well-known algorithms that deal with this problem, belong to the family of cost
optimization clustering algorithms and are the k-means (hard clustering), e.g. [6], the
fuzzy c-means (FCM - fuzzy clustering), e.g. [7], [8] and the possibilistic c-means (PCM
- possibilistic clustering), e.g. [9], [10], [18], [19], [20], [21]. The main goal of all these al-
gorithms is to move iteratively the representatives towards the centers of the regions that

lies in the bin.
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are dense in data points (dense regions), that is, to regions where significant aggrega-
tions of data points (clusters) exist. Under this perspective, we say that each such vector
represents a cluster, while, as mentioned previously, their movement towards the centers
of the clusters is carried out via the minimization of appropriately defined cost functions.

Let us consider first the k-means and FCM, which share some significant features. First of
all, they both require prior knowledge of the exact number of clusters m underlying in the
data set (which, of course, is rarely known in practice). In addition, in both schemes the
updating equations of the representatives are interrelated. As a result, these algorithms
impose a specific clustering structure on the data set (rather than uncovering the under-
lying one), in the sense that they will return m clusters irrespective of the actual number
of physical clusters existing in the data set. Specifically, if m is less than the actual num-
ber of clusters, at least some representatives will fail to move to dense regions, while in
the opposite case, some naturally formed clusters will split into more than one pieces®.
A common method for estimating m is via the use of suitable validity indices (e.g., [22],
[20]). Finally, as shown in [18], [19], k-means and FCM are vulnerable to noisy data and
outliers.

As far as the PCM algorithms are concerned, the cluster representatives are updated,
based on the degrees of compatibility of the data vectors with the clusters. In contrast
to FCM and k-means, in PCM algorithms, the degrees of compatibility of a data vector
with the various clusters are mutually independent. A direct consequence of this fact is
that even if the number of clusters is overestimated, in principle, all representatives will
be driven to dense regions, making thus feasible the uncovering of the actual clusters.
However, in this case, the scenario where two or more cluster representatives are led
to the same dense in data region, may arise [23], [24], which, however, can be faced
after the termination of the algorithm by seeking for (almost) coincident representatives.
In addition, PCM deals well with noisy data points and outliers, compared to k-means
and FCM. However, it involves additional parameters, usually denoted by ~. Each of
these parameters is associated with a single cluster, while their accurate estimation is of
crucial importance. Since, once they have been estimated they are kept fixed during the
execution of the PCM algorithm, it is clear that poor initial estimates are likely to lead to
poor clustering performance, especially in more demanding data sets (e.g. where clusters
with significantly different variances are encountered in the data set).

Many variants of PCM have been proposed to deal with the weaknesses associated with
the parameters v. More specifically, [25] tries to avoid coincident clusters by introducing
mutual repulsion of the clusters, so that they are forced away from each other. The same
problem is tackled in [23], [26] and [19] by combining possibilistic and fuzzy arguments.
Also, in [27] a strategy is proposed that intoduces a “gray zone” around each represen-
tative, which contains the points around the cluster boundary. The latter overcomes the
coincident clusters problem, is robust to outliers and uses less ad hoc defined parameters
than PCM. Another algorithm that involves very few parameters and is robust to noise
and outliers is described in [20]. In [28] ideas from [20] and [19] are combined for dealing

60f course, if the value of m corresponds to the actual number of physical clusters, the algorithms have
the ability to recover the physical clusters; that is, in this case “imposition” coincides with “uncovering”.
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Figure 1.3: A HSI cube and the spectral signatures of three pixels of different materials.

additionaly with the coincident clusters issue. The same issues are also addressed in [21]
using, however, a different approach than [28].

The original versions of PCM algorithms are not equipped with a cluster elimination mech-
anism, that is, if they are initialized with an overestimated number of clusters, they cannot
eliminate any of them as they evolve. Inspired by [29], PCM-type algorithms that perform
cluster elimination during their execution are described in [30] and [31]. In these algo-
rithms the parameters ~ are considered equal for all clusters and are kept fixed as they
evolve. Consequently, their ability to deal with closely located clusters with significantly
different variances is drastically decreased. In addition, their computational complexity is
dramatically increased [30].

1.2 Clustering of Hyperspectral Data

Hyperspectral image (HSI) analysis has attracted considerable attention in the signal pro-
cessing and pattern recognition literature during the last two decades and is widely rec-
ognized as a valuable tool in diverse applications, such as remote sensing, biomedical
imaging and astronomy to name but a few. In this work, we consider HSI in the frame
of remote sensing, which refers to information acquisition for an object, phenomenon or
geographical area without any physical contact with it. Therefore, in this framework, hy-
perspectral imagery deals with the process of extracting information about an object or
geographical area using hyperspectral sensors.

HSIs are acquired by specific hyperspectral sensors, which sample certain regions (bands)
of the electromagnetic spectrum. The majority of them sample the electromagnetic spec-
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Figure 1.4: Example of hyperspectral data representation in a 3-dimensional space (only three wave-
lengths are used).

trum in hundreds of contiguous spectral bands for a specific scene [32]; from the visible
region (0.4 to 0.7 um) through the SWIR (Short-Wave InfraRed) (up to 2.5 um) bands.
The spectral sampling results to a set of different (yet related) images of the scene under
study, which, stacked together, form the so-called HS/ cube (see Fig. 1.3) (in the sequel
by the term HSI, we mean the HSI cube). As a consequence, the structuring elements
(pixels) of an HSI are represented by vectors containing the measurements of reflectance
in all spectral bands.

Examples of hyperspectral sensors include the Hyperion, a VNIR/SWIR (Visible Near
InfraRed, VNIR) hyperspectral sensor with 220 spectral bands aboard the NASA EO-1
satellite, the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) of NASA with 224
contiguous spectral channels, the HYperspectral Digital Imagery Collection Experiment
sensor (HYDICE) that collects data in 210 spectral bands and OMEGA (Observatoire
pour la Minéralogie, I'Eau, les Glaces et I'Activité) spectrometer that is onboard ESA’s
Mars Express satellite and measures the solar radiation reflected by the surface of planet
Mars.

1.2.1 Hyperspectral Image Representation

As has already been stated, hyperspectral data may be viewed as a sequence of two-
dimensional images produced by sampling at specific (usually contiguous) wavelengths,
thus they are frequently called hyperspectral image cubes. An image cube contains spatial
information on the = and y axes and spectral information on the = axis, as shown in Fig. 1.3.
A hyperspectral data cube may be also viewed as a matrix of individual pixels conveying
spectral information. Thus, isolating a single pixel, its spectral information can be plotted
as shown in Fig. 1.3 and it is called spectral signature of the pixel.

An alternative representation of hyperspectral data could be obtained by considering the

S. Xenaki 42



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

following. Each HSI pixel can be represented by a vector of length [, whose entries are
the measurements of radiance at the corresponding wavelengths and [ is the total number
of spectral bands. Associating an axis of the R! space with each wavelength, each mea-
surement of a pixel is a coordinate in the corresponding axis. From this perspective, each
HSI pixel corresponds to a data point in the /[-dimensional space. To get an idea of how
the pixels of a HSI are depicted in the /[-dimensional space, we consider the (unrealistic)
case of Fig. 1.4 ,where we assume that the number of available spectral bands is [ = 3.

1.2.2 HSI Processing

Hyperspectral data provide very detailed and accurate spectral information of the observed
object or scene not only because of the large number of the involved spectral bands, but
also due to the continuous nature of measurements. Taking into consideration that radi-
ance reflection and absorption are differentiated among types of materials and spectral
channels, HSI processing and analysis provides the means of determining and identify-
ing different materials in a remote scene, based on spectral information. This can be
achieved, for example, by matching the scene reflectance spectra to a library of known
spectra. However, designing and implementing a spectral imaging system requires many
practical issues to be addressed. These issues include the specification of the spatial and
spectral resolution of the sensor, the identification of the atmospheric effects such as ab-
sorption and scattering, the spectral variability of surface materials in the scene and other
environmental effects such as viewing angle, secondary illumination and shadowing [33].

Many different types of hyperspectral imaging applications exist that have been exploiting
hyperspectral imagery capabilities. These may be separated into three major categories:
anomaly detection, target recognition and background characterization. Anomaly detec-
tion is the process of identifying and locating uncommon features in an image, whereas
target detection is distinguished from anomaly detection by the availability of some a priori
information about the target. Finally, background characterization emphasizes mainly on
a background scene analysis and identification and it refers to the domains of land, ocean
and atmosphere.

In the next subsection we focus on the processing of HSIs using clustering methods.

1.2.3 Hyperspectral Image Clustering

Hyperspectral image classification is a challenging task that is gaining increasing interest
in the remote sensing literature lately [34]. One of the main issues that frequently arise
in the processing of HSlIs is the partial or total lack of ground truth information. A rational
way to deal with this issue is to resort to unsupervised classification (clustering). Under
the clustering perspective the data vectors are the [-dimensional spetral signatures of the
image pixels. The goal now is to identify spectrally homogeneous regions in HSIs. In
particular, the objective of HSI clustering is to assign (a) to the same cluster pixels that are
more similar to each other and (b) to different clusters pixels that are less similar to each
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other. HSI clustering may find application at mineral exploration, precision argiculture,
disaster monitoring, etc. [32], [33].

As mentioned previously, modern hyperspectral sensors are able to acquire measure-
ments in numerous, almost contiguous spectral channels [32]. Although there are several
available measurements for each HSI pixel, which, in principle, may be a desirable fact,
this may also become a source of problems. This is due to (a) the high spectral correlation
(mainly) between adjacent channels, as well as to the noise contained in them ([35]), which
is likely to lead to the formation of overlapping clusters and (b) the high dimensionality and
(usually) very large size of HSI data, which increase dramatically both computation and
memory requirements. Therefore, applying clustering to HSIs becomes a very challenging
task.

In recent years, a major effort in the remote sensing literature has been devoted to the
design and application of clustering techniques in HSIs, in order to identify spectrally ho-
mogeneous regions, which correspond to certain types of land cover. The aim here is to
partition a given image into groups such that pixels in the same group are similar to each
other and correspond to a specific type of land cover. Several algorithms have been de-
vised for remote sensing image clustering, however, most of them require knowledge of
the true number of clusters m underlying in the data set, which is rarely known in practice.
Thus, a major issue in HSI clustering is the accurate estimation of m.

In [36], the Gauss Mixture Vector Quantization (GMVQ) algorithm [38] is considered using
a correlation-based distance between a data vector and a cluster. The method is as-
sessed to pick up most of the variability in the dataset. Several runs are performed and
the optimum number of clusters is chosen to be the one associated with the minimum
value for the adopted objective function. In [38], a method for classifying HSIs based on
Fuzzy C-Means (FCM) and Markov Random Fields (MRF) is presented. Firstly, the FCM
algorithm is used to generate an ensemble of partitions and then, the MRF method is em-
ployed to fuse the obtained partitions by taking into account the spatial and inter-partition
contextual information. Besides the need for prior knowledge of the number of clusters, a
second limitation of this method is that it does not work well at the borders of the classes.
In [39], a hyperspectral image clustering method is proposed, based on the Artificial Bee
Colony (ABC) algorithm, which is a bionics random optimization algorithm that simulates
the self-organizing behavior and intelligence of bee swarms. An extension of this work
is reported in [40], where it is combined with the MRF classification discriminant function
(ABC-MRF method) and maintains the advantages of the ABC algorithm in finding the
cluster center. In addition, it effectively utilized the spatial information contained in the
pixels to further improve the accuracy of the cluster. However, a major disadvantage of
the last two algorithms is that they consume a considerable amount of computing time to
find an optimal solution. Bandyopadhyay et al. [41], utilize a multiobjective optimization
algorithm (NSGA-II [42]) to determine the appropriate cluster centers and the correspond-
ing partition matrix, where a number of fuzzy cluster validity indexes are simultaneously
optimized. A HSI clustering procedure, which is based upon the Fully Constrained Least
Squares (FCLS) spectral unmixing method, is described in [43]. This method consists
of three steps, namely endmember extraction, unmixing and hardening clustering via the
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winner-takes-all approach. Experimental results on a known real HSI data set substantiate
the validity of the method. In [44], the FCM algorithm is applied using similarity measures
such as the spectral angle and correlation, which are less sensitive to brightness varia-
tions. Tran et al. [45] presented a density-based clustering algorithm, called KNNCLUST,
which combines nonparametric k-nearest-neighbour (¢NN) and kernel (kNN-kernel) den-
sity estimation. The kNN-kernel density estimation technique makes it possible to model
clusters of different densities in high-dimensional data sets. A major advantage of the
algorithm is that it is expected to identify automatically the number of the clusters. How-
ever, KNNCLUST has very high computational complexity, mainly due to the calculation
of the kNN distance matrix. Cariou and Chehdi [46] proposed KSEM that is an extension
of the KNNCLUST method inspired from the Stochastic Expectation-Maximization (SEM)
algorithm [47]. KSEM is based on iteratively sampling label states via pseudo-posterior
label distributions estimated at the local level of the objects and attempts to address the
problem of the unknown number of clusters in HSIs. Moreover, in [48], a density-based
approach that tries to automatically estimate the number of clusters in hyperspectral im-
agery, is proposed. Furthermore, several hierarchical clustering approaches have been
proposed to deal with HSIs ([49], [50], [51]). Recently, a sparse subspace clustering ap-
proach has been applied in HSI data that simultaneously explores the nonlinear structure
and the inherent spectral-spatial attributes of HSIs [52].

1.3 Thesis Contribution

The scientific contributions of the present thesis are mainly related, but not restricted to
the area of possibilistic clustering and its application in the identification of homogeneous
regions in HSIs. The first contribution of the thesis is the development of a novel Possi-
bilistic C-Means (PCM) clustering scheme, called Adaptive Possibilistic C-Means (APCM)
algorithm, [53], [54]. The main feature of the proposed algorithm is that its parameters
~, after their initialization, are properly adapted during its execution. Provided that the
algorithm starts with a reasonable overestimate of the number of physical clusters formed
by the data, APCM is capable to unravel them, overcoming a long-standing issue in the
clustering literature. Due to the fully adaptive nature of the proposed algorithm, a clus-
ter elimination procedure is enabled, which makes possible the reduction of the initially
estimated number of clusters. In addition, the adjustment of the parameters increases
the flexibility of the algorithm in following the variations in the formation of the clusters
that occur from iteration to iteration. Theoretical results that are indicative of the conver-
gence behavior of APCM are also provided. Finally, extensive simulation results on both
synthetic and real data highlight the effectiveness of the proposed algorithm.

The second contribution of the thesis concerns the exploitation of sparsity in the cluster-
ing framework. To this end, two novel sparsity-promoting possibilistic clustering algorithms
are proposed [55], [56]. The main idea here is that a data point may be compatible with
one or only a few (or even none) clusters. The first algorithm, termed Sparse Possibilis-
tic C-Means (SPCM), leverages the sparsity of the degree of compatibility vectors and
exhibits increased immunity to data points that may be considered as noise or outliers,
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by not allowing them to contribute to the estimation of the cluster representatives. Thus,
SPCM concludes to more accurate estimates for the cluster representatives, especially in
noisy environments. Additionally, sparsity exploitation makes SPCM able to deal well with
closely located clusters that may also be of different densities. A rigorous convergence
analysis of SPCM is also provided [57] and it is shown that SPCM convergences to one of
the local minima of its associated cost function. The main source of difficulty in this anal-
ysis, compared to those given for previous possibilistic algorithms, is due to the lack of
continuity resulting from the updating rule of certain parameters involved in the algorithm
that must be suitably handled.

The second algorithm, called Sparse Adaptive Possibilistic C-Means (SAPCM), is an ex-
tension of the first, where now the involved parameters are dynamically adapted. SAPCM
can deal well with even more challenging situations, where, in addition to the above, clus-
ters may be of significantly different variances and/or densities. More specifically, it pro-
vides improved estimates of the cluster representatives and has the additional ability to
estimate the actual number of clusters, given an overestimate of it.

Extending SAPCM, two variants of it that use the SAPCM as a structuring element, have
been devised. The first one is an iterative bottom-up version, called Sequential Sparse
Adaptive Possibilistic C-Means (SeqSAPCM) and presented in [58]. Here, at each iter-
ation, SeqSAPCM determines a single new cluster by employing the SAPCM. That way
it finally unravels sequentially the underlying clustering structure. The second version of
SAPCM, which is accustomed to HSI processing, is Layered Sparse Adaptive Possibilistic
C-Means (L-SAPCM) and is presented in [59]. L-SAPCM works in layers where at each
layer, after suitable pre-processing, the SAPCM algorithm is applied on a tree structure
basis. More specifically, initially, SAPCM is applied on the whole HSI data set produc-
ing some subsets (sub-clusters) that constitute the first processed layer. Then, for each
identified sub-cluster of the first layer, SAPCM is recursively applied to reveal possible
sub-clusters within it. The procedure terminates when at each sub-cluster no more than
one cluster can be identified.

Another contribution of this thesis is the development of an efficient online clustering al-
gorithm, called Online Adaptive Possibilistic C-Means (O-APCM), recently presented in
[61]. The algorithm is an online version of the APCM [54], in which data vectors (pixels)
are being processed one by one and their impact is memorized to suitably defined param-
eters; thus O-APCM is released from the noose of storing the whole data (hyperspectral
data cubes in HSI processing) and using it at each iteration, as is the case with the batch
schemes. Due to its online nature, O-APCM is much more computationally efficient with
lower memory requirements without (rather surprisingly) any degradation of the quality of
the resulting clustering, compared to its batch ancestor, in which the whole data cube is
considered at each iteration of the algorithm. From this perspective, O-APCM is suitable
for HSI clustering. The basic advantage that O-APCM inherits from APCM is the ability to
adapt the involved parameters during its execution, in order to track variations during the
clustering formation. In addition, it embodies new procedures for creating new clusters
or merging existing ones, as data points are clustered sequentially. Experimental results
show that O-APCM offers high discrimination ability at a very low computational cost and
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it compares favourably with other online related algorithms, as well as APCM. In addition,
it should be noted that the usage of O-APCM is twofold. It is not only recommended in
cases where the environment in which the data live is stationary, where it alleviates a
computationally demanding processing of a huge amount of (static) data, but also it is ap-
propriate for data clustering under non-stationary environment conditions; that is, in real
time application cases where data may received in a streaming fashion and their statistics
vary with time. Such data are real-time financial stock market data, video surveillance
data, social media data, etc [60].

The performance of the above proposed clustering algorithms has been assessed in terms
of three HSI case studies. Specifically, the first case study is related to the clustering of
data acquired by the 256-bands OMEGA hyperspectral sensor, depicting the South Polar
Cap of Mars, which is characterized by spatial resolution of 3km and spectral resolution
0.93 to 2.98um. The size of the HSI is 871x 128 pixels and the 256 bands are reduced to
186 after the removal of the noisy ones. The pixels of this image stem from three classes:
“CO;,” ice, “Water” ice and “Dust”. The second case study is captured by the 224-band
AVIRIS hyperspectral sensor over Salinas Valley, California, which is characterized by
high spatial resolution of 3.7m and spectral resolution 0.2 to 2.4um. The area covered
comprises 512 lines by 217 samples (512 rows x 217 columns), while 20 water absorption
bands (108-112, 154-167, 224) are discarded. This image includes cultures of vegetables,
bare soils, and vineyard fields with its corresponding reference map containing 16 classes.
The data processed in the last case study came from the 210-band HYDICE hyperspectral
sensor over the Washington DC Mall area. The sensor response is in the 0.4 to 2.4 ym
region of the visible and infrared spectrum. Bands in the 0.9 and 1.4 um region, where
the atmosphere is opaque, have been omitted from the data set, leaving 191 bands. The
data set contains 150 lines by 150 samples (150 rows x 150 columns) and it has a spatial
resolution of approximately 1m.

Finally, considerable research effort was also invested into the development of a sparsity-
aware feature selection method for hyperspectral data clustering, which was presented
in [62]. The proposed method selects bands that exhibit significant discrimination ability,
based on the optimization of a sparsity promoting cost function. Clustering algorithms that
use only the selected spectral bands export results of the same quality compared to the
case where all spectral bands are used, while, in some cases, they are able to unravel
patterns that are not identified using the whole bands information.

1.4 Outline of the Thesis

The remaining chapters of the thesis are organized as follows.

In Chapter 2, an overview of the most well-known clustering algorithms based on cost
function optimization is given. In particular, the K-means, the Fuzzy C-Means (FCM) and
the Possibilistic C-Means (PCM) algorithms are described and discussed in detail. Also,
previous attempts for dealing with their shortcomings are briefly presented.
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In Chapter 3, the novel Adaptive Possibilistic C-Means (APCM) clustering algorithm is
presented. Indicative theoretical convergence results of APCM are provided. Finally, the
performance of APCM is tested against several state-of-the-art algorithms.

In Chapter 4, the Sparse Possibilistic C-Means (SPCM) clustering algorithm is introduced,
accompanied with its convergence proof. Also, extensive experiments are performed with
synthetic and real data.

In Chapter 5, the Sparse Adaptive Possibilistic C-Means (SAPCM) clustering algorithm
is presented and its properties are analysed. Moreover, two new clustering variations,
namely, Sequential Sparse Adaptive Possibilistic C-Means (SeqSAPCM) and Layered
Sparse Adaptive Possibilistic C-Means (L-SAPCM), that incorporate SAPCM as a build-
ing block, are described.

In Chapter 6, the Online Adaptive Possibilistic C-Means (O-APCM) clustering algorithm
that is an online implementation of APCM, is presented in detail and its usage in both
static and dynamic environments is discussed. Additionally, experimental results verifying
that O-APCM offers high discrimination ability at a very low computational cost, are also
provided.

Chapter 7 provides experimental results of the proposed methods discussed so far when
they apply on real hyperspectral images. Moreover, their results are compared against
those obtained by several state-of-the-art related algorithms.

Chapter 8 departs from the thematic area of clustering algorithms and presents a novel
sparsity-aware feature selection method for hyperspectral data clustering, whose perfor-
mance is tested on real data sets.

Finally, Chapter 9 gives a summary and the conclusions of the research work presented
in the context of the thesis and highlights some possible future research directions.
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2. CLUSTERING ALGORITHMS BASED ON A COST OPTIMIZATION
FUNCTION

2.1 Introduction

As it has already been announced, in the present thesis we focus on possibilistic clus-
tering algorithms, which lie in the general framework of the cost function optimization
clustering techniques. For reasons of thoroughness, we devote the present chapter to
the description of the main features of the algorithms of this category via the presentation
of well-known clustering algorithms that follow from three different interpretations of the
concept of cluster. In the algorithms of this category, linear varieties (e.g. points, lines,
planes, etc.) or quadrics are usually employed for the representation of the clusters, with
the actual type of representative to be adopted, being strongly dependent on the types
of natural clusters formed by the points of the data set X under study. For example, if
compact and hyperellipsoidally shaped clusters are expected, the representatives may be
points lying in the space where the points of X lie (see Fig. 1.1a), while, if linear clusters
are expected, the representatives may be hyperplanes in the space where the data live.
Besides the representatives, some additional parameters are also involved in these algo-
rithms that may be linked with other quantities that describe the clusters formation, such
as their spread.

In this chapter, we focus on cost function optimization algorithms that stem from three ma-
jor philosophies: the hard, the fuzzy and the possibilistic philosophy. In the hard clustering
approach each vector belongs exclusively to a single cluster. The fuzzy approach may be
viewed as a generalization of the hard clustering approach, in the sense that each vector
is shared among more than one clusters, up to a certain degree (grade of membership).
However, the grades of membership of a certain vector with the various clusters are in-
terrelated. In contrast, in possibilistic clustering the so-called degree of compatibility of a
vector with a certain cluster depends exclusively on the vector and the cluster; that is, it is
independent of the degrees of compatibility of this vector with the remaining clusters.

Since in the framework of this thesis we consider compact and hyperellipsoidally shaped
clusters, we focus in the sequel on cost function optimization algorithms where the clusters
are represented by points in the data vectors space. In the following, we present the most
famous members of hard, fuzzy and possibilistic cost function optimization algorithms with
point representatives (k-means, FCM and PCMs, respectively).

2.2 The k-means Algorithm

The most celebrated hard clustering algorithm is the k-means algorithm [6]. Here, a point
representative is used to represent each cluster and the squared Euclidean distance is
adopted to measure the dissimilarity between data vectors and cluster representatives.
Initializing the representatives from (usually) random positions, the aim here is to move
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gradually each representative to the center of regions where the data points form ag-
gregations (i.e., physical clusters), provided that the actual number of clusters is known
a-priori.

Speaking in mathematical terms, let X = {x;, € ®,i = 1,...,N} be a set of N I-
dimensional data vectors to be clustered and © = {0, € ®',j = 1,...,m} be a set of
m [-dimensional vectors that will be used as representatives of the clusters formed by the
points in X (itis m < N). Moreover, let U = [u;;],i=1,...,N,j=1,...,mbean N x m
matrix whose (i, j) element stands for the so called membership coefficient of x; with the
jth cluster, denoted by C; and represented by the vector 6,. Specifically, u;; = 1(0), if x;
belongs (does not belong) to C;. Finally, let u] = [w;, ..., u;,] be the ith row of U that
contains the membership coefficients of x; for all the clusters. In what follows, we consider
only Euclidean norms, denoted by || - ||

As already mentioned, in the k-means algorithm the membership coefficients u,; are either
0 or 1. In addition, if for a data vector x; itis u;; = 1, thenitis u;, =0,k =1,....,m,k # j.
The above statements can be expressed as follows:

(C1) u; €{0,1}, i=1,...,N, j=1,....m"
and

(C2) Swy=1, i=1,...N.
j=1

The aim of moving the vectors 6,’s towards the centers of the physical clusters is achieved
via the minimization of the cost function

Jk—mean8(97 U) = Z Z uinxi - 0j||2' (2-1)

=1 j5=1

Due to the fact that u,;’s are binary-valued, the minimization of the above cost function with
respect to u;;'s cannot be achieved via standard mathematical analysis tools. Moreover,
minimizing eq. (2.1) with respect to ;s leads to an equation that is related to u;;'s; thus
no closed-form solutions can be derived. Therefore, an alternating optimization scheme
is employed, where J;_,.cq.ns iS Optimized with respect to w;;'s for fixed 8;’s and then it is
optimized with respect to 6,’s for fixed u,;’s. To this end, we proceed as follows.

Assuming that the representatives 8,’s are fixed, it is straightforward to see that J;_,,,c0,5(©, U)
is minimized, if each x; is assigned to its closest cluster; that is to the cluster whose rep-
resentative is closest to x;, since for each x; only one w;; is 1 and all the others are equal

to 0. Thus,

"Here, it is implicitly assumed that we are absolutely confident that x; belongs to a single cluster and that
it does not belong to any of the remaining clusters. However, if no such absolute confidence occurs, we
could allow u;; to take values in the internal [0, 1], which may be interpreted as the probability that x; belongs
to the jth cluster. Schemes related with the latter consideration are called Probabilistic and are discussed,
e.g. in [63].
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=1..m i=1,...

1, ifx;—0;]>= min ||x; — 6|
ij = k=1, N (2.2)
0, otherwise

Assume now that the membership coefficients u;;'s are fixed. Taking the derivative of
Jr—means With respect to 8; and setting it equal to zero, we obtain that 8; is the mean
vector of cluster C}, i.e.,

6; == L j=1,...,m. (2.3)

Egs. (2.2) and (2.3) give rise to the k-means algorithm, which is explicitly given in “Algo-
rithm 1” box below.

Algorithm 1 [0, U] = k-means(X, m)
Input: X, m

1:.t=0

> Initialization of 8,’s part

2: Choose randomly the initial estimates for 8;, 6,(t),j =1,...,m
3. repeat

> Update U part

Loif xi = 6;(6)2 = min [x;— 60 |
4: u;i(t) = =bm ,i=1,...,N,7=1,...,m
0, otherwise
5: t=t+1
> Update © part
i ) o Zf\’: uij(t—l)xi .
6: 0,(1) _—Ziluu(t—l) , J=1,....m
7: until the change in 6,’s between two successive iterations becomes sufficiently small

8: return © = {91(25),02(15), R 70m(t)}, U= [uw(t — 1)]

It has been proved [64] that the algorithm converges to a minimum of the cost function;
that is, it recovers as compact clusters as possible, provided that their number is known
[18]. However, k-means cannot guarantee convergence to the global minimum of its cost
function. In other words, different initializations may lead k-means to produce different
clusterings, due to the possible convergence to different local minima of Jy_.cans (0, U).
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Remark 1: The major advantage of k-means algorithm is its very low computational cost,
which makes it attractive for a wide range of applications, especially in big data applica-
tions. More specifically, its complexity is O(Nm - iter), where iter is the (usually small)
number of required iterations until convergence.

Remark 2: As already stated, k-means requires prior knowledge of the exact number of
physical clusters m underlying the data set, which is rarely known in practice (this has
been implicitly assumed in the previous discussion). Poor estimates of the true m make
k-means incompetent for revealing the underlying clustering structure in X. In addition,
given an estimate of the actual number of clusters, m, k-means will return m clusters even
if more or less than m clusters may actually underlie in X. From this perspective, we say
that k-means imposes a clustering structure on X. Finally, k-means is sensitive to outliers
and noise, due to the fact that it assigns every data point to exactly one of the clusters.
Thus, outliers and noisy points, being points of X, influence the cluster representatives
0;’s, by taking part in their updating and, as a consequence, affect the final clustering
result. Some techniques for dealing with the problem of the estimation of the number of
clusters are discussed in [65] and [66].

Remark 3: It should be mentioned that in some cases, e.g. when the physical clusters are
located close to each other and have big differences in their variances, k-means may fail
to unravel the underlying clustering structure, even if it is initialized with the true number
of clusters. That is, it may split the high-variance cluster into more than one clusters, in
its attempt to minimize Jy_cans-

2.3 The Fuzzy C-Means Algorithm

In contrast to the k-means algorithm discussed above, where w;; € {0,1}, in the Fuzzy
C-Means algorithm (FCM) [7], [8], w;;’s are allowed to take any value in the interval [0, 1]
2. In this framework, u,; is called grade of membership of data point x; with cluster C;.

The FCM algorithm is derived by minimizing the following cost function

m

Jrem(©,U) =) > ul|x; — 0%, (2.4)

i=1j=1

with respect to 8, and w;;, subject to the constraints

(C1) uije[(),l], izl,...,N, jzl,...,m

3

(C2) w; =1, ¢=1,..., N (sum-to-one constraint)
j=1

2Note, however, that u;;'s have not a probability interpretation here, since here it is assumed that a data
point may shared to more than one clusters. That is in contrast to the probabilistic framework, where a
vector belongs exclusively to a certain cluster, but we are not absolutely sure to which one.
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and
N
(C3) 0< Zuij<N, 7=1,...,m,
i=1

where ¢ is a user-defined parameter called fuzzifier that takes values greater than 1 (usu-
ally in the range [2,3]).

In words, (C2) means that the grades of membership of a certain data vector with all
clusters are interrelated and more specifically, they sum to one. This constraint is the
one that justifies the basic concept in fuzzy clustering; that is, each x; is shared among all
clusters. Also, (C3) means that for a given cluster, there exists at least one data vector that
is not totally incompatible with it or, loosely speaking, no cluster is allowed to be “empty”.

Minimization of Jrcp (O, U) with respect to w;;, subject to the constraint (C2), leads to the
following Lagrangian function:

N m N m
LO,U) =7 uljlx; — ;] — Z:Ai (Z Ujj — 1) : (2.5)

i=1j=1

Taking the partial derivative of £(©, U) with respect to u;; and equating to zero, we obtain

)\4 g—1
Ui = | ————— i=1,....,N,7=1,...,m. (2.6)
’ <quz‘—9jHQ>

Combining eq. (2.6) with constraint (C2) and solving for \;, we get

A = q i=1,....N. (2.7)

1\ 9L
£ ()™
0.2
.7:1 ”xl BJH

Finally, substituting A; from eq. (2.7) to eq. (2.6), we conclude to the following equation for
uij’S:

1
iy = i=1,...,N,j=1,...,m % (2.8)

1

= (lazul )=
P 2
2 Uk=or

Similarly, setting the partial derivative of £L(O, U) with respect to 8, equal to zero, we obtain

0; == g=1,...,m. (2.9)

3Note that u;; satisfies (C1) and (C3).
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Since the updating equations of the grade of memberships and the cluster representatives
(egs. (2.8), (2.9)) are interrelated, they cannot give a closed-form solution of Jrcae,0)-
Therefore, an iterative algorithmic scheme* is used, in order to obtain the estimates for
U and ©, giving rise to the FCM algorithm, which is explicitly given in “Algorithm 2” box
below.

Algorithm 2 [0, U] = FCM(X, m, q)
Input: X, m,q

1:.t=0

> Initialization of 6;’s part

2: Choose randomly the initial estimates for 8;, 6,(t),j =1,...,m
3. repeat

> Update U part

4: u;(t) = — ergiw rﬂ’i =1,...,N,j=1,....m

k=1

5: t=t+1

> Update © part

N
6: 0.(t) = iy wig (D)X 1
7: until the difference in 6,’s between two successive iterations becomes sufficiently

e,

small

8: return © = {6,(1),0:(),...,0,(t)}, U = [u;;(t — 1)]

Note that FCM does not always converge to the global minimum of its cost function
(eq. (2.4)), that is, different initializations may lead to different clustering results. Specif-
ically, in [7] the theorem of Zangwill [68] is used to prove that FCM terminates at a local
minimum, or at worst, always contains a subsequence which convergences to a local
minimum of its cost function.

Remark 1. FCM requires a priori knowledge of the exact number of clusters underlying in
the dataset. Specifically, given an estimate m of the number of possible clusters underlying
in X, the algorithm splits the data set to m distinct clusters, irrespectively of the number of
the actual clusters that underlie the data set. This is an effect of the sum-to-one constraint.
Thus, FCM imposes a clustering structure on the data set under study, meaning that it will
end up with as many clusters as the user provides (as is the case with k-means also). A
method for estimating the actual number of clusters could be via the use of suitable validity
indices, as it is proposed in [20] and [22].

4Such a scheme is alteratively called “alternating optimization” [67].
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Remark 2: An additional characteristic of FCM is its vulnerability to noisy data and outliers,
which is also featured on the sum-to-one constraint. For instance, assume a structure of
two physical clusters. In this case, outliers that lie far away from both clusters, will have
around 0.5 membership to both clusters, although this is not rationale. A method for facing
this problem is discussed in [69].

Remark 3: It can be shown that the larger the ¢, the more the grade of memberships
u;;'s are spread in the whole interval of [0,1]. On the other hand, if ¢ — 1 then FCM
approximates k-means, under the concept that u,;'s are either close to 0 or to 1. Usually,
the parameter ¢ is set to 2.
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2.4 The Possibilistic C-Means Algorithm

An obvious way to overcome the shortcomings of the fuzzy clustering approach is simply
to remove the sum-to-one constraint imposed on the rows of U. This gives rise to a new
family of clustering algorithms, namely the possibilistic clustering algorithms. Obviously,
now the summation Do Uij is not necessarily equal to 1 for each x;, while u,; is now called
degree of compatibility of the data vector x; with the cluster representative 8,. The most
well-known algorithms in this direction are the Possibilistic C-Means (PCM) algorithms,
where, according to [9], [10], the «;;'s should satisfy the conditions,

(C1) Uijé[o,l], izl,...,N, jzl,...,m,

(C2) max uU>O i=1,....,N

.....

and
N
(C3) 0< ZUUSN, i7=1....m
i=1

In words, (C2) means that no vector x; is allowed to be totally incompatible with all clus-
ters, whereas (C3) means that for a given cluster, there is at least one data point that is not
totally incompatible with it. Loosely speaking, each data point should “belong” to at least
one cluster (C2), whereas no cluster is allowed to be “empty” (C3). The aim of a possibilis-
tic algorithm is to move 6;’s towards the centers of dense regions. However, minimization
of eq. (2.4) without imposition of the sum-to-one constraint leads to the trivial zero solution
for u;;'s. In order to alleviate this problem, an additional term should be added in eq. (2.4)
that will be a function only of w;;’s and it will be maximized as u;; decreases. Two such
candidate terms are proposed in [9] and [10] giving rise to the following two cost functions

Jj

m m N
Trow(©.U) =3 Ezlzu % — 6, ||2+%z(1_uij>q], (2.10)

=1

where ¢ is a parameter that * resembles” to the fuzzifier in FCM and

Jj

m m N N
Jpenp(©,U) =Y J; =) [Z wijlXi = 0] + 75 > (wgj Inug; — uz’j)} (2.11)
7j=1

7j=1 Li=1 =1

where parameter +;’s are fixed user-defined positive parameters. More specifically, the
parameter ~; is related to the “size” of cluster C; and could be described as a measure
of the variance of the jth cluster around its representative. More specifically, -, affects
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the degree of compatibility «;; of a data vector x; with the jth cluster (see Fig. 2.1). Thus,
implicitly, v; determines the degree of influence of a specific data point on the estimation

of the representative of the jth cluster.
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Figure 2.1: The degree of compatibility u;; with respect to d;;/;, where d;; = ||x; — 6,2, for Jpcs,
(for several values of ¢, solid lines) and Jpc)s, (dashed line).

Proceeding with the minimization of Jpc, (©,U) and Jpea, (0, U) with respect to u;; and
0;, we end up with the following two sets of equations,

PCM, PCM,
(S L (2.12)
v —0,]2\ 71 ' x; — 6]
1+ (X8l e Uiy = €xp (- ! 2.13
( Vi ) J Yj ( )
N N
Z Ugsz E U5 X4
0; = Z:]{/ (2.14) 0, = ’:Ji, (2.15)
‘21 ug; ;u”

Note from egs. (2.12), (2.13) that v,; decreases as the distance between x; and 6; in-
creases for both PCM; and PCM,. However, in PCM, this happens exponentially fast,
which is more appropriate for the recovery of physical clusters that lie close to each other

S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

(see also Fig. 2.1). Also, from egs. (2.14), (2.15), it follows that each representative is
computed based on all data vectors, weighted by their corresponding u;;'s. However, the
farther a data vector lies from the current location of a specific 6; the less it contributes to
the determination of its new location, as egs. (2.12), (2.13) indicate.

The two algorithms are given in a unified format in “Algorithm 3” box.

Algorithm 3 [0, U] = PCM(X, m, ¢ (only for PCM,))
Input: X, m, ¢ (only for PCM,))

1:t=0
> Initialization of 6;’s part
2: [0(t), UFM ()] = FCM(X, m, 2) °

> Determination of -y;’s part

ul M ()% —0; (1)

,.y _Bzzl ij

S FOM () , J=1,....m
4: repeat
> Update U part
5: ui(t) = 1 i=1,...,N,j=1,...,m for PCM,

_1
lIx;—6; ()12 -1
1+(,y7j

uz](t) :eXp(—W),Z: 1,...,N,j:1,...,m fOfPCMQ
6: t=t+1
> Update © part

N
7 Oj(t)zw,jzl,...,m for PCM,
i=1 "3

D D )L
0;(t) = —Zi1“ij(t*1) ,7=1,....,m for PCM,
8: until the difference in 6,’s between two successive iterations becomes sufficiently

small

9: return © = {6:(1),0:(),...,0,(1)}, U = [u;;(t — 1)]

Let us now comment on the selection of the parameters v;, j = 1,...,m. These are a
priori estimated and kept fixed during the execution of the algorithms. A common strategy
for their estimation is to run the FCM algorithm first and set

T 0
-

N FCM ?
Ez 1 U’

j=1,...,m, (2.16)

5See Algorithm 2 of Chapter 2. We set the fuzzifier ¢ = 2.
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where 6;’s and u;“"’s are the final FCM estimates for cluster representatives and w,;
coefficients, respectively®. Parameter B is user-defined and is usually set equal to 1 7.
From eq. (2.16), it is obvious that v; is a measure of the variance of cluster C; around its
representative.

It is worth noting that, due to the functional independence between v;;’s, j = 1,...,m, for

a specific x; (egs. (2.12), (2.13)), the optimization problem solved by PCM can be decom-
posed into m sub-problems, each one optimizing a specific function J; (see egs. (2.10), (2.11)).
Considering the representative 6, associated with a given J;, we have from egs. (2.12), (2.13)
that points that lie closer to the cluster representative will have larger degrees of compat-
ibility with C;. On the other hand, egs. (2.14), (2.15) imply that the new position of 8 is
mainly specified by the data points that are most compatible with C;. It is not difficult to
see that such a coupled iteration is expected to lead the representative 8, towards the
center of the dense in data region that lies closer to their position, for appropriate choices

of v;'s (see also Propositions 2 and 3, in chapter 3).

2.4.1 Possibilistic C-Means Issues and Potential Solutions

Having described the main characteristics of the algorithm and the rationale behind them,
let us focus now on some issues that a user faces with PCM. The first one concerns the m
parameters v;’s. An improper choice of v;'s may lead PCM to failure in identifying properly
the physical clusters underlying in the data set, e.g., a sparse cluster that is located very
close to a denser cluster (see also experiment 1, in section 3.7), or it may even lead the
algorithm to recover the whole data set as a single cluster [24]. Referring to eq. (2.16),
the w;;'s produced by the FCM (uijM’s), are not always accurate (e.g. in the presence of
noise, [10]). In addition, the choice of the parameter B is clearly data-dependent and there
is no general clue on how to select it. In order to deal with this problem, [20] proposes the
replacement of all v;’s by a single quantity that is controlled by only two parameters: (a)
the number of clusters and (b) a parameter that plays a “fuzzifier” role.

An additional source of inconveniences concerning v;’s is the fact that, once they have
been set, they remain fixed during the execution of PCM. This reduces the ability of the
algorithm to track the variations in the clusters formation during its evolution. A way out
of this problem is to allow +;’s to vary during the execution of the algorithm. A hint on
this issue has been given in [9], but, to the best of our knowledge, no further work has
been done towards this direction, until the presentation of algorithms like APCM, SAPCM,
which are the main contribution of the present thesis.

The second issue, which is related with the first one, is that of coincident clusters. As
stated before, with a proper choice of v;'s, PCM drives, in principle, the cluster represen-
tatives towards the centers of the dense in data regions that are closer to their positions.

5The version of eq. (2.16) proposed in [9] for the cost function Jpcar (€q. (2.10)), raises uf?CM's to the
gth power. However, in Jpca, (€9. (2.11)) no parameter ¢ is involved.

lIx: ;11>

" An alternative choice for ~;'s, given in [9] is v; = Z“f'“l

uyj>k

, with k& being an appropriate threshold.
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Therefore, if two or more representatives are initialized close to the same dense region,
they will move towards its center, i.e., all of them will represent the same cluster. Alter-
natively, one could say that the clusters represented by these representatives are coinci-
dent®. This situation arises due to the absence of dependence between the coefficients
w;j, 7 = 1,...,m, associated with a specific x; (see egs. (2.12), (2.13)), which, as an in-
direct consequence, allows the representatives to move independently from each other
(see egs. (2.14), (2.15)). Note that such an issue does not arise in FCM due to the sum-
to-one constraint imposed on the u,;'s associated with each x;. Several ways to deal with
this problem have been proposed in the literature. More specifically, in [19], a variation of
PCM is proposed, named Possibilistic Fuzzy c-means (PFCM), which combines concepts
from PCM and FCM. Relative approaches are discussed in [23], [28] and [70], while other
approaches are proposed in [21], [25].

A common feature in all the previously mentioned works, is that condition (C3), which
basically requires all clusters to be non-empty, is respected. Thus, in all the algorithms,
the true number of clusters m is implicitly required, in order to give them the ability to re-
cover all clusters, without, hopefully, returning coincident clusters. Thus, the requirement
of the knowledge of the number of clusters is still here in disguise. A conceptually sim-
ple solution to address this requirement, while respecting condition (C3), comes from the
PCM itself. Specifically, one could run the original PCM with an overestimated number of
cluster representatives which will be initialized appropriately (at least one representative
should lie at each dense in data region). Then, after a proper selection of v;’s, PCM will
(hopefully) recover the physical clusters, that is, it will move at least one representative to
the center of each dense region. Then, an additional step is required in order to identify
coincident clusters and remove duplicates. This idea has been partially discussed in [10],
without, however, proposing explicitly to run the algorithm with an overdetermined num-
ber of clusters. However, in this case a reliable method for identifying duplicate clusters
should be invented.

In the rest of this thesis, we focus exclusively on the PCM, algorithm. Thus, from now on,
in order to ease the notation, we will write PCM implying PCM,.

8This point of view justifies the term “coincident clusters”.
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3. ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM

3.1 Introduction

Having exposed the weaknesses of the classical PCM algorithm [10] and trying to face
them, in this section we introduce an extended version of it by modifying the way the
parameters ~ are defined and treated. This gives rise to a new algorithm called Adaptive
Possibilistic c-means (APCM) [54]". In APCM the parameters +, after their initialization,
are properly adapted as the algorithm evolves. In particular, the parameter v of each
specific cluster is updated based only on those data vectors that are “most compatible”
with this cluster.

The adaptation of +’s renders the algorithm more flexible in uncovering the underlying
clustering structure, compared to other related possibilistic algorithms, where +’s are kept
fixed during their execution. This happens especially when dealing with demanding data
sets such as those whose data vectors form closely located to each other clusters or
clusters with significant differences in their variances. In addition, as a direct consequence
of this adaptation mechanism, the algorithm has the ability to estimate the (unknown in
most cases in practice) true number of physical (or natural) clusters. More specifically, if
the number of the representatives with which APCM starts is a crude overestimate of the
number of natural clusters, the algorithm gradually reduces their number, as it progresses,
and, finally, it places a single representative to the center of each dense region. In this
sense, it provides not only the number of natural clusters, which is a long-standing issue in
the clustering literature, but also the clusters themselves. Analytical results are presented
that verify the cluster elimination capability of the proposed algorithm and provide strong
indications of its convergence behavior. Extensive simulation results on both synthetic
and real data, corroborate our theoretical analysis and show that APCM offers in general
superior clustering performance compared to relative state-of-the-art clustering schemes.

In the next sections, the various stages of the APCM algorithm are described in detail.
Specifically, the way its parameters are initialized is firstly described (Section 3.2). Next,
in Section 3.3 the updating of its parameters (u;;’s, 8;’s, ~,'s, m) is commented, while in
Section 3.4 the rationale of the algorithm is exposed, where it is explained in detail, how
the initial estimate of the number of natural clusters can be reduced to the true one, as a
result of the adaptation of ,’s. Section 3.5 describes the method for selecting the unique
user-defined parameter of the algorithm («). In Section 3.6, some theoretical results that
are indicative of the convergence behaviour of APCM are given. Finally, extensive ex-
perimental results are presented in Section 3.7 and conclusions are provided in Section
3.8.

The proposed APCM algorithm stems from the optimization of the cost function of the

A preliminary version of APCM has been presented in [53].
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original PCM (eq. (2.11)), by setting

%= 1 (3.1)

where parameter 7, is a measure of the mean absolute deviation of the current form of
cluster C}, 7) is a constant defined as the minimum among all initial n;'s, 7 = minn; and a
J

is a user-defined positive parameter. The rationale of the adopted expression for v;’s as
given in eq. (3.1) will be analysed and further discussed in Section 3.4.

3.2 Initialization in APCM

As mentioned previously, first, we make an overestimation, denoted by m;,;, of the true
number of natural clusters m, formed by the data points; that is, we begin with m,,; ;s
and their corresponding 7,’s. Regarding 8;’s and n;’s, their initialization drastically affects
the final clustering result in APCM. Recalling that APCM is a possibilistic-type algorithm
and these algorithms move the cluster representatives towards “dense in data points”
regions (physical clusters), care should be taken so that at least one representative lies
“close” to each physical cluster with its associated 7, being initialized suitably. Thus, a
good starting point for them is of crucial importance. To this end, the initialization of 8;’s is
carried out using the final cluster representatives obtained from the FCM algorithm, when
the latter is run with m,,,; clusters. Taking into account that FCM is very likely to drive the
representatives to dense in data regions (since m,,; > m), the probability that at least one
of the initial 8;’s is placed in each dense region (cluster) of the data set, increases with

After the initialization of 8;’s, 7,’s are initialized as follows:

Cu uf M X — 04
nj = N . FCM )

i=1 Wij

J=1 . M, (3.2)

where 6,’s and uf;CM’s in eq. (3.2) are the final parameter estimates obtained by FCM?.

It is worth noting that the above initialization of ;s involves Euclidean instead of squared
Euclidean distances, as is the case for v;’s in the classical PCM. As it will be shown next,
this convention will also be kept in the update expressions of 7;’s, given below, while its
rationale is explained in Section 3.4.

3.3 Parameter adaptation in APCM

In the proposed APCM algorithm, all parameters are adapted during its execution. More
specifically, this refers to, (a) the degrees of compatibility «;;’s and the cluster represen-

2An alternative initialization for 6,'s and n;,’s is proposed in [53].
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tatives 6,’s, (b) the number of clusters and (c) the 7;’s, with (b) and (c) being achieved
through two interrelated processes.

As far as the updating of u;;’s is concerned, by setting v; = gnj in eq. (2.11) and minimizing
Jpcm (O, U) with respect to u,;, we end up with the following expression

e [ OOy | (alx 0,0
ot -0 (- G0E) e (IEEE). 6o

where the iteration dependence of 1;’s has now been inserted. In addition, the updating
of 8;’s is done as in the original PCM scheme according to eq. (2.15). Concerning the
adjustment of the number of clusters m(t) at the tth iteration, we proceed as follows.
Let label be a N-dimensional vector, whose ith element is the index of the cluster which
is most compatible with x;, that is the index j for which u;;(t) = max,—i @) wir(t). At
each iteration of the algorithm, the adjustment (reduction) of the number of clusters m(t)
is achieved by examining, for each cluster C}, if its index j appears at least once in the
vector label (i.e. if there exists at least one vector x; that is most compatible with C;). If this
is the case, C; is preserved. Otherwise, C; is eliminated and, thus, U and © are updated
accordingly. As a result, the current number of clusters m(t) is reduced (see Possible
cluster elimination part in Algorithm 4).

Finally, concerning v;’s and in contrast to the classical PCM where they are kept fixed, in
APCM they are given by eq. (3.1) and are adapted at each iteration of the algorithm through
the adaptation of the corresponding 7n;’s. More specifically, we propose to compute the
parameter 7, of a cluster C; at each iteration, as the mean absolute deviation of the most
compatible to cluster C; data vectors, i.e.,

1

n; (t) in:uij(t):maxrzl

where n,(t) denotes the number of the data points x; that are most compatible with C; at
iteration ¢ and p,(t) the mean vector of these data points (see also Adaptation of n);’s part
in Algorithm 4). The APCM algorithm can be stated as follows.

n(t+1) = [1xi = g (D], (3.4)

,,,,, m(t+1) Wir (t)

Algorithm 4 [0, H, m, U] = APCM(X, my;, «)
Input: X, m;,.;, a

1:t=0
> Initialization of 6;’s part
2: [O(t), UFM ()] = FCM(X, M, 2) 3

> Initialization of n;’s part

3See Algorithm 2 of Chapter 2. We set the fuzzifier ¢ = 2.
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n L FCM|x. g ‘
3: Set: n;(t) = Zi:lz’% u'E(CMG](t)”, Jg=1, . mpn

i=1 "1j

4: Set: ) =min;—1__m,,, 1;(t)

5: m(t) = M

6: repeat

> Update U part

7 u;j(t) = exp (—%”";’7(@(;)‘?) i=1,.,.N,j=1,...,m(t)
> Update © part

8 0,(t+1) = ﬁl gy ()X i wig(t), § = 1, oo m(t)
> Possible cluster élimination p;rt

o: fori«+ 1to N do

10: Determine: w;,(t) = maX;—1, _m@) (1)

11: Set: label(i) =r

12: end for

13: Compute: n;(t), j =1,...,m(t)

14: p =0 //number of removed clusters at iteration t

15: for j «+ 1tom do

16: if n;(¢) =0or1then

17: Remove: C; (and renumber accordingly © and the columns of U)
18: p=p+1

19: end if

20: end for
21: m(t+1)=m(t)—p
> Adaptation of n);’s

22: “](t + 1) = ﬁ in:uij(t): B max(tﬂ)u”(t) x’i’ j = 17 vy m(t + 1)

1,..., m

r= t+

,,,,,,,

24: t=t+1

S. Xenaki 64



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

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

26: return © = {0(t),05(1), ..., By ()}, H = [0 (t), - . gy ()], (1), U = [y (t — 1)]

Note that, the definition of v;’s in the proposed updating mechanism from eqgs. (3.1),
(3.4), differs from others used in the classical PCM, as well as in many of its variants, in
two distinctive points. First, n;'s in APCM are updated taking into account only the data
vectors that are most compatible to cluster C'; and not all the data points weighted by their
corresponding u;; coefficients. This particularity is an essential condition for succeeding
cluster elimination, as by this way the value of a parameter ; may be pushed to zero, thus
eliminating the corresponding cluster C;, whereas in the case where all data points were
taken into account, ; would remain always positive. Note that in the case where a cluster
C'; has no most compatible points with it, it is eliminated (see Possible cluster elimination
part). If a cluster C; has only one most compatible point to it, say x;, C; is also eliminated.
This happens because otherwise its parameter n; becomes zero (through eq. (3.4)) and,
as a consequence, at the next iteration all v;;’s, i = 1, ..., N will become zero (see line 7
of Algorithm 4)*. Thus, the updating of its parameter 8; will become impossible (see line
8, Algorithm 4).

Second, the distances involved in eq. (3.4) are between a data vector and the mean vector
w;(t) of the most compatible points of the cluster; not from 6,(t), as in previous works (e.g.
[9], [23]). This allows more accurate estimates of ;’s, since p;(t) is expected to be closer
to the next location of 8, 8,(t + 1), than 6,(t). This is crucial mainly during the first few
iterations of the algorithm where the position of 8; may vary significantly from iteration to
iteration. It is also noted that, in the (rare) case where there are two or more clusters, that
are equally compatible with a specific x;, the latter will contribute to the determination of the
parameter n of only one of them, which is chosen arbitrarily. This modification prevents
a scenario of having equal 7,’s in such exceptional cases (e.g. in data sets consisting
of symmetrically arranged data points) which assists the successful cluster elimination
procedure, in situations where this must be carried out. Finally, it is worth pointing out
that the definition of eq. (3.4), implicitly interrelates the various +,’s and this interrelation
passes to the u;;'s concerning a given x; through eq. (3.3).

3.4 Rationale of the algorithm

As mentioned in the previous section, the modifications made in the original PCM leading
to APCM aim at a) making the algorithm capable to handling stringent clustering situations
and b) allowing for cluster elimination. In the following we describe in more detail the
hidden mechanisms of APCM that render these two goals feasible.

First, we consider the case where we have two physical clusters of very different variances
that are located very close to each other (Fig. 3.1a). This is a difficult clustering problem,

“Note that 6, (t) # x; by its definition.
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Figure 3.1: An example of a two dimensional data set consisting of two physical clusters that have
big difference in their variances and are located very close to each other. (a) The data set, (b) the
initial stage of PCM, (c) the 3rd iteration of PCM, (d) the initial stage of APCM, (e) the 3rd iteration of
APCM and (f) the final stage of APCM. The circles are centered at 6,’s and have radius , /7;’s.

in which most state-of-the-art clustering techniques fail. We assume that after initialization
with FCM, PCM has two representatives in the areas of the physical clusters, as shown
in Fig. 3.1b, with 8, lying in the high variance physical cluster and 6 in the low variance
physical cluster. Then, from eq. (2.16) and due to the proximity of the two physical clusters,
it turns out that -, will be much larger than the actual variance of physical cluster 2. This
is so because, besides the points of physical cluster 2, the numerous, yet more distant,
points of physical cluster 1, will contribute to the computation of -, from eq. (2.16). This
means that the representative of the small variance cluster (0,) is affected by the data
points of its nearby cluster (C;), according to egs. (2.13), (2.15). As a result, PCM is
likely to end up with both representatives converging erroneously in the center of the large
variance physical cluster 1 (Fig. 3.1c).

This issue of PCM is alleviated in APCM, by taking care for each representative to stay
in the region of the physical cluster where it was first placed. To this end, APCM reduces
(compared to PCM) the range of influence arround each 6; that has ~; larger than the
variance of the smallest physical cluster formed in the data set. In this way, the probability
of the movement of a representative, which is initialized in the region of a specific physical
cluster with a given variance, towards the center of a nearby physical cluster with a larger
variance, is reduced. In particular, the larger (smaller) the ~; than the variance of the
smallest physical cluster is, the more it is reduced (increased). On the other hand, a ;
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Figure 3.2: The degree of compatibility u,; with respect to distance d;; (1. > n1 = 7j/a).

that is equal to the variance of the smallest physical cluster is not affected at all. Focusing
on a given iteration (dropping the index t), this is achieved in APCM by defining +; as
in eq. (3.1). This definition results from the v;’s as defined in the original PCM via the
following transformations.

’YPCM . vazl UZCMHxi - Hsz ©)
; =

N
Ei:l uZCM
;o Zxﬁuij:maxr:l,m,m Ui ‘xi o l’l’jH2 @
Y= n;
2 inzuij:max'r‘:Lm,mUi'r ’xi - u’j” ? ® ﬁ
7 = - @y (3.5)

Under transformation (1), nyM is transformed to v}, where (a) only the x;’s that are most
compatible with 8; are taken into account and (b) 6; is replaced by p;. The adoption of
the above hard computation of +/’s is necessary for the cluster elimination procedure, as it
will be further explained in the sequel. Transformation (2) leads v to 77, which carries the
same “quality of information” with its predecessor and moreover, 77]2- is upper bounded by
v;»J =1,...,m (see Proposition 1 in Appendix A). This intermediate step on the one hand
reduces the influence of clusters arround their representatives while, on the other hand,
is a prerequisite for transformation (3. Assuming that « is chosen so that the quantity 7/«
equals to the mean alsolute deviation of the smallest physical cluster formed in the data
set, then for each n; > 7j/a (1; < 7/a), we have that n} > n; (7/a) (77 < n; (7/a)). That
is, by substituting 7 with 7;(7/«), the greater (smaller) the 7, of a cluster C; than 7/a is,
the more the range of influence arround its 6, is reduced (enhanced) (see Fig. 3.2 and
Figs. 3.1d, 3.1e). This justifies our choice for the v;’s given in eq. (3.1).

In the sequel, we will focus on the cluster elimination property of the APCM algorithm. To
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Figure 3.3: Atwo dimensional data set consisting of a single physical cluster. APCM is intialized with
two representatives and the cluster elimination procedure is illustrated at several iteration steps.

this end, consider the case where a single physical cluster is formed by the data points
where k(> 1) representatives 8;’s, j = 1,...,k, are initialized within it (see Fig. 3.3a
for k = 2). As eq. (2.15) suggests, each representative will move towards the center
of the dense region (see also Propositions 2 and 3 in Section 3.6 for a more rigorous
justification). As 6,’s move towards the center of the region, they are getting closer to each
other. Ata specific iteration ¢, (t, = 6 in Fig. 3.3d) where, say ~,(ty) = max;—1,._xv;(to), the
hypersphere centered at 0,.(¢,) and having radius ,/..(to) will enclose all the hyperspheres
associated with the other representatives. From this point on, the region of influence (v;)
of all the clusters except C, shrinks to 0 as is shown in Fig. 3.3, due to their definition
(see egs. (3.1), (3.4)) (a theoretical justification for the two representatives case is given
in Proposition 4 in Section 3.6).

3.5 Selection of parameter o

As it was mentioned previously, « is a user-defined parameter that has to be fine-tuned,
so that 7/ a becomes equal to the mean absolute deviation of the smallest physical cluster.
As it is expected, larger values of m;,; lead to smaller initial n;’s and thus to a smaller 7.
As a consequence, there exists a trade-off between m;,,; and parameter «: large (small)
values of m;,; require small (large) values of «, so that the ratio 7/« approximates the
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mean absolute deviation of the smallest physical cluster. Note that although the latter
quantity is fixed for a given data set, it is unknown in practice.

In the sequel, we discuss how different choices of « affect the behavior of APCM, focusing
on the limiting cases o — 0 and o — +o00. Specifically, we consider a single representative
6; and we concentrate on its corresponding “subcost” function®

N 1 N
Tj(0;) = >, wijllxi — 6;]1* + M Dy (g IN sy — i),

where we assume for the time being that 7, is constant, while u;; is given as w;; =
exp ( aw) (see eq. (3.3)). Utilizing the last equation and after some algebra, .J;(6;)
can be written as

i 2
7;(0 Zexp < O‘M) . (3.6)
7
Taking the gradient of .J; with respect to 8;, we have:
n2
aJ = QZexp < aHxZa’”) (x; — ;). (3.7)
0, Nj
For a — 0, we have that exp( ‘;‘%) — 1. Thus ) tends to 2N, (x, — 6, ;) and

equating the latter to zero, we end up with 6; = - >V xZ. Thus, in this case there exists
a single minimum; the mean of the data set.

For a — +oo, it is clear from eq. (3.6) that, identically, J;(8;) = 0. Thus, all possible
choices for 6; are (trivially) local minima of J;(6,). As «a gradually increases from 0, the
number of minima of J;(6,) increases and it is expected that, for a specific range of «
values, the minima of Jj(ej) will correspond to the centers of the physical clusters. Of
course, this cease to hold as we move outside this range towards +oo.

The above are illustrated via a simple clustering example. Specifically, we consider an
one-dimensional data set consisting of two Gaussian clusters with 50 points each, shown
on the z-axis in Fig. 3.4a. The centers of the clusters are at locations 28 and 67 and their
variances are 100 and 121, respectively. We consider two cases: in the first, the number
of initial representatives is m;,; = 3 while in the second, m;,; = 10. We run first the FCM
algorithm for each case and we obtain the resulting uijM’s and 6,’s, from which the initial
;s are computed using egs. (3.2) and (3.1). Note that for m,,,; = 3 and m;,; = 10, the
corresponding 7 values are 7.0094 and 2.3213.

In order to investigate further the relation between « and m,,,;, we focus on J; that corre-
sponds to the minimum initial v; and we drop time dependence. Thus, in this case, v, is
fixed to 77?/a.. The “subcost” function J;(0;) = S| wj|zi — 60;2 + % SV (wg INwg; — wgj) is
plotted with respect to 6;, for various values of a. We consider first m;,; = 3, i.e., m;,; is
very close to the number of actual clusters (m = 2). Thus, in this case, the FCM algorithm

SWe write J;(6;) to explicitly denote the dependence of J; on 6.
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is more likely to give good initial estimates for 7;’s (through eq. (3.2)), i.e. the minimum
initial n;(= 1) approximates the mean absolute deviation of the smallest physical cluster.
We consider the following indicative cases:

* o = 0.05: In this case the ratio 7;/a becomes much larger than the mean absolute
deviation of the smallest physical cluster, leading all data points to have significant
u;;'s for all representatives (through eq. (3.3)). This justifies the plot of Fig. 3.4b,
where J; exhibits just a single valley centered at the mean of the data set. Clearly,
the minimization of J; will lead 6, to this position, which means that in this case the
algorithm will fail to detect any of the two true clusters.

* a = 1 or2: In this case the ratio 7/« approximates the mean absolute deviation of
the smallest physical cluster and as we can see in Figs. 3.4c, 3.4d, two well formed
valleys are centered at the means of the two natural clusters (despite the presence
of a bit disturbance in the a = 2 case). Thus, minimization of .J; will lead 6; to the
center of a true cluster.

In conclusion, when m,,; is close to the actual m and provided that at least one repre-
sentative is placed at each dense region, the minimum n; (1) that is obtained from FCM
(eq. (3.2)) is a good estimate of the mean absolute deviation of the smallest physical clus-
ter, thus values of a around 1 allow the algorithm to work properly.

However, in the case where m;,,; = 10 (that is m,,; > m) the situation changes. There, all
initial ;s and thus 7 are much smaller than the mean absolute deviation of the smallest
physical cluster. We consider the following indicative cases:

* a = 0.05: In this case the ratio 77/« approximates the mean absolute deviation of the
smallest physical cluster. Thus, two well formed valleys are centered at the means
of the two natural clusters (see in Fig. 3.4e) and the APCM will lead a 0; to the center
of a true cluster.

* o = 1 or 2: In this case J; exhibits many local minima (see Figs. 3.4f, 3.4g), as the
ratio 7/« is significantly smaller than the mean absolute deviation of the smallest
physical cluster, leading all data points to have negligible u;;’s values, even with §;’s
that are placed very close to them (through eq. (3.3)). As a consequence, J; exhibits
several local minima that do not correspond to any of the two true clusters and APCM
is most likely to end up with clusters that do not correspond to the underlying data
set structure.

This example indicates that in cases where m;,; is chosen not to be very larger than the
actual number of clusters m, appropriate values for the parameter « are around 1. On the
other hand, when m;,; is chosen much larger than m, parameter o should be taken much
less than 1. However, in more demanding data sets, which contain very closely located
natural clusters and for a fixed value of m,,;, larger values for the parameter o should be
chosen, compared to cases of less closely located clusters, in order to discourage the
movement of a representative from one dense region to another. Experiments showed

S. Xenaki 70



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

)

60

(a) The data set

70 80 100

* Cluster 1 * Cluster 1 0 * Cluster 1
® Cluster 2 0 ® Cluster 2 -50¢ ® Cluster 2

Cost function J,
A

Cost function
Cost function JA

-1000r ~40(
-6. —45(
120
0 60 [ 0 60 80 0 0 60 80
Location of cluster representative e] Location of cluster representative 9J Location of cluster representative 9A
(b) m;n; =3, a =0.05 (c) min; =3, a=1 (d) mijn; =3, a=2
¥ Cluster 1 * Cluster 1 0 * Cluster 1
0 ® Cluster 2 ok ® Cluster 2 ® Cluster2

=50

i

=100t

150!

Cost function J
Cost function J

200!

Cost function J

—-2500

-3000 -5¢- -2
3500 @SN G0 —@Im@nagmPes o “60-9——8-1ie 9:45-@0 —@um SmPooo—
0 2 40 60 0 0 21 40 60 0 0 20 40 6 0
Location of cluster representative 6, Location of cluster representative Location of cluster representative 6
(e) min; = 10, a = 0.05 (F) mjn; =10, =1 (9) min; =10, =2

Figure 3.4: Plot of the APCM cost function with respect to §; for a two-class 1-dim data set. (a) The
data set. Data points are denoted by stars on the x-axis and representatives by black dots. Results
for (b) Mini = 3, a = 0.05, (C) Mins = 3y @ = 1, (d) Mini = 3y & = 2, (e) Min: = 10, a = 0.05, (f) Mini = 10,
a=1and (g) m;,; =10, « = 2.

that values of o around 1 and up to 3 are appropriate for almost any data set, provided
that m;,,; is not extremely larger than m (about 3-4 times larger).

3.6 Convergence results for APCM

In this section we prove some propositions that are indicative of the basic properties of
APCM, namely the convergence of the representatives to the center of dense regions and
cluster elimination. Note that some convergence results on the possibilistic algorithms
are given in [72]. However, these are not applicable to APCM, due to the adaptation
mechanism employed for the parameters 7;’s. We begin with the following proposition.

Proposition 1. Let 6, 6, be two cluster representatives with n, < n,. The geometrical
locus of the points x € R having us(X) > uy(X), where u;(X) = exp (—%ﬁ;‘)) and d;(x) =
Ix — 6,||%, 7 = 1,2, is the set of points that lie in the interior of the hypersphere C'

kez—-91H2:: k

x = ——— YTRETT)

(k_1>2‘|02_01’257n27 (38)
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centered at *22=01 and having radius r = X% |0, — 6|, where k = 1 /n2(> 1).

Proof. Itis ui(X) < ug(X) < “X > 20w g (x) > kdy(X) < |[X — 61]]2 > k[|x — 052 <
m 2
Ix||2 — 2x70; + |61 > k||| — 2k:xT02 + K052 & (k= D)|x|]? — 2(k6, — 01)Tx +
kHeQu? (1042 < 0 & [x||? - 2 (H02=0s)" x 4 MO < g |2 — 2 (02=0) x 4
| kez H? — | k02 H? k[|02]1> =161 ]| k02—91H2 < |k62—61[2  K[62]>—[101 ]|
k—1 k—1 (k—1)2

<0 & |x-— = or
||X ke;f_191||2 (k_1)2\|92 6. O

Note that the radius r of C' can be written in terms of 7, 7, as

— | V 771772 | H02 01”2 (3_9)

We consider next the continuous case where the data vectors are modelled by a random
vector x that follows a continuous pdf distribution p(x). In this case, the updating equations
for the APCM algorithm (with a slight modification in notation, in order to denote explicitly
the dependence of u;(x) from the continuous random variable x) are given below.

0t+1 Jie w5 (X)Xp(X)dx

Jie ub(X)p(X)dx (3.10)
wnere i) —enp (10 3.11)
iy Jre X = gllp(x)dx
t_ N J
" a Jrt P(X)dX (3.12)
Jpe Xp(X)dx
and 'ut — 3 (313)

a fTJ’? p(x)dx’
with 77 = {x: u}(X) = max,—i, _nu,(X)}, j=1,...,m

The above equations define the iterative scheme 6" = f(6"), where

oo (4 ot

J

1(65) =

(3.14)

[[x—65]1>

Je €Xp <— o >p(x)dx .

In the sequel we give some indicative theoretical results concerning aspects of the behav-
ior of APCM, namely (a) the convergence of the cluster representatives to the centers of
the dense in data regions and (b) the cluster elimination mechanism. First, we state two
assumptions that will be used as premises in the propositions to follow.
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Assumption 1: (a) p(x) decreases isotropically along all directions around its center ¢ ©.
(b) Without loss of generality, we consider the case ¢ = 0.

Note that this assumption indicates the existence of a single dense in data region.
Assumption 2: p(x) is a zero mean normal distribution A/(0, o21).

(Clearly, Assumption 2 is more restrictive than assumption 1.)

Proposition 2. Under assumption 1, the center ¢ = 0 of p(x) is a fixed point for the
iterative scheme defined by eq. (3.14).

Proof. Assuming that 03 = 0, we will show that 02*1 = 0 also. Dropping the index j from
0;, v; from eq. (3.14) we have

2) Xp(X)dAr} dr

o0 x|
i+ I [i2=re exp (24

== i : (3.15)
Jo [foH?:r? exp (_”TU) p(x)dAT} dr
where [, 2—,(-)dA, is the integral over the hypersphere ||x||*> = *.
Continuing from eq. (3.15) we have
©exp (=) | fieeye Xp(X)dA, | dr
0t+1 _ fo p( 2l ) [fH 1= p( ) } (316)

B fooo exp (_%) |:foH2:T2 p(X)dAT} dr

But, due to the isotropic property of p(x) along all directions around 0, all points on the
hypersphere ||x||> = 2 are evenly distributed (and have the same magnitude). Thus, it is:

/ L XPX)dA =0 (3.17)

Noting also that exp (—Q—f) > 0and [y - p(X)dA, is the area of the hypersphere ||x||* =

r?, the denominator in eq. (3.16) is positive. Thus, egs. (3.16) and (3.17) finally give
0't' = 0. In other words, 0 is indeed a fixed point of the iterative scheme defined by
eq. (3.14). n

Proposition 3. Adopt the assumption 2 and consider the mapping f : R — R’ defined
by eq. (3.14). Then, the fixed point 0 of the scheme 6'"' = f(8") is stable.

Proof. Focusing on the s-th component f,(@) of the above mapping and utilizing the as-

- Ix-0l2) _ (20097 it i
sumption 2 of p(x) as well as the fact that exp (—f) = J] exp (—%) it is easy
q=1

6Such pdf's are e.g. the independent identically distributed (i.i.d) multivariate normal and Laplace distri-
butions.
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to verify that:
16— Tn e (—=5%5) pla.)da,
) Jr €Xp (‘@) p(xs)dzg

Thus, f,(8) depends only on 6.

= 1.(6.). (3.18)

In order to prove the stability of 8 = 0, we will compute the Jacobian matrix on 8 = 0 and
we will show that |.J/(0)| < 1.

Since, ag“g(f) = 0, for ¢ # s the Jacobian is diagonal. Computing its diagonal elements at

6 = 0, we have after some algebra

9 22 22 2
0£.(0) 2 fpa?exp (%) pla)de, 2 (Jyesexp (—%) ple,)dr,) 319)
Ty x? o a2 20 W
90 |g_g 7 Jpexp (—7) p(xs)dus v (fgfe exp (—75) p(xs)dxs)
In addition, due to the fact that p(z,) is (0, %), it is easy to verify that
x? o
oxp (~22) ple) = L), (3.20)
Y o
where p(z,)=N (0, 0’?), with
oo 1 (3.21)

Substituting eq. (3.20) to eq. (3.19) and taking into account that (a) the numerator of the
second fraction is the mean of p(z;), (b) the numerator of the first fraction is the variance
of p(zs) and (c) the denominators are both equal to 1, we end up with

0f:(0)
00,

20_12

- (3.22)
6=0

. . H P 8fs(0) — o2
Substituting eq. (3.21) to eq. (3.22), it is: =1 ‘9:0 = QSQH,
due to the positivity of o2 and .

Thus, @ = 0 is a stable fixed point of the iterative scheme 't = £(6"). O

which is always less than 1,

It is noted that propositions 2 and 3 are valid for both constant and time varying positive
")/j’S.

In the general case where the data form more than one dense regions’, the above proposi-
tions are still valid, assuming that the influence on a representative that belongs to a given

dense region from data points from other dense regions is negligible. This can be ensured
by choosing v;’s properly. However, an alternative way to achieve this is to equate to zero

"That is, when p(x) has more than one peaks.
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all u;;’s that are below a certain threshold 7'. In this way, assuming that the data set under
study comprises well-formed and well-separated clusters, each data point x; is very likely
to have only one u;; > 0. In such a case the above convergence analysis remains valid.

Remark: The use of a threshold 7" for pushing all v;;’s that have values less than 7" to zero
ensures, in general, that a data point x; will be compatible with a few at the most clusters.
This implies that the vector u; = [u;1, ..., uim| has only a few non-zero elements or, in other
words, u; is sparse on non-zero values. The idea of sparsity will be explained in a more
sophisticated way in the next chapter.

In the next proposition, we focus on the cluster elimination property of APCM for the case
of two representatives that lie in the same physical cluster.

Proposition 4. Adopt assumption 1 and consider two cluster representatives 6, and 0.
Assuming that 1, (t) # n(t) and n;(t) < +oo, j = 1,2, Vt, one of the clusters represented
by 8, and 0, will be eliminated®.

Proof. Utilizing Propositions 2 and 3, we have that 8, and 8, converge towards ¢. Thus,
the distance between them decreases towards zero, i.e.

|01(t) — B2(t)|| — 0. (3.23)

Taking into account eq. (3.9), the radius of the hypersphere C, that delimits 7' (¢) and Tx(¢)
at iteration ¢ can be written as

~ym@)na(t) B
Tt—mn‘%(t) 6.(t)]]- (3.24)

From hypothesis it follows that ¥ 7(7;) :]72@ is finite, i.e.,

m(t)n:(t)

=0~

<M Vi (3.25)

Combining egs. (3.23), (3.24) and (3.25) we have that , — 0. Thus T}(t) for one of the two
representatives will eventually becomes empty, which will lead the corresponding 7;(t) to
zero value (see eq. (3.4)) and thus to the elimination of cluster C; (from the execution of
steps 14-21 of APCM, Algorithm 4). O]

Remark: Note that if n,(t) = na(t), it is % +o0. Thus, in this case r, does not

tend to zero. This implies that none of the representatives will be eliminated, since both
Ti(t), Tz(t) remain non-empty. This scenario becomes extremely improbable, due to the

8Note that, in practice, the hypothesis for 7 (t) and 7,(t) is almost always met, due to their definition.
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Figure 3.5: PCM and APCM snapshots at their initialization step, 1st iteration and 13th iteration for
PCM and 10th (final) iteration for APCM (experiment 1).

updating of n; via eq. (3.4) (hard computation). On the contrary, this scenario becomes

N
more probable when a soft computation of ;s is adopted (e.g. n; = W)

3.7 Experimental results

In this section, we assess the performance of the APCM method in several experimental
settings and illustrate the obtained results. More specifically, we consider two series of
experiments. In the first one, we use two-dimensional simulated data sets in order to
exhibit more clearly certain aspects of the behavior of the APCM itself. In the second one,
we use both simulated and real-world data sets (Iris [73], New Thyroid [73] to evaluate the
performance of APCM in comparison with several other related algorithms.

3.7.1 Clustering behavior of APCM

Experiment 1: Let us consider a two-dimensional data set consisting of N = 17 points,
which form two natural clusters C; and C, with 12 and 5 data points, respectively (see
Fig. 3.5). The means of the clusters are ¢, = [1.75,2.75] and ¢, = [4.25,2.75]. In this
experiment, we consider only the PCM (with m = 2) and the APCM (with m;,,; = 2, a« = 1)
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Table 3.1: The degrees of compatibility of the data points of experiment 1 for PCM and APCM algo-
rithms, after: (a) initialization (common to both algorithms), (b) first iteration and (c) 13th iteration
for PCM and 10th (final) iteration for APCM.

Initialization 15t jteration 13t iteration 10t iteration
PCM/APCM PCM APCM PCM APCM
X; C1 Co Ch Cy C Co C1 Co C1 Co
(1.5, 3.5) 0.9292 0.0708 0.3701 0.0018 0.2757 1.6e-06 0.3604 0.0831 0.2449 3.0e-09
(2.07 3.5) 0.8963 0.1037 0.3526 0.0127 0.2590 9.6e-05 0.3632 0.2428 0.2447 1.3e-06
(1.07 3.0) 0.9475 0.0525 0.3884 2.6e-04 0.2936 2.4e-08 0.3575 0.0284 0.2451 7.2e-12
(1.57 3.0) 0.9854 0.0146 0.8348 0.0027 0.7913 3.4e-06 0.8178 0.1232 0.7550 1.0e-08
(2.0, 3.0) 0.9728 0.0272 0.7954 0.0188 0.7432 2.2e-04 0.8192 0.3602 0.7544 4.3e-06
(2.57 30) 0.8201 0.1799 0.3360 0.0897 0.2433 0.0060 0.3661 0.7098 0.2445 5.4e-04
(10, 25) 0.9475 0.0525 0.3884 2.6e-04 0.2936 2.4e-08 0.3575 0.0284 0.2451 7.2e-12
(1.5, 2.5) 0.9854 0.0146 0.8348 0.0027 0.7913 3.4e-06 0.8128 0.1232 0.7550 1.0e-08
(2.0, 2.5) 0.9728 0.0272 0.7954 0.0188 0.7432 2.2e-04 0.8192 0.3602 0.7544 4.3e-06
(2.57 2.5) 0.8201 0.1799 0.3360 0.0897 0.2433 0.0060 0.3661 0.7098 0.2445 5.4e-04
(1.57 2.0) 0.9292 0.0708 0.3701 0.0018 0.2757 1.6e-06 0.3604 0.0831 0.2449 3.0e-09
(2.07 2.0) 0.8963 0.1037 0.3526 0.0127 0.2590 9.6e-05 0.3632 0.2428 0.2447 1.3e-06
(4.25, 3.5) 0.0748 0.9252 1.2e-05 0.6415 4.2e-07 0.3903 1.6e-05 0.2302 2.2e-07 0.2563
(3.57 2.75) 0.1441 0.8559 0.0058 0.6566 0.0013 0.4101 0.0071 0.8869 0.0010 0.2600
(4.25, 2.75) 6.0e-05 0.9999 3.0e-05 0.9997 1.3e-06 0.9994 4.0e-05 0.3587 7.7e-07 1.0000
(5.07 2.75) 0.0522 0.9478 2.6e-08 0.6267 1.4e-10 0.3715 3.6e-08 0.0597 4.7e-11 0.2527
(4.25, 2.0) 0.0748 0.9252 1.2e-05 0.6415 4.2e-07 0.3903 1.6e-05 0.2302 2.2e-07 0.2563

algorithms. Figs. 3.5a and 3.5d show the initial positions of the cluster representatives that
are taken from FCM and the circles with radius equal to ,/7;’s resulting from eq. (2.16)
(for B = 1) for PCM and from eq. (3.2) for APCM. Similarly, Figs. 3.5b and 3.5e show the
new locations of 6,’s after the first iteration of the algorithms and Figs. 3.5¢, 3.5f show the
locations of 8;’s at a later iteration. Table 3.1 shows the degrees of compatibility u,;’s of all
data points x; with the cluster representatives 6,’s at the three specific iterations depicted
in Fig. 3.5 (initial, 1% for both algorithms, 13t for PCM and 10" (final) for APCM).

As it can be deduced from Table 3.1 and Fig. 3.5, the degrees of compatibility of the data
points of C with the cluster representative 6, increase as PCM evolves, leading gradually
0, towards the region of the cluster C; and thus, ending up with two coincident clusters,
although 6, and 6, are initialized properly through the FCM algorithm (see Fig. 3.5a).
This is not the case though with the APCM algorithm, as both the cluster representatives
remain in the centers of the actual clusters. Obviously, this differentation on the behavior
of the two algorithms is due to the different definition of the parameters ~;’s, which affect
the degrees of compatibility of the data points with each cluster (see egs. (2.16), (3.4)
and (2.13)). This experiment indicates that, in principle, APCM can handle successfully
cases where relatively closely located clusters with different densities are involved.

In the next experiment, we investigate on the relation between m,,,; and parameter «.

Experiment 2: Let us consider now a two-dimensional data set consisting of NV = 1100
points, which form three natural clusters C;, C; and C5 (see Fig. 3.6). Each such cluster
is modelled by a normal distribution. The (randomly generated) means of the distributions
are ¢; = [1.35,0.23]7, ¢, = [4.03,4.09]" and c; = [5.64,2.28]7, respectively, while their
(common) covariance matrix is set equal to 0.4 - I, where I, is the 2 x 2 identity matrix. A
number of 500 points is generated by the first distribution and 300 points are generated by
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Figure 3.6: The clustering results of APCM for experiment 2, when it is initialized with m,;,,; = 5, for
several values of parameter a.

Table 3.2: Range of values of the parameter ¢, in which APCM concludes correctly to m¢;n. = 3
clusters, for specific values of m;,; for experiment 2.

Mini Umin Omax
3 0.35 5.00
5 0.33 3.08
10 0.28 1.38
20 0.23 0.90
50 0.17 0.36
100 0.15 0.29

each one of the other two distributions. Note that clusters C; and C; lie very close to each
other and, therefore, their discrimination is considered as a difficult task for a clustering
algorithm. Table 3.2 shows the ranges of values of the parameter o, for which APCM
manages to identify correctly the naturally formed m = 3 clusters, for various values of
mini- Fig. 3.6 shows the clustering results of the APCM algorithm, when it is initialized with
min: = 5, In cases where (a) a = 0.5, (b) a = 1.0 and (c) a = 3.0, respectively. Note from
Table 3.2, that these values of parameter a belong to the range where APCM identifies
correctly the actual clusters, when m,;,,; = 5. Also, in Fig. 3.6, it is shown how ;s are
affected when varying the parameter «, after APCM is initialized with m;,; = 5.

Running APCM on the previous data set, for various values of m;,; and «, we end up
with Fig. 3.7, where regions in the o — m;,; plot are drawn with different colors, each
one corresponding to a different number of final clusters, m;,,. The light-blue colored
region corresponds to the case where my;,,; = 3, i.e., when APCM identifies correctly the
underlying clusters. From the shape of this region, we can verify the “rule of thumb” stated
already in Section 3.5, that is, « is inversely related to m,,;. Moreover, from Fig. 3.7, we
deduce that by fixing o to a value arround 1 and taking m,,; 3 — 4 times greater than the
actual number of clusters, APCM will identify correctly the underlying physical clusters.
Interestingly, the situation depicted in Fig. 3.7 has also been observed for several other
data sets. Thus, the above rule of thumb seems to hold more generally.
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Figure 3.7: Graphical representation of the number of final clusters, m¢;,,;, returned by APCM for
experiment 2, for various combinations of o and m,,; °.

3.7.2 Comparison of APCM with state-of-the-art clustering algorithms

In the sequel, we compare the clustering performance of APCM with that of the k-means,
the FCM, the FCM with the XB validity index [22], the PCM, the UPC [20], the PFCM [19],
the UPFC [28], the GRPCM [31] and the AMPCM [30] algorithms, which all result from cost
optimization schemes. For a fair comparison, the representatives 68;’s of all algorithms,
except for GRPCM and AMPCM, are initialized based on the FCM scheme and the param-
eters of each algorithm are first fine-tuned. In order to compare a clustering with the true
data label information, we use (a) the Rand Measure (RM) (e.g. [18]), which measures
the degree of agreement between the obtained clustering and the true data classification
and can handle clusterings whose number of clusters may differ from the number of true
data labels, and (b) the Success Rate (SR), which measures the percentage of the points
that have been correctly labeled by each algorithm. Moreover, the mean of the Euclidean
distances (MD) between the true mean of each physical cluster ¢; and its closest cluster
representative (6,) obtained by each algorithm, is given'®. In cases where a clustering al-
gorithm ends up with a higher number of clusters than the actual one (m;,,; > m), only the
m cluster representatives that are closest to the true m centers of the physical clusters,
are taken into account in the determination of MD. On the other hand, in cases where
mrna < m, the MD measure refers to the distances of all cluster representatives from
their nearest actual center; thus some actual centers are ignored'. It is noted that lower
MD values indicate more accurate determination of the cluster center locations. Finally,

9Note that for each value of m,,; the same initial representatives (produced by FCM) have been used,
for all values of «. Results may differ slightly for different initializations of APCM.

"OThis is also called “quantization distortion” in centroid-based methods, provided that the number of c;’s
and 6;’s are the same.

"In such cases, increased MD values are expected, indicating the fact that some actual clusters have
not been identified.
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the number of iterations and the time (in seconds) required for the convergence of each
algorithm, are provided'?. Note that in all reported results for the UPC, the PFCM and the
UPFC algorithms, clusters that coincide are considered as a single one. Moreover, for the
FCM with XB validity index case, only the clustering obtained for the m;,; that minimizes
the XB index is given and discussed. All algorithms have been executed using MATLAB
R2013a on an Intel i7-4790 machine with 16 GB RAM and 3.60 GHz.

We begin with a demanding simulated data set with classes exhibiting significant differ-
ences with respect to their variance.

Experiment 3: Consider a two-dimensional data set consisting of N = 2100 points, where
three natural clusters 4, C; and C; are formed. Each such cluster is modelled by a normal
distribution. The means of the distributions are ¢, = [6.53,1.39]7, ¢, = [20.32,20.39]" and
c3 = [28.09,11.38]7, respectively, while their covariance matrices are set to 10 - I, 20 - I,
and I, respectively. A number of 1000 points are generated by each one of the first two
distributions and 100 points are generated by the last one. Moreover, 200 data points are
added randomly as noise in the region where data live (see Fig. 3.8a).

Table 3.3 shows the clustering results of all algorithms, where m,,,; and m;,, denote the
initial and the final number of the obtained clusters, respectively. Fig. 3.8b and Fig. 3.8¢c
show the clustering result obtained using the k-means and FCM algorithms, respectively,
for m;,; = 3. Figs. 3.8d, 3.8e, 3.8f, 3.8g, 3.8h, 3.8i, 3.8j and 3.8k depict the performance
of FCM & XB, PCM, APCM, UPC, PFCM, UPFC, GRPCM and AMPCM respectively, with
their parameters chosen as stated in the figure caption. In addition, the circles, centered
at each 6; and having radius ,/7; (as they have been computed after the convergence of
the algorithms), are also drawn.

As it can be deduced from Fig. 3.8 and Table. 3.3, even when the k-means and the FCM
are initialized with the (unknown in practice) true number of clusters (m = 3), they fail to
unravel the underlying clustering structure, most probably due to the noise encountered
in the data set and the big difference in the variances between nearby clusters. The FCM
& XB validity index and the classical PCM also fail to detect the cluster with the smallest
variance. On the other hand, the proposed APCM algorithm produces very accurate re-
sults for various initial values of m;,,;, estimating with high accuracy the center of the actual
clusters (see the corresponding MD measure in Table 3.3). The UPC algorithm has been
exhaustively fine tuned so that the parameters v;’s, which remain fixed during its execution
and are the same for all clusters, get small enough values, in order to identify the cluster
with the smallest variance (C3). However, under these circumstances, a representative
that is initially placed at the region where only noisy points exist (due to bad initialization
from FCM), is trapped there and cannot be moved towards a dense region (due to the
small value of its v;). Thus, UPC concludes to 4 clusters when ¢ = 3, but if we set ¢ = 2,
UPC will conclude to 2 clusters, identifying C; and C; and missing C3. The PFCM and
UPFC algorithms constantly produce 3 clusters, at the cost of a computationally demand-
ing fine tuning of the (several) parameters they involve (not included in the last column

2In the FCM & XB validity index only the total time required for the execution of FCM 19-times (for
Mins = 2,...,20) is given.
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Figure 3.8: (a) Data set of experiment 3. Clustering results for (b) k-means, m;,; = 3, (c) FCM,
min; = 3, (d) FCM & XB, (e) PCM, m;,; = 15, (f) APCM, m;,; = 15 and o = 1, (g) UPC, m;,; = 8 and
=3,(h)PFCM, m;,,; =15, K =1, a=1,8=3,¢=2.5and n = 2, (i) UPFC, m;,,;, = 15, =1, 8 = 1.5,

q
q

3and n = 2, (j) GRPCM and (k) AMPCM.
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Table 3.3: Performance of clustering algorithms for the experiment 3 data set.

Mini| Mfinal| BM SR MD Iter | Time

PFCM (K =1,a=1,b=1,¢=2,n=2) 3
PFCM(K =1,a=1,b=1,g=4,n=2) 8
PFCM(K =1,a=1,0=2,¢=3,n=2) 10
PFCM (K =1,a=1,b=3,¢=2.5,n=2) 15

87.62 | 86.78 | 1.2927 25 0.07
83.11 | 84.65 | 0.5595 55 0.47
84.30 | 85.78 | 0.7517 | 119 | 0.74
86.74 | 87.70 | 0.8414 | 201 1.83

k-means 3 3 91.02 | 86.74 | 6.8509 45 0.13
k-means 8 8 73.83 | 42.22 | 2.5267 60 0.33
k-means 10 10 71.41 | 3452 | 2.3544 48 0.41
k-means 15 15 68.35 | 27.00 | 0.8074 31 0.46
FCM 3 3 82.05 | 65.39 | 4.2089 66 0.04
FCM 8 8 71.88 | 36.91 | 2.5468 | 100 | 0.34
FCM 10 10 69.67 | 28.74 | 2.3466 | 100 | 0.48
FCM 15 15 67.18 | 21.96 | 0.8593 | 100 | 0.50
FCM & XB - 2 87.62 | 86.74 | 0.6346 - 3.60
PCM 3 2 87.62 | 86.78 | 0.4778 10 0.14
PCM 8 3 75.14 | 67.87 | 0.2138 26 0.59
PCM 10 3 75.64 | 68.35 | 0.1918 23 0.74
PCM 15 3 78.64 | 70.04 | 0.1877 41 1.06
APCM (o =1) 3 2 87.73 | 86.83 | 0.0655 12 0.07
APCM (o = 1.5) 8 3 90.83 | 90.04 | 0.2268 38 0.40
APCM (o = 1) 10 3 90.80 | 90.00 | 0.2131 28 0.52
APCM (o = 1) 15 3 90.83 | 90.04 | 0.2157 35 0.55
UPC (¢ = 2) 3 2 87.69 | 86.78 | 0.1331 20 0.07
UPC (¢ = 3) 8 4 90.04 | 85.96 | 0.5517 76 0.54
UPC (¢ = 3) 10 4 89.92 | 85.78 | 0.5829 89 0.57
UPC (¢ = 3) 15 4 89.79 | 85.61 | 0.6618 | 111 0.80

2

3

3

3

2

3

3

3

2

2

UPFCa=1,b=1,9=4,n=2) 3 87.76 | 86.83 | 0.4588 | 20 | 0.08
UPFC(a=1,b=3,q9=3n=2) 8 87.39 | 85.43 | 0.7260 | 85 | 0.49
UPFC(a=1,b=3,q9=3,n=2) 10 87.40 | 85.43 | 0.7364 | 101 | 0.68
UPFC(a=1,b=154=3,n=2) 15 87.64 | 8591 | 05555 | 94 | 0.83
GRPCM - 8754 | 86.74 | 0.3611 | 90 | 148.03
AMPCM - 8754 | 86.74 | 0.3189 | 87 | 151.64

of Table 3.3). However, even when their parameters are fine tuned, the final estimates
of 8,’s are not closely located to the true cluster centers (see MD measure in Table 3.3).
The GRPCM and AMPCM algorithms conclude to two clusters, failing to unravel the un-
derlying clustering structure. It is worth noting that these two algorithms require too much
time to converge, mainly due to the way they perform cluster elimination. Finally, as it is
deduced from Table 3.3, the APCM algorithm achieves the best RM and SR results, esti-
mating more accurately the true centers of the clusters (minimum MD), while, in addition,
it requires the fewest iterations for convergence. It is worth noting that the operation time
of APCM is less than that of PCM, even when APCM requires more iterations than PCM
to converge. This is so because the APCM iterations become “lighter” as the algorithm
evolves, since several clusters are eliminated.

The last two experiments are conducted on the basis of real world data sets.

Experiment 4: Let us consider the Iris data set ([73]) consisting of N = 150, 4-dimensional
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Table 3.4: Performance of clustering algorithms for the Iris data set.

Mini| Mfinal| KM SR MD Iter | Time
k-means 3 3 87.97 | 89.33 | 0.1271 3 0.30
k-means 10 10 76.64 | 40.00 | 0.7785 4 0.13
FCM 3 3 87.97 | 89.33 | 0.1287 19 0.02
FCM 10 10 76.16 | 36.00 | 0.7793 35 0.02
FCM & XB - 2 76.37 | 66.67 | 0.3986 - 0.16
PCM 3 2 77.19 | 66.67 | 0.3563 19 0.11
PCM 10 2 77.63 | 66.67 | 0.3488 28 0.11
APCM (a = 3) 3 3 91.24 | 92.67 | 0.1406 26 0.06
APCM (a = 1) 10 3 84.15 | 84.67 | 0.4030 67 0.09
UPC (¢ = 4) 3 3 91.24 | 92.67 | 0.1438 26 0.03
UPC (¢ = 2.4) 10 3 81.96 | 81.33 | 0.5569 150 0.1
PFCM(K=1,a=1,b=10,¢q=7,n=2) 3 3 90.55 | 92.00 | 0.1833 17 0.03
PFCM(K=1,a=1,b=15,¢=2,n=2) 10 3 84.64 | 85.33 | 0.5411 92 0.05
UPFC(a=1,b=5,g=4,n=2) 3 3 91.24 | 92.67 | 0.1642 32 0.03
UPFC(a=1,b=1.5,4g=2.5,n=2) 10 3 81.96 | 81.33 | 0.5566 180 0.16
GRPCM - 2 77.63 | 66.67 | 0.3675 26 0.47
AMPCM - 2 77.63 | 66.67 | 0.3643 28 0.47

data points that form three classes, each one having 50 points. In this data set, two classes
are overlapped, thus one can argue whether the true number of clusters m is 2 or 3. As it
is shown in Table 3.4, k-means and FCM work well, only if they are initialized with the true
number of clusters (m;,; = 3). The FCM & XB and the classical PCM fail to end up with
mrina = 3 Clusters, independently of the initial number of clusters. The same result holds
for the GRPCM and the AMPCM algorithms. On the contrary, the APCM, the UPC, the
PFCM and the UPFC algorithms, after appropriate fine tuning of their parameters, produce
very accurate results in terms of RM, SR and MD. However, the APCM algorithm estimates
more accurately the centers of the true clusters (in most cases), compared to the other
algorithms. Itis noted again that the main drawback of the PFCM and the UPFC algorithms
is the requirement for fine tuning of several parameters, which increases excessively the
computational load required for detecting the appropriate combination of parameters that
achieves the best clustering performance.

Experiment 5: Let us consider now the so-called New Thyroid three-class data set ([73])
consisting of N = 215, 5-dimensional data points. The experimental results for all al-
gorithms are shown in Table 3.5. It can be seen that both k-means and FCM provide
satisfactory results, only if they are initialized with the true number of clusters (m;,; = 3),
and the XB validity index is correctly minimized for m;,; = 3, thus FCM & XB concludes
to the same results as FCM for m;,; = 3, however at the cost of increased computational
time. The classical PCM exhibits degraded performance, for all choices of m,,;. Similar to
PCM behavior is observed for the GRPCM and the AMPCM algorithms, which fail to dis-
tinguish any clustering structure. On the contrary, the APCM and UPC algorithms detect
the actual number of clusters independently of m;,; after appropriate fine tuning of their
parameters. However, again the APCM algorithm constantly produces higher RM and SR
values. Finally, the PFCM and UPFC exhibit (a) inferior performance compared to APCM
and UPC and (b) superior performance with respect to k-means and FCM provided that

83 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

Table 3.5: Performance of clustering algorithms for the New Thyroid data set.

Mini| Mfinal| KM SR MD Iter | Time

k-means 3 3 79.65 | 87.44 | 0.8949 3 0.16
k-means 5 5 70.78 | 63.72 | 0.8548 12 0.14
k-means 15 15 55.01 | 25.12 | 0.7159 16 0.17
FCM 3 3 83.29 | 89.77 | 0.4385 53 0.02
FCM 5 5 60.32 | 46.98 | 1.0785 55 0.02
FCM 15 15 52.83 | 21.86 | 0.8816 91 0.11
FCM & XB - 3 83.29 | 89.77 | 0.4385 - 0.44
PCM 3 1 53.05 | 69.77 | 0.1177 7 0.06
PCM 5 1 53.05 | 69.77 | 0.0559 7 0.06
PCM 15 1 53.05 | 69.77 | 0.0577 8 0.16
APCM (a = 8) 3 3 94.58 | 96.74 | 0.7231 30 0.08
APCM (a = 3) 5 3 87.59 | 92.56 | 1.0026 21 0.06
APCM (o = 1.2) 15 3 73.73 | 83.72 | 2.7123 54 0.16
UPC (¢ =3) 3 3 83.85 | 90.23 | 0.6982 41 0.03
UPC (¢ =2) 5 3 77.94 | 86.51 | 1.0739 16 0.02
UPC(¢=1) 15 3 67.21 | 79.53 | 2.7617 34 0.05
PFCM(K =1,a=1,b=5,q=8n=2) 3 1 53.05 | 69.77 | 0.0507 15 0.03
PFCM(K =1,a=1,b=5,¢q=8,n=2) 5 2 64.95 | 77.21 | 1.3855 41 0.05
PFCM(K=1,a=1,b=8,¢g=2,n=2) 15 3 66.64 | 79.07 | 1.8381 28 0.09
UPFC(a=1,b=5,¢g=8,n=2) 3 2 68.21 | 79.53 | 0.4108 21 0.05
UPFC(a=1,0=3,¢g=6,n=2) 5 3 78.76 | 86.98 | 0.9682 27 0.05
UPFC (a=1,0=0.1,g=15,n=2) 15 3 72.85 | 83.26 | 1.5909 34 0.09
GRPCM - 1 53.05 | 69.77 | 0.2732 63 2.04
AMPCM - 1 53.05 | 69.77 | 0.2667 64 1.98

the latter are not initialized with the correct number of clusters.

3.8 Conclusions

In this chapter, commencing from the classic possibilistic c-means (PCM) algorithm pro-
posed in [10], a new possibilistic clustering algorithm, called Adaptive Possibilistic c-
means (APCM), has been presented. APCM addresses several of the weaknesses of
PCM and exhibits several new features. The most important one is that its parameters
~ are adapted as the algorithm evolves, in contrast to all other related possibilistic algo-
rithms, where parameters v, once they are set, they remain fixed. This makes APCM
more flexible in tracking the variations in the cluster formation as it evolves. Additional
significant features are related with the computation of the parameters ~. Specifically, in
contrast to previous possibilistic algorithms, each ~; is expressed in terms of the mean
absolute deviation of the vectors that are most compatible with the jth cluster (C;), from
their mean. The use of the Euclidean distance, instead of the squared Euclidean one,
makes the algorithm capable to distinguish closely located to each other clusters. More-
over, the use of the mean p; of the most compatible points to a certain cluster C; instead
of the previous location of the corresponding representative 8; in the computation of +;’s
leads to better estimates for the latter. A significant side-effect of the adaptation of ;’s is
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that APCM is (in principle) capable to reveal the true number, m, of physical clusters via a
cluster elimination procedure, provided that it is initialized with an overestimate of it, m;,,;.
The latter releases APCM from the noose of knowing exactly in advance the true number
of “physical” clusters at the cost of performing a light fine tuning for specifying the value
of the parameter « involved in the definition of v;’s. It is worth noting that as experiments
show, m;,; and a should vary inversely to each other, in order for the algorithm to work
properly, a fact that makes their choice not entirely arbitrary. In addition, they show that if
« is fixed to a value around 1 and m,,; is around 3-4 times greater than m, then, in sev-
eral cases, the algorithm works properly. Finally, the experimental results provided show
that APCM exhibits superior performance compared to several other related algorithms,
in almost all the considered data sets.
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4. SPARSE POSSIBILISTIC C-MEANS ALGORITHM

4.1 Introduction

In this chapter we extent the classical PCM algorithm, proposed in [10], in a different way
from that presented in the previous section. In contrast to the APCM algorithm, where
the parameters v were adapted during its execution, here they are considered fixed. The
present extension relies on the fact that, in practice, each data vector is compatible with
only a few or even none clusters. Based on this, a suitable sparsity constraint is imposed
on the vector containing the degrees of compatibility of each data vector with all the clus-
ters, giving rise to the Sparse PCM (SPCM) algorithm [56]. SPCM exhibits increased
immunity to data points that may be considered as noise or outliers by excluding them, in
principle, from contributing to the estimation of the cluster representatives. As a conse-
quence, SPCM concludes to more accurate estimates for the cluster representatives than
PCM, especially in noisy enviroments.

Moreover, in difficult cases, where the physical clusters underlying in the data set under
study are very closely located to each other, SPCM allows only the data points that are
very close to the current location of the representatives to contribute to the estimation of
the next location of the latter. As a result, SPCM is, in principle, capable of identifying
very closely located clusters of possibly various densities. However, the requirement of
the estimation of the specific parameters ~ involved in all PCMs still remains.

It is worth noting that the proposed method is not the first one that introduces the sparsity
idea in clustering. Sparsity in the, so-called, outlier domain has been proposed previously
in [74], [69]. Also in [75], [76], two variants of possibilistic clustering that impose sparsity
constraints, adopting the /; norm, are proposed. In [76] the clusters are recovered in a
sequential manner, in contrast to [75], where clusters are recovered simultaneously.

In the sequel we proceed as follows. In Section 4.2 we introduce the concept of sparsity.
In Sections 4.3-4.6 we present in detail the SPCM algorithm and in Section 4.7 we focus
on an experiment for collating SPCM with PCM. Finally, Section 4.8 contains the conver-
gence analysis of the algorithm, where it is proved that the algorithm converges to a local
minimum of its cost function. Also, the same result is established for PCM as a special
case of the convergence proof of SPCM. Conclusions are presented in Section 4.9. Note
that further extended experimental results of SPCM are presented in the next chapter.

4.2 Enforcing Sparsity - The Sparse PCM (SPCM)

A notable feature of the PCM algorithm is that all data vectors contribute to the updating
of the representatives (see eq. (2.15)) since, from eq. (2.13), we have that all u;;’'s are
positive. When the physical clusters are well separated from each other, the updating of a
specific 8; will only slightly be affected by distant from it data points. However, in the case
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where the physical clusters are closely located to each other and have different densities,
the affection on 8, from data points that belong to other physical clusters will be increased.
Moreover, the affection will be higher for the representative of the less dense cluster.
That may drive this representative towards the center of the denser cluster, failing thus to
identify the less dense cluster. Note that even if this does not happen, the corresponding
final estimates of 6,’s will represent less accurately the physical cluster centers. The
previous arguments are illustrated qualitatively via the following two examples’.

ini
el

o O Physical cluster 1 i
-3 -2 -1 0 1 2 3 4 -3 -2 -1 0 1 2 3 4
(a) Data set of Example 1 (b) PCM

Figure 4.1: (a) The data set of Example 1 and (b) the clustering result of Example 1 for PCM with
m =5 (mrina = 2). Open (closed) circles stand for the initial (final) location of the representatives
(6,’s) and crosses represent the true centers of the clusters (c;’s). The circles centered at each 6,
and having radius ,/7; are also drawn. x; is a specific typical point of C; that will also be considered

in Figs. 4.2 and 4.5 and v'%' is its corresponding degree of compatibility with 6.

Example 1: Consider a two-dimensional data set X consisting of N = 3000 points, where
two physical clusters C; and C; are formed. The clusters are modelled by normal distri-
butions with means ¢, = [0,0]” and ¢, = [1.5, 1.5]7, respectively, while their covariance
matrices are both equal to 0.4 - I, where [, is the 2 x 2 identity matrix. A number of 2000
points of X is generated by the first distribution and 1000 points are generated by the sec-
ond one. Note that the clusters share the same covariance matrix, they are located very
close to each other and they have different densities, as shown in Fig. 4.1a. The clustering
result of the PCM, initialized with m = 5 clusters, is shown in Fig. 4.1b. Apparently, PCM
fails to uncover the less dense cluster. To see qualitatively why this happens let us focus
on 6, and 6@, in Fig. 4.1b. As it can be seen, 6, was finally attracted towards ', although
it was initially placed in C5. This occurred because in the process of determining the next
location of 6,, the many small contributions from the data points of C; gradually prevailed
over the larger but less contributions from the data points of C; (see egs. (2.13), (2.15)).

Example 2: Consider now the same two-dimensional data set of Example 1, where now
the two normal distributions are more distant from each other with means ¢, = [0, 0]” and
¢, = [2,2]7, respectively (see Fig. 4.2a). As is shown in Fig. 4.2b, PCM now succeeds in

A more quantitative illustration is given in Experiment 1.
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(a) Data set of Example 2 (b) PCM

Figure 4.2: (a) The data set of Example 2 and (b) the clustering result of Example 2 for PCM with
m =5 (msina = 2). Note that the contribution of the typical point x, to the computation of 65" is now
much smaller compared to its counterpart in Fig. 4.1b. See also the caption of Fig. 4.1.

identifying both clusters. It seems that, in determining the next location of 6,, the many
small contributions from the data points of C; were much smaller than their counterparts
in Example 1 and they did not succeed to prevail over the larger but less contributions
from the data points of C;. However, the final estimates of the true centers (means of
the Gaussians) are not very accurate, as shown qualitatively in Fig. 4.2b and established
quantitatively later in Table 4.1.

One way to face situations, such as those encountered in Examples 1 and 2, is to sup-
press the contribution in the updating of representatives from data points that are distant
from them. Focusing on a specific representative 6;, this can be achieved by impos-
ing u;; = 0 for data points x; whose distance from 6, is sufficiently large. Recalling that
u? = [u;1, ..., uim), i = 1,..., N, this is tantamount to imposing sparsity on u;, i.e., forcing
the corresponding data point x; to contribute only to its (currently) closest representatives.
To incorporate sparsity in PCM, we propose the following extension of the cost function

Jpon given in eq. (2.11),

m N N N
Jspen(©,U) =D 1> uijlIXi — 60517 475 D (uj INwg; — wig) [+X D u][B, wi; >0, (4.1)
=1

j=1 Li=1 i=1

where ||u; |, is the £,-norm of vector u; with p € (0, 1), defined as [Ju,[|2 = 7, uf; 2. The
last term in eq. (4.1) is expected to induce sparsity on each one of the vectors u;, while A
(> 0) is a regularization parameter that controls the degree of the imposed sparsity. The
selection of the value of A\, which remains constant during the execution of the algorithm,
is discussed in subsection 4.5. It is clear that by setting A\ = 0, we end up with the cost

2The condition u;; > 0 is a prerequisite, in order for Inu,; to be well-defined. However, in the sequel,
when referring to u;; Inu,; for u;; = 0, we mean lim | Wi Inw;;(=0).
uinO
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function which is associated with the classical PCM (eq. (2.11)). The algorithm resulting by
the minimization of Jspcn (O, U) is called sparse possibilistic c-means (SPCM) clustering
algorithm.

We describe next in detail the various stages of the SPCM algorithm. Specifically, we
first describe the way its parameters are initialized. Next, the updating of u,;’s and 6,’s
is considered. Note that the updating of 6,’s is the same as in classical PCM, while,
the updating of u,;’s is quite different. Although the latter is more complicated than in the
classical PCM, proposed in [10], at the same time, it is far more simpler® than the updating
in other problems where sparsity is induced through the /,-norm with 0 < p < 1.

4.3 Initialization in SPCM

First, we make an overestimation, denoted by m;,;, of the true number of clusters m,
underlying in the data set. Regarding 6,’s, their initialization drastically affects the final
clustering result in PCM. Thus, a good starting point for them is of crucial importance.
Ideally, we would like to have at least one representative in the region of each physical
cluster. To this end, the initialization of 8;’s is carried out using the final cluster represen-
tatives obtained from the FCM algorithm, when the latter is executed with m;,; clusters.
Taking into account that FCM is likely to drive the representatives to “dense in data” re-
gions (since m;,; > m), we have a good probability of placing at least one of the initial 8,’s
in each dense region (cluster) of the data set.

After the initialization of 8;’s, we initialize +,’s utilizing eq. (2.16) for B = 1.

4.4 Updating of 6,’s and v,;’s in SPCM

Minimization of Jspc (O, U) with respect to 8; leads to the same updating equation as
in the original PCM scheme (eq. (2.15)), since the last term added to the cost function
does not depend on 6,’s. It is only the updating of u,;'s that will be modified, in the light of
the last term of Jspcn (©, U). Taking the derivative of Jspea (O, U) with respect to u;;, we

obtain
0Jspcm(0,U)

= f(uw) = dij + Yj In Ujj —+ Apufjl, (42)
8uij

where d;; = [|x; — ,]|>. Obviously, 2/srex(©1) — ( js equivalent to f(u;;) = 0, the solution

of which will give the requested u,;. Clearly, this equation cannot be solved analytically.
However, it can be efficiently solved arithmetically based on the following propositions.

Proposition 1. f(u;;) does not become zero for u;; € (—oo,0) U (1, +00).

3Note that, as it will become evident in the sequel, the simplicity of the updating of u;;'s stems from the
fact that the problem is decomposed with respect to u;;’s (due to the nature of PCM).
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Proof. It is clear that if u;; € (1,+00), all terms in eq. (4.2) are strictly positive and, as
a consequence, f(u;;) is positive. Moreover, u;; € (—o0,0) is meaningless, since in this
case Inu;; is not defined. O

1

Proposition 2. The stationary points of f(u;;) are u;; = {%p(l — p)} "7 and i;; = +oo0 4.

Proposition 3. The unique minimum of f(u;;) appears at u;; = {—p(l — p)} r

Proposition 4. If f(u;;) < 0 then f(u;;) = 0 has exactly two solutions ufjl}, Z{f} € (0,1)
with u{l} ul?
'L] .

Proposition 5. If f(u;) = 0 has two solutions u'?, uZ" (with u{ < u?), Jspcr(©,U)

17 7
exhibits a local minimum at the largest of them (u{z} ).

Proposition 6. Jspci (O, U) exhibits its global minimum (with respect to u;;) at u;;, where:
= ul?hif f(iy;) < 0 and uf)) > (M%I)))m (= Umin) (4.3)
0, otherW/se

Based on the above propositions, to determine u;;, we solve f(u;;) = 0 as follows. First,
we determine 4;; and check whether f(u;;) > 0. If this is the case, then f(u;;) has no
roots in [0, 1]. Note that, in this case, itis f(u;;) > 0 for all u;; € (0, 1], since f(u;;) > 0
(see Fig. 4.3c). Thus, Jspc is increasing with respect to u;; in (0, 1] (see Fig. 4.3d).
Consequently, in this case we set u;; = 0, imposing sparsity. In the rare case, where
f(ui;) = 0, we set uj; = 0, as u;; is the unique root of f(u;;) = 0 and f(u;) > 0 for
wij € (0,%;) U (4y,1]. If f(a;) < 0, then f(u;;) = 0 has exactly two solutions that both
lie in [0, 1] (see Figs. 4.3a, 4.3e). In order to determine the largest of the solutions (u{Q})

we apply the bisection method (see e.g. [77]) in the range (u;;, 1], as u{Q} is greater than
u;;. The bisection method is known to converge very rapidly to the optlmum u;;, thatis, in
our case, to the largest of the two solutions of f(u;;) = 0 °. If the obtained solution u{2}

satisfies the rightmost condition in the first branch of eq. (4.3), then we set u;; = {2} (see
Fig. 4.3b). Otherwise, u;; is set to 0 (see Fig. 4.3f).

4The proofs of Propositions 2 to 6 are given in Appendix B.
SAlternatively, any other method of this kind can also be used, e.g. [78].
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Figure 4.3: In all plots the dashed parts of the graphs correspond to the interval (0, u,,;,), which
is not accessible by the algorithm (see eq. (4.3)). (a) The shape of function f(u;;), when f(i,;;) < 0
and the right-most condition of eq. (4.3) is satisfied and (b) the corresponding shape of the cost
function J(u;;). (c) The shape of function f(u;;), when f(4,;) > 0 and (d) the corresponding shape of
J(ui;). (e) The shape of function f(u;;), when f(4;;) < 0 and the right-most condition of eq. (4.3) is
not satisfied and (f) the corresponding shape of J(u;;).
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4.5 Selection of the parameter )\

As it follows from the previous analysis, considering a specific data point x; and a clus-
ter C;, a necessary condition in order for the equation f(u;;) = 0 to have a solution
is f(u;;) < 0, which, taking into account eq. (4.2) and solving with respect to \ gives

Vi 1 _ dij(1-p) :
A< o) exp( 1— == o ) Consequently, selecting

Vi dij(1 —p)

the degree of compatibility «;; of a data point x; with a cluster C; is set to 0, promot-
ing sparsity. Aiming at retaining the smallest sized cluster, say C, (i.e., the cluster with

Vg = rpin 7;) until the termination of the algorithm (provided of course that at least one
Jj=1,..., m

representative has been initially placed in it), a reasonable choice for A would be the one
for which u,;; becomes 0 for points x; that lie at distance d,, greater than ~, from the rep-
resentative 8,. In this way, 8, will be less likely to be “attracted” by nearby larger clusters,
aiding it to remain in the region of the physical cluster where it was first placed. This is so
because the cluster representative will be affected only by the data points that are very
close to it (i.e., points with d;, < v, = ; rPinm%-).

.....

To this end, applying inequality (4.4) for d;; and ~; equal to 7, = min ~;, we end up with

]:1 7777
A 2 ol Where e is the base of natural logarithm. In practice, we select A as
, Tin Vi
A=K 4.5
p(1 —p)e=*’ (45

where K is set to values around 1, i.e., actually we allow non-zero u;;'s for points that lie
at distance around ~, from 6,. In most of the experiments of SPCM, we take K = 0.9 (see
Fig. 4.4).

0.8
0.6f
0.4f
0.2f

0.2
-0.4
-0.6-
-0.8-

-15 -1 -0.5 0 0.5 1 15

Figure 4.4: A representative 0, is denoted with a black dot. The circles delimit the regions around
6, that contain points with u,;; > 0, for (a) X > 1, (b) K =1and (c) K < 1.

93 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

4.6 The SPCM algorithm

From the analysis provided in the previous sections, the SPCM algorithm can be summa-
rized as follows.

Algorithm 5 [0, U] = SPCM(X, m;,;)
Input: X, m;,;

1:t=0

2: M = Myp;

> Initialization of 8,’s part

3 [O(t), UFCM ()] = FCM(X, mini, 2) ©

> Initialization of ;’s part

T uEOM -6, ()2

4: Set: v, = S rom ,j=1,..m
. . _ min,;— yoeom Vg

5. Set: \ = KW

6: repeat

> Update U part
7: Update: U(t) (as described in section 4.4)

> Update © part

N N
8: 0J<t+1) = Eu”(t)xl E'Lblj(t>,j: 1,....m
=1

=1

9: t=t+1
10: until the change in 6,’s between two successive iterations becomes sufficiently small

11: return © = {0,(t), 02(t),...,0,,(t)}, U = [u(t — 1)]

In the sequel, we discuss how the exploitation of sparsity affects the clustering result in
Examples 1 and 2, by comparing PCM and SPCM through the use of some quantitative
indices. Specifically, in order to compare a clustering outcome with the true data label
information, we use (a) the Rand Measure (RM), (b) the Success Rate (SR) and (c) the
mean of the Euclidean distances (MD), which are described in section 3.7.2.

Example 1 (cont.): Table 4.1 shows the clustering results of PCM and SPCM, where m,,;
and m;,, denote the initial and the final number of distinct clusters. Figs. 4.1b and 4.5a
depict the performances of PCM and SPCM, respectively.

6See Algorithm 2 of Chapter 2. We set the fuzzifier ¢ = 2.
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(a) SPCM (b) SPCM

Figure 4.5: The clustering results of SPCM for the data set of (a) Example 1 with m;,; = 5 and (b)
Example 2 with m,;,,; = 5. In both cases the contribution of the typical point x, to the determination
of 65" becomes zero. See also the caption of Fig. 4.1.

As we have already seen, PCM fails to uncover the underlying clustering structure (as is
clearly depicted quantitatively in Table 4.1), whereas SPCM distinguishes the two physical
clusters, since it annihilates the contributions of most of the points of C; (C5) in the deter-
mination of the next location of 8, (8;) through the imposition of sparsity. Note also that
the fact that (', is denser than (', did not affect the computation of 8., since u;, becomes
0 for most of the points of C;. This is also verified through the achieved RM, SR and MD
values (see Fig. 4.5a and Table 4.1).

Table 4.1: Performance of PCM and SPCM for the data sets of Examples 1 and 2.

Data Set Mijni M final RM SR MD
PCM Example 1 5 1 55.54 66.67 1.0271
SPCM Example 1 5 2 91.22 95.40 0.0822
PCM Example 2 5 2 95.35 97.60 0.1042
SPCM Example 2 5 2 96.21 98.07 0.0194

Example 2 (cont.): Table 4.1 shows the clustering results of PCM and SPCM and Fig. 4.5b
depicts the performance of SPCM. As we have seen in this case, PCM is able to uncover
the underlying clustering structure. However, SPCM manages to detect more accurately
the true centers of the clusters, as the MD index clearly indicates.

Remark 1: Note that for p = 1 the last term in eq. (4.2) becomes constant and u;; can be
expressed in closed form as u;; = exp (—%) i.e., it is a scaled version of eq. (2.13) of
the classical PCM (see pink curve in Fig. 4.6).

Remark 2: In Fig. 4.6, the degree of compatibility u;; versus d;;/~;, resulting from SPCM,
is plotted for several values of p € (0, 1). It can be seen that in each curve corresponding

to p < 1, there is a critical point where a discontinuity is observed; that is u,; “jumps” from
a positive value to zero. The existence of such a point indicates that “hard” sparsity is
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’ - - =PCM
' —— SPCM (p<1)
- '='SPCM (p=1) ||

Figure 4.6: The degree of compatibility «;; as a function of the d;; /v; for PCM [10] (red curve), SPCM
for several values of p < 1 (blue curves) and SPCM for p = 1 (pink curve).

imposed on u;’s, being the result of the inclusion of the third term in the cost function of
Jspcar, Which, in turn, leads to the numerical computation of u,;’s. “Hard” sparsity means
that we do not have to define a small threshold below which w;; is set to zero, but sparsity is
forced automatically. Note also that as p increases towards 1, the “jump” becomes smaller
and is moved to the right in the graph. The “jump” ceases to exist in the curves of PCM
and SPCM with p = 1, i.e. no hard sparsity is imposed in these cases. Finally, from this
diagram, it can also be noted that u,;’s take generally lower values in SPCM, compared
to PCM, which, in addition to the induced sparsity, contributes to the ability of SPCM in
distinguishing closely located clusters.

4.7 Collation of SPCM with PCM

This experiment illustrates the rationale of SPCM, which has been approached in Exam-
ple 1 more qualitatively. Let us consider a two-dimensional data set consisting of N =17
points, which form two clusters C; and C, with 12 and 5 data points, respectively (see
Fig. 4.7). The means of the clusters are ¢, = [1.75,2.75] and ¢, = [4.25,2.75]. In this ex-
periment, we consider only the PCM and the SPCM algorithms, both with m = 2. Fig. 4.7a
shows the initial positions of the cluster representatives that are taken from FCM and the
circles with radius equal to ,/7;’s resulting from eq. (2.16) (for B = 1) for both PCM and
SPCM. Similarly, Figs. 4.7c and 4.7b show the new locations of ;’s after the first iteration
of the algorithms and Figs. 4.7e, 4.7d show the locations of 8;’s after the 5th and 5th (final)
iterations for PCM and SPCM, respectively. Finally, Fig. 4.7f shows the locations of 6,’s
after the 8th iteration for PCM. Table 4.2 shows the degrees of compatibility «;;'s of all
data points x;’s with the cluster representatives ;s at the three iterations considered in
Fig. 4.7 for both PCM and SPCM.
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Figure 4.7: (a) PCM and SPCM snapshots at their initialization step, (b), (c) their first iteration, (d),
(f) 5th and 8th iteration for PCM and (e) 5th (final) iteration for SPCM.
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Table 4.2: The degrees of compatibility of the data points of Experiment 1 for PCM and SPCM algo-
rithms, after: (a) first iteration (for both algorithms), (b) 5th iteration for PCM and 5th (final) iteration
for SPCM and (c) 8th iteration for PCM.

157 iteration 57 iteration 57 (final) iteration &t7 jteration
PCM SPCM PCM SPCM PCM
X; Cl CQ C1 CQ C1 02 C1 CQ Cl CQ
(1.5, 3.5) 0.3701 0.0018 0 0 0.3616 0.0064 0 0 0.3606 0.0118
(2.0, 3.5) 0.3526 0.0127 0 0 0.3619 0.0352 0 0 0.3630 0.0570
(1.0, 3.0) 0.3884 2.5e-04 0 0 0.3613 0.0012 0 0 0.3583 0.0024
(1.5, 3.0) 0.8348 0.0027 0.4625 0 0.8157 0.0095 0.4478 0 0.8134 0.0174
(2.0, 3.0) 0.7954 0.0188 0.4316 0 0.8164 0.0523 0.4476 0 0.8186 0.0846
(2.5, 3.0) 0.3360 0.0897 0 0 0.3623 0.1949 0 0 0.3653 0.2766
(1.0, 2.5) 0.3884 2.5e-04 0 0 0.3613 0.0012 0 0 0.3583 0.0024
(1.5, 25) 0.8348 0.0027 0.4625 0 0.8157 0.0095 0.4478 0 0.8134 0.0174
(2.0, 25) 0.7954 0.0188 0.4316 0 0.8164 0.0523 0.4476 0 0.8186 0.0846
(2.5, 25) 0.3360 0.0897 0 0 0.3623 0.1949 0 0 0.3653 0.2766
(1.5, 20) 0.3701 0.0018 0 0 0.3616 0.0064 0 0 0.3606 0.0118
(2.0, 20) 0.3526 0.0127 0 0 0.3619 0.0352 0 0 0.3630 0.0570
(4.25, 3.5) 1.2e-05 0.6415 0 0.4850 1.5e-05 0.5883 0 0.4852 1.6e-05 0.5276
(3.57 2.75) 0.0058 0.6566 0 0.4983 0.0069 0.8712 0 0.4854 0.0070 0.9512
(4.25, 2.75) 3.0e-05 0.9997 0 0.8046 3.9e-05 0.9168 0 0.8049 4.0e-05 0.8222
(5.07 2.75) 2.5e-08 0.6267 0 0.4720 3.5e-08 0.3972 0 0.4849 3.6e-08 0.2926
(4.25, 20) 1.2e-05 0.6415 0 0.4850 1.5e-05 0.5883 0 0.4852 1.6e-05 0.5276

As it can be deduced from Table 4.2 and Fig. 4.7, the degrees of compatibility of the data
points of C; with the cluster representative 8, increase as PCM evolves, leading gradually
6, towards the region of the cluster C; and thus, ending up with two coincident clusters,
although 6, and 6, are initialized properly through the FCM algorithm (see Fig. 4.7a). How-
ever, this is not the case in SPCM algorithm, as both the cluster representatives remain
in the centers of the actual clusters. It is of great interest to mention that in SPCM 6, and
6, conclude closest to the actual centers compared to their initial state through the FCM
algorithm (see Fig. 4.7e). Obviously, the superior performance of SPCM is due to the
sparsity imposed on u;’s leading several v;;’s to O for points x; that lie “away” from 6, (see
Table 4.2), thus preventing these points from contributing to the estimation of 8,. This
experiment indicates the ability of SPCM to handle successfully cases where relatively
closely located clusters with different densities are involved.

More experiments of SPCM on both synthetic and real data sets are presented in the
“Experimental Results” section of the next chapter.

4.8 On the convergence of the SPCM

In the sequel, a proof of the convergence of the SPCM is provided. Note that, in principle,
the proof holds for any choice of (fixed) ~;’s, not only for the one given in eq. (2.16).

A vital observation is that, as long as u;; is given by the first branch of eq. (4.3), it is
bounded as follows .
umzn S uij S umaa:7 (46)

where «** is obtained by solving the equation f(u;;) = 0, for d;; = 0; that is the equation
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v Inwg; + Apui; ! = 0. Note that both v and «™** depend exclusively on ), ~; and p.

Before we proceed, we will give an alternative expression for eq. (4.3), which will be
extensively exploited in the convergence proof below. More specifically, we will express
the condition of the first branch of (4.3) in terms of 8,. To this end, we consider the case
where u;) = wm. This implies that f(u;)) = 0 or f(w™™) = 0. Substituting u™™ by its
equal given in eq. (4.3) and after some straightforward algebraic manipulations, it follows
that f(u?"™) = 0 is equivalent to

2
RJ'

. /\ 1—
\\xi—9j1\2:17_9p<—ln (7, p>—p>. (4.7)
J

The above is the equation of a hypersphere, denoted by C;;, centered at x; and having
radius R; (note that R; depends exclusively on the parameters v;, p, A and not on the
data points x; or on 8;’s and w;;’s). Clearly, its interior int(C;;) (which in the subsequent
analysis is assumed to contain C,; itself) contains all the positions of 8; which give u;; > 0,
while all the points in its exterior ext(C;;) correspond to positions of 8, that give u;; = 0.
In order to ensure that C;; is properly defined, we should ensure that R; is positive. This
holds true if K is chosen so that K < pe?=P) (see Proposition C1 in Appendix C). In the
light of the above result, eq. (4.3) can be rewritten as follows

{2} 1 2 2
o Jug, 1| — 0] < R? A
ta { 0, otherwise (4.8)
Note that the expressions for u;; given by eqs. (4.3) and (4.8) are equivalent and will be

used interchangeably in the subsequent analysis.

Before we proceed, we note that the cost function associated with SPCM (eq. (4.1)) can
be recasted as

h(uij,05)
m m N N
JSPCM U @ Z UJ, Z ZuwaZ — HJ'HZ + Vi Z(uw In (2 uij) —+ )\ufj s

j=1 j=1 |i=1 i=1
(4.9)
where u; = [uy;, ..., uy;]7. Since (@) u;;’s, j = 1,...,m, are not interrelated to each other,
for a specific x;, (b) u;;'s, i = 1, ..., N are related exclusively with 8; and vice versa and (c)
0,’s are not interrelated to each other, minimization of Jspc (U, ©) can be considered as
the minimization of m independent cost functions J;’s, j = 1,...,m. Thus, in the sequel,

we focus on the minimization of a specific J;(u;,8,) and, for the ease of notation, we
drop the index j, i.e., when we write J(u, 8), we refer to a J;(u;, 8;). In addition, we write
u=[u,...,uy]" and @ for the vectors u;, 6; that correspond to the j-th cluster.

The proof is given under the very mild assumption that for each cluster at least one equa-
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tion f(u;) = 0,7 =1,..., N has two solutions at each iteration of SPCM (Assumption 1).
This is a rational assumption, since if this does not hold at a certain iteration, the algorithm
cannot identify new locations for @ at the next iteration. In subsection 4.8.1, it is shown
how this assumption can always be fulfilled.

Some definitions are now in order. Let M be the set containing all the N x 1 vectors u
whose elements lie in the union {0} U [u™", u™] ie. M = ({0} U [u™", um=])™. Also,
let R! be the space where the vector 0 Ilves The SPCM algorithm produces a sequence
(u®, 9|, which will be examined in terms of its convergence properties.

Let
G: M — R with G(u) =6,

where G is calculated via the following equation

N

N
Zi:1 U

0 = (4.10)

and
F:R'— M, with [(0) =

where F is calculated via eq. (4.8). Then, the SPCM operator 7 : M x R! - M x R'is
defined as

T:TQOTl, (411)
where
Ty MxR — M, Ti(u,0) = F(0) (4.12)
and
Ty: M — MxR, Tyu)=(u,G(u)). (4.13)

For operator 7' we have that
T(u,0) = (T 0 T1)(u,0) = Tr(T1(u,0)) = T2(F(0)) =

(F'(6), G(F(0))) = (F(8), (G o F)(0)).

Thus, the iteration of SPCM can be expressed in terms of T" as

(u®,6) = T(u0D.0071) = (F(8"~), (G F)(8"~)).

The above decomposition of 7" to 7} and T; will facilitate the subsequent convergence
analysis, since certain properties for 7' can be proved relying on 77 and T, (and, ultimately,
on F and G).

Remark 3: Note that F' (and as a consequence T}) are, in general, not continuous (actually
they are piecewise continuous).

In the sequel some required definitions are given. Let 7 : X — X (X C R") be a point-
to-point map that gives rise to an iterative algorithm z(¢t) = Z(z(t — 1)), which generates
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a sequence z(t)|2,, for a given z(0). A fixed point z* of Z is a point for which Z(z*) =
z*. Also, we say that 7 is strictly monotonic with respect to a (continuous) function g if
9(Z(z)) < g(z), whenever z is not a fixed point of Z. Having said the above, we can now
state the following theorem that will be proved useful in the sequel:

Theorem 1 [79] 7 : Let Z : X — X (X € R") be a point-to-point map that gives rise to
an iterative algorithm z(t) = Z(z(t — 1)), which generates a sequence z(t)|;2,, for a given
2(0). Supposing that:

(i) Z is strictly monotonic with respect to a continuous function g : X — R,
(ii) Z is continuous on X,

(iii) the set of all points z(¢)|>°, is bounded and

(iv) the number of fixed points having any given value of g is finite

then

the algorithm corresponding to Z will converge to a fixed point of Z regardless where it is
initialized in X 8.

In the SPCM case, 7 is the mapping 7' (SPCM operator) defined by eq. (4.11) and g is
the cost function J. Due to the fact that SPCM has been resulted from the minimization
of J, it turns out that its fixed points (u*, 8*) satisfy V.J| ¢ = 0.

Although the general strategy to prove convergence for an algorithm is to show that it fulfills
the requirements of the convergence theorem, this cannot be adopted in this straightfor-
ward manner in this framework. The reason is that Theorem 1 requires continuity of T,
which is not guaranteed in the SPCM case due to T; (F') (see eq. (4.8)), which is not con-
tinuous in its domain (which is the convex hull of X, CH(X))®?. However, it is continuous
on certain subsets of CH(X). This fact will allow the use of Theorem 1 for certain small
regions where continuity is preserved.

Some additional definitions are now in order. Without loss of generality, let I = (NY_,int(C;))
10 that is I is the (nonempty) intersection of the interiors of the hyperspheres of radius R
(eq. (4.7)) that correspond to x,’s, i = 1,. ..,k (see Fig. 4.8)"'2. Note that for 8 € I the
above k points will have u; > 0. The set of all data points that have u; > 0 with the previous
6 form the so-called active set, while the points themselves are called active points. In

"This is a direct combination of Theorem 3.1 and Corollary 3.2 in [79].

8Actually, this theorem has been stated for the more general case where Z is a one-to-many mapping
[79]. The present form of the theorem is for the special case where Z is a one-to-one mapping, which is the
case for SPCM.

Due to its updating (eq. (2.15)), 8 will always lie in C H(X), provided that its initial position lies in at least
one hypersphere of radius R centered at a data point.

19The notation of I should not be confused with the identity matrix.

"Clearly, by reordering the data points we can take all the possible corresponding I intersections.

2The accurate notation here would be instead of I, to use I{xi1 Xigoreo X b in order to explicitly denote the
dependence on the associated data points (i;’s should be different to each other and i1, ..., i, € {1, ..., N}).
However, we choose not to do the latter for keeping the notation as light as possible.
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addition, an active set X, is called valid if its corresponding intersection of hyperspheres
I, is nonempty. Finally, the points with «; = 0 are called inactive.

——C of active point

‘‘‘‘‘ CH of active set ——C of active point

""" CH of active set ||
_(—)I

-2 1 L L L L L = -1.5

(a) (b)

Figure 4.8: An active set of £ = 3 points in cases when (a) ©; c Tand (b) ©; ¢ I

Let also
Ur={u=uy,...,u) :u=F(), foro € I} (4.14)

be the set containing all vectors u, whose components u; span the range of all possible
values of the degrees of compatibility of 8 with the k active x;’s. Clearly, u;’s are computed
via the first branch of eq. (4.8) and F' is continuous in this specific case (as it will be
explicitly shown later). Also, let

@[Z{OZ@ZG(U), fOI'UGU]} (4.15)

(see Fig. 4.8 for the possible scenarios for ©;). Three observations are now in order:

* First, due to the fact that u;’s are independent from each other, U; can also be ex-

pressed as ‘
Up = I8 [u™m umee], (4.16)

where II denotes the Cartesian product and «[*** is the maximum possible value v;
can take, provided that 6 < I (clearly u]*** < u™?*).

* If at a certain iteration ¢t of SPCM, 0(t) € I, ©; contains all possible positions of
o(t+1).

* O; always lies in the convex hull of the associated active set.

In the sequel, we proceed by showing the following facts, that are preliminary for the
establishment of the final convergence result. Specifically, we will show that

* (A) J(u, 0) decreases at each iteration of the SPCM operator T’
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* (B) T is continuous on every region U; x I that corresponds to a valid active set.
* (C) The sequence produced by the algorithm is bounded

» (D) The fixed points corresponding to a certain valid active set (if they exist) are strict
local minima of J and they are finite.

¢ Proof of item (A):

To achieve this goal, we prove first the following two lemmas

Lemma 1: Let¢ : M — R, ¢(u) = J(u, 8), where @ is fixed. Then u* is the global minimum
solution of ¢ if and only if u* = F(@), where F is defined as in eq. (4.3).

Proof: We proceed by showing that

(a) the unique point u* that satisfies the KKT conditions for the minimization problem

min ¢(u)
subjectto wu; > 0, 1=1,...,N (4.17)
and l—u;>0,i=1,...,N

is the one determined by eq. (4.3) and

(b) this point is a minimizer of J, which implies (due to the uniqueness) that it is the global
minimizer.

Let u* = [uf] be a point that satisfies the KKT conditions for (4.17). Then we have

(i) ul >0, (i)1—u’>0 (4.18)
(1) 3k >0: Ku =0, ()37 >0: 7(1—uf)=0 (4.19)
and or
CTR— (4.20)
Qui
where L(u) is the Lagrangian function defined as
N N
L(u) = o(u) = > raus — 11— wy). (4.21)
=1 =1
Recalling eq. (4.1), ¢(u) can be written as
N h(ui;0)
o(u) = [wilx; — O[> +y(wiInu; —w;) + Auf], (4.22)

i=1

where h(u;; 0) is a function of u; for a fixed value of 8. Noting that all «;’s are computed
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independently from each other, for fixed 9, it is easy to verify that, for a specific u; it is

op(u)  Oh(u;0) 2 p—1 _
G = gu k= Ol I Apd ™ = (),

As a consequence, eq. (4.20) gives

1%; — 0]> + yInu; +  \pu? ' — ki + 7, = 0. (4.23)

We will prove next that x;, =0and ; =0, fori = 1,..., N; that is, the constraints on u;’s
are inactive, i.e., the optimum of ¢(u) lies always in the region defined by the constraints.
Assume, on the contrary, that there exists «, > 0. From eq. (4.19-(i)) it follows that u} = 0
and from eq. (4.19-(ii)) that 7, = 0. Taking into account that lim,_,o+ (yInu} 4+ Apu? ?71) =
400 3 and applying eq. (4.23) for u* we have

X — 6]|* + 00 = Ky OF K, = +00 (4.24)

which contradicts the fact that «; is finite.

Assume next that there exists 7, > 0. From eq. (4.19-(ii)) it follows that v} = 1 and from
eq. (4.19-(i)), itis ks = 0. Applying eq. (4.23) for »* and substituting the above we have

IXs — O] +~yIn1 + Ap1P~ L + 7, =0 or 7, = —||x; — 0|]*> = A\p < 0, (4.25)

which contradicts the fact that , > 0. Thus 7, = 0.

Since k; = 7, = 0, for all 4, eq. (4.23) becomes
;i — 0]> +yInu; + X \pu P~ " = f(u) =0, i=1,...,N. (4.26)

Note that the SPCM algorithm relies on eq. (4.26) in order to derive the updating formula
of eq. (4.3) (thus step (a) has been shown). We proceed now to show that the point
corresponding to eq. (4.3) (derived through eq. (4.26)) minimizes J. We consider the
following two cases:

e v} is given by the first branch of eq. ((4.3)). This implies that f(u;) = 0 has two solutions
o and o @ < u?) and P > (M)E (= w™m) (figures 1a, 1d). Taking into

account the definition of h(u;; 8) in eq. (4.22;]and Proposition 5, it follows that the maximum
of the two solutions v/, u!* (u!'"' < u!*') is the one that minimizes h(v,; 6) and, as a
consequence, ¢(u) also (which equals to J(u, 8)) with 6 fixed.

e u; is given by the second branch of eq. (4.3). In this case we have that either (i) f(u;)
is strictly positive, which implies that J(u, 8) is strictly increasing with respect to u; (case
shown in figures 1b, 1e) or (ii) h(u?},e) > h(0,0) = 0 (case shown in figures 1c, 1f). In
both (i) and (ii) cases, J(u, ) is minimized with respect to ; only for v; = 0 (the second

13Utilization of the L’ Hospital rule gives that lim,_,q+ ' PInz =0 (p < 1). Then lim,_,¢: (Inz + 1) =

zl-p
' PIn x4+

lim, o+ == = +oo, for 3 > 0. Setting z = uj, 3 = %, the claim follows.
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branch of eq. (4.3)).

From the above, it follows that u* is the global minimum solution of ¢ if and only if u* is
given by eq. (4.3). Q.E.D.

Lemma 2: Let ¢ : R' — R, with ¢)(8) = J(u, ), where u € U; is fixed. Then, 6* (€ ©;) is
the unique global minimum of ¢ if and only if * = G(u), where G is calculated as in eq.
(4.10).

Proof: In contrast to the situation in Lemma 1, the minimization of )(8) with respect to 6
is an unconstrained optimization problem. The stationary points of /(6) are obtained as
the solutions of the equations

o o[ ) ] -
%0 ~ 28 > (uz||xl —0|° + v(u; Inw; —u;) + )\ui) = 2) u(6 —x;) = 0, (4.27)
i=1 i=1

which, after some manipulations, give

N
: X
gr — ==L 4.28
i]il U; ( )
Also, it is
/—/bH
aQw N .
H¢E—2:22uil, (4.29)
08 i=1

where I' is the [ x [ identity matrix. Under Assumption 1, stating that at least one u; is
computed by the first branch of eq. (4.3), itis b > 0. Therefore, v is a convex function
over R!, with a unique stationary point, given by eq. (4.28), which is the unique global
minimum of ¢(0). Q.E.D.

Combining now the previous two lemmas, we are in a position to prove the following
lemma.

Lemma 3: Consider a valid active set, whose corresponding hyperspheres intersection is
denoted by /. Let

S={(u,0) = ([ur,...,uz],0) €Uy x I :VJ|ue =0
with u; being the largest of the two solutions of fo(u;) = 0,5 =1,...,k} . (4.30)

Then J is continuous over U; x I and

J(T(u,0)) < J(u,0), if (u,0) ¢ S.

4In the sequel, we insert @ as subscript in the notation of f in order to show explicitly the dependence of
u; from 6.
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Proof: Since {y — ||y||*}, {y — Iny}, {y — yP} are continuous and J is a sum of products
of such functions, it follows that .J is continuous on U; x I. Let (u,8) ¢ S. Recalling that

T(u,0) = (F(0),(GoF)(0)) = (F(0),G(F())),
we have
J(T(u,0)) = J(F(0),G(F())). (4.31)

Applying Lemma 1 for fixed 8, we have that F'(8) is the unique global minimizer of J. Thus,
J(F(0),0) < J(u,0). (4.32)

Applying Lemma 2 for fixed F'(6), we have that G(F(8)) is the unique global minimizer of
J. Thus, it is
J(F(8),G(F(8))) < J(F(8),6). (4.33)

From egs. (4.31), (4.32) and (4.33), it follows that
J(T(u,0)) < J(u,0), for (u,0) ¢ S.

Q.E.D.

Remark 4: 1t is noted that although the above proof has been focused on the k (active)
points, its generalization that takes also into account the rest data points is straightforward
since u; =0, fori = k+1,..., N and the corresponding terms h(u;, @) that contribute to .J
are 0.

Remark 5: Taking into account that SPCM has been resulted from the minimization of J
(VJ|we = 0)ona U; x I corresponding to an active set, it follows that S contains all
the fixed points of T', which (as will be shown later) are local minima of the cost function
J (of course, J may have additional local minima than those belong to S which are not
accessible by the algorithm).

Now we proceed by showing that 7" decreases J, in the whole domain ({0} U [u™™, y™e*])N
xCH(X).

Lemma 4: The strict monotonically decreasing property of 7" with respect to J remains
valid in the domain ({0} U [u™™, u™**])N x C'H(X) excluding the fixed points of 7' of each
valid active set.

Proof: Let (u, 6) be the outcome of SPCM at a specific iteration, u = F(0) be the u for the
next iteration and = G(u) be the subsequent 6. Recall that the ordering of the updating
is

U—0—0a—0. (4.34)

We define

[' = {i : u,; is computed via the second branch of eq. (4.3)}
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and

A

I' ={i : u,; is computed via the second branch of eq. (4.3)}.

Recalling that A (u;; 0) = w;||x; — 6]* + v(u; Inw; — w;) + Aul, we can write

Ay Ay Az
J@0) =Y hu:0)+ Y h(u:0)+ Y. h(u;0) (4.35)
ielnl ie "'l ie T
and A ) )
A1 A2 A3
J(@,0)= > h(a;0)+ > h(a;0)+ > h(i;0), (4.36)
ielnl ie "Il ie T

where T" denotes the complement of T'.

Focusing on A; and A,, we have that h(i;; 8) = h(i; 8) = 0, since i € T NT. Thus

A=A =0. (4.37)

Considering A, and A, since i € T, we have 4; = 0. Thus, taking into account the order

of updating (eq. (4.34)) and Lemma 1, we have (0 =) h(u;;0) < h(u;;0). Thus, it follows
that
Ay < Ay, (4.38)

Finally, focusing on A; and Aj, since i € "I, the argumentation of Lemma 1 implies that
the global minimum of A (u;; 9) ismetatu;, = uz{z}. Thus, taking also into account the order

of updating in eq. (4.34), itis h(u;; 0) < h(u;; 0). Therefore, it is

As < As. (4.39)

Combining eqgs. (4.37), (4.38) and (4.39) it follows that
J(0,0) < J(u,o). (4.40)

Also, lemma 2 gives ) B
J(1,0) < J(a,0) . (4.41)

Combining eqs. (4.40), (4.41), we have that
J(0,0) < J(u,8).

Q.E.D.

5Considering a valid active set with corresponding hypersphere intersection I and ©; defined as in
egs. (4.14), (4.15), it is noted that although 6 € I, this does not necessarily hold for 6, as Fig. 4.8b in-
dicates, since 8 € Oy, with O7 ¢ 1.
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¢ Proof of item (B):

In the sequel, we give two useful Propositions concerning the continuity of the F and G
mappings. In both Propositions, without loss of generality, we consider a valid active set,
having x;,7 = 1, ..., k as active points, whose corresponding hypersphere intersection is
denoted by I and U;, O, are defined via egs. (4.14), (4.15).

Proposition 7: The mapping G is continuous on U; x {0}V *,

Proof: To prove that GG is continuous in the N variables u;, note that GG is a vector field with
the resolution by (1) scalar fields, written as

G = (Gl, . ,Gl) :Ur x {O}Nﬁk — Rl,
where G, : Ur x {0}¥~% — R is defined as:

N . .
Gylu) = ==X g 1L (4.42)

i=1 Wi

Since {u; — u;x;} is a continuous function and the sum of continuous functions is also
continuous, G, is also continuous as the quotient of two continuous functions. Under the
assumption that vazl u; > 0, the denominator in eq. (4.42) never vanishes. Thus, G, is
well-defined in all cases and it is also continuous. Therefore, GG is continuous in its entire
domain. Q.E.D.

Proposition 8: The mapping F' is continuous over 1.

Proof: It suffices to show that [’ is continuous on the [ variables 0,. F' is a vector field with
the resolution by (V) scalar fields, i.e.,

F=(F,... Fy):1—U,

where F} is given by eq. (4.8).

The mapping {6 — ||x; — 8||>(= d;)} is continuous. Let us focus on the u;’s, i =1,... k,
for which int(C;) contributes to the formation of I; that is, on u;’s given by the first branch of
(4.8). The mapping {d; — u;} is continuous. To see this, note that (since + is constant), the
graph of f(u;) (which is continuous), viewed as a function of d;, is simply shifted upwards
or downwards as d; varies (see fig. 4.9). Focusing on the rightmost point, uf}, where
the graph intersects the horizontal axis, it is clear that small variations of d; cause small
variations to u*, which implies the continuity of {d; — u;} in this case.

Let us focus next on the u;’s, i = k + 1,..., N, for which int(C;) do not contribute to the
formation of 7; in this case u; is given by the second branch of (4.8) and the claim follows
trivially. Q.E.D.

As a direct consequence of Propositions 7 and 8, we have the following lemma.
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i

Figure 4.9: Graphical presentation of the continuity of the mapping {d;; — u;;}. Small variations in
d;; cause small variations in v;;.

Lemma 5: T is continuous on U; x I.

Proof: Recall that T'= T, o T} and T, and T are defined in terms of G and F, respectively
(egs. (4.12), (4.13)). G is continuous on U;, as a consequence of Proposition 7, while F
is continuous on I from Proposition 8. Thus, T is continuous on U; x I as composition of
two continuous functions. Q.E.D.

¢ Proof of item (C):

We proceed now to prove that the sequence (u®, 9(”) 2, produced by the SPCM falls in
a bounded set.

Lemma 6: Let (F(0?),0©) be the starting point of the iteration with the SPCM operator
T, with 8©) ¢ CH(X) and u® = F(8?). Then

(u(t)’g(t)) = Tt(u<0>,e<0>) c [07 1]N % CH(X).

Proof: For a given 8 € CH(X), u® = F(6©) € [0, 1]V, since v\” € [0, 1] (see eq.
(4.3)). Also, 8V = G(u®) is computed by eq. (4.10), which can be recasted as

N (0)
P

’l

(0) <0>
Since v\” € [0, 1], it easily follows that 0 < Z}j & < 1and >N S = = 1. Thus

6" ¢ CH(X). Continuing recursively we have u® = F(8") ¢ [0, 1]~ by eq. (4.3) and
6® = G(uM) e CH(X), using the same argumentation as above. Thus, inductively, we

109 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

conclude that
u®,09) =T u® 09) e [0, 1N x CH(X).

Q.E.D.

Remark 6: Note that it is possible to have 8'° outside C'H(X), yet in a position where
at least one u; is positive. Computing u®©® = F(8?) by eq. (4.3), the latter will lie in M
and, as a consequence, Y = G(u(®) will lie in CH(X) as it follows by the argumentation
given in the proof of Lemma 5.

¢ Proof of item (D):

In the sequel, we will prove that the elements of the set S (eq. 4.30), for a given valid
active set with hyperspheres intersection I (if they exist) are strict local minima of the cost
function J and thus the cardinality of S is finite.

The elements of S are the solutions z* = (u*,0%) = (u}, ..., u},0;,...,6;) "®* of VJ|@ue =0
with u} being the largest of the two solutions of fg(u;) = 0,7 = 1,..., k. They should satisfy
the following equations

k
2y ui(ly —xig) =0, q=1,...,1 (4.43)
=1
and )
1% — 0| +yInuf + Apul” =0, i=1,... k. (4.44)

Then, we have the following lemma.

Lemma 7: The points z* that satisfy eqs. (4.43) and (4.44) (if they exist) are strict local
minima of .J in the domain U; x I. Moreover, their number is finite.

Proof: In order to prove that z* are local minima we need to prove that the Hessian matrix
of J computed at z*, H,-, is positive definite over a small region around z*. It is

gf 0 0 Q(GT — :Un) 2(9; — 1’12) 2(91* — 1‘11) )
0 93 0 2(07 — w21) 2(05 — w22) 2(6; — wa1)
Ha. — 0 0 g}; 2(9T — $k1) 2(9; - l'kg) 2(9?< - (L‘kl)
z 20% — x11) 200 — 01) 207 — xr1) 258w 0 0
2(05 — x12)  2(03 — x22) 2(03 — x2) 0 25K | u 0
L 2(6F —zu) 2007 —xu) ... 2(60] —zw) 0 0 22?21 uy |
(4.45)
where
* 1 *P—2 .
gf =yu; —Ap(l—plul ", i=1,... k. (4.46)
18Without loss of generality, we assume that the x;’s, i = 1, ..., k are the active points of the valid active

set under study.
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Letz = (U,0) = (u),...,u},0,,...,0,) be a pointin U; x I that is close to z*. More
specifically, let !, ..., u) be close to uj, ..., u}, respectively, so that
* Zz z
|0 — ,j S <e. (4.47)

i=1 "1

After some straightforward algebraic operations it follows that

k k
2" Hyp 2 =2/|0|P> up +4> w07 (0" —x; +Zu'2 g:. (4.48)

i=1 =1

k

It is easy to verify that ¢ | w/07 (0" —x;) = XF | w07 (6" — %:kl“) — Yk u)|€)e.
=1 "1

Utilizing the fact that u; > u™" = (@)V(l*p), i =1,...,k, for the second appearance

of u} in the right hand side of (4.46), it turns out that g; > (-2,

Combining the last two inequalities with eq. (4.48), it follows that

/2

k
zZ"H,Z > 2Zuﬂ|9’H2 — 4Zu|]0’H€ + (1 — p”yZ— = ¢(||0']]). (4.49)

'Llul

Since 3°F , up > 0, the second degree polynomial ¢(||6’||) becomes positive if and only if
its dlscnmlnant

k k
=822 w)* — (L =p)r 2 wi 3 o] (4.50)

Also, choosing ¢ < 1,/ (1*21’)”, we have that A is negative. As a consequence and due to
the continuity of J in U; x I, ¢ defines a region Y,- around z*, for which 27 H,.z2' > 0 for
Z' € Y,-. Thus z* is a strict local minimum.

In addition, since the domain U; x [ is bounded, it easily follows that the number of strict
local minima is finite. Q.E.D.

Remark 7: It can be shown that in the specific case where (a) 2 < le(l‘p>2/2 and (b) K

in eq. (4.5) is chosen in the range [%pe%uff pe?(17P)] then the set S, (eq. (4.30)) that
corresponds to each valid active set X, has one element at the most. The proof of this
fact follows the line of proof of lemma 7, with the difference that = in egs. (4.47), (4.49)
and (4.50) is replaced by R (since the maximum possible distance between two points
in the (nonempty) intersection of hyperspheres of distance R, is equal to R). Then, the
conditions (a) and (b) above follow from the requirement to have 2R* < (1 — p)~, in order
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to have negative discriminant A. Taking into account eq. (4.7) and utilizing eq. (4.5) in the
(14p)>

previous requirement it follows that K > %pe2_ 7= Also, since K < pe*(1=P) (Proposition

14p)2

C1), condition (a) results from the requirement to have %pe?*< 7 < pe(l=p),

In the sequel we denote by Y- a region around a point z* in the set S, corresponding to
a valid active set X,, where J is convex. Y;- will be called as a valley around z* (such a
region always exists, as shown in Proposition C3).

Having completed the proof of the prerequisites (A)-(D) and before we proceed any further,
some remarks are in order.

Remark 8: Although J is well defined in [0, 1]Y x R!, there are several regions in the
landscape of J(u, ) that are not accessible by the algorithm. For example, some positions
(u, 8) where u; < u™" and those where 6 is expressed through eq. (2.15) with coefficients
u,; less that «™", are not accessible by the algorithm.

Remark 9: It is highlighted again the fact that a certain set of active points X, with cor-
responding (nonempty) union of hyperspheres I, and U; , ©;, as defined by egs. (4.14)
and (4.15), respectively, may have no local minima of .J in U;, x I, that are accessible by
T. Equivalently, this means that the solution set S, (see Lemma 3) corresponding to X,
is empty.

-----
Y

-----------
.....

- ~
.........

——(C of active point
== =C of inactive point
‘‘‘‘‘ CH of active set

I

——C of active point [ -1
== =C of inactive point
""" CH of active set
.

—‘3 —‘2 —‘1 6 i 2 3 4 5 *‘3 *‘2 *‘1 6 ZL 2 3 4 5
(a) (b)
Figure 4.10: (a) An active set of £ = 3 points where (I N (N;. ,,—0ext(C;))) # I and (b) an active set of
k = 4 points where (I N (N;; y,—0ext(C;))) =1
We prove next the following lemma.

Lemma 8: There exists at least one valid active set X, (with I, # 0) for which there exists

at least one local minimum (u; , 07 ), with 8, € I, N (M. u,—0ext(C;)) V.

Proof: Suppose on the contrary that for all possible active sets X, there is no local mini-

'"Note that 8; < O, due to the definition of the latter set from eq. (4.15).
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mum (u; ,0; ) with 87 < I, N (N, _qext(C;)) (see fig. 4.10). Equivalently, this means that
the solution sets S, for all valid active sets are empty. Then from lemma 3 we have that if
at a certain iteration ¢,, 6(¢,) belongs to the intersection I, of a certain active set X, the
algorithm may move 6(t) (¢ > t,) to other positions in I, that always strictly decrease the
value of J. Since J is bounded below (due to the fact that u € [0, 1]V and 8 € CH (X)) it
follows that 8 will leave I, at a certain iteration. In addition, lemma 4 secures the decrease
of the value of J as we move from one hypersphere intersection to another (or, equiva-
lently, from one active set to another). Thus, the algorithm will always move (u(t), 0(t))
from one position to another in the domain [0, 1]V x C'H(X), without converging to any

one of them, while, at the same time the value of J decreases from iteration to iteration.

Assuming that at a specific iteration ¢/, 6(t') belongs to a certain I,, then, due to the
continuity of J in I,, there exists a region V(') around (u(¢'), 6(¢')), for which J(u, 8) >
J(u(t'+1),0(t' + 1)), for (u,0) € V().

From the previous argumentation, it follows that, since the domain where (u(t), 6(¢)) moves
is bounded, the regions V' (t) (defined as above) will cover the regions of the whole do-
main that are accessible by T'. Thus there exists an iteration ¢” at which the algorithm will
visit a point in the region V' (¢), where t' corresponds to a position the algorithm visited
before (' < t”’). Then, due to the strict decrease of J as SPCM evolves we have that
Ju(),0(t") < Ju(t' +1),0(t' + 1)) < J(u(t'),0(t')). However, since (u(t”),0(t")) €
V(t'), it follows that J(u(t”),0(t")) > J(u(t'+1),6(t' + 1)), which leads to a contradiction.
Therefore, there exists at least one active set X, for which there exists at least one local

minimum (u; . 0; ), with 07 < I, N (N}, _oext(C;)). Q.E.D.

Now we are in the position to state the general theorem concerning the convergence of
SPCM.

Theorem 2: Suppose that a data set X = {x; € R',i = 1,..., N} is given. Let J(u,9)
be defined as in eq. (4.9) for m = 1, where (u,0) e M x CH(X). fT: M x CH(X) —
M x CH(X) is the operator corresponding to SPCM algorithm, then for any (u(0),8(0)) €
M x CH(X) the SPCM converges to one of the points of the set S, that corresponds to

a valid active set X,, z; = (u; , 0, ), provided that 8, € I, N (N;. y,—0ext(C;)).

Proof: Following a reasoning similar to that of lemma 8 we have that the regions of the
whole space that are accessible by 7" will eventually be covered by regions V (¢') defined
as in the proof of lemma 8. Then the algorithm

(i) either will visit a valley Yz, in U;, x I, around a (strict) local minimum (uj; , 8; ) of a certain
active set X, and, as a consequence of theorem 1 (due to (a) the local convexity of .J in
Yz , (b) the monotonic decrease of J with T', (c) the continuity of 7" in the corresponding
Ur x I and (d) the uniqueness of the minimum in this valley) it will converge to it,

(ii) or it will never visit the valley of such a local minimum. This means that the algorithm
starts from a (u(0),0(0)), whose J(u(0),0(0)) is less than the values of .J at all local min-
ima. However, this case can be rejected following exactly the same reasoning with that in
the proof of lemma 8.
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Therefore, the algorithm will converge to a local minimum z; that corresponds to one of
the possible active sets X, (with I, # 0)) provided that 8, < I, N (N, u,—oext(C;)). Q.E.D.

4.8.1 Fulfilling Assumption 1

Next, we show how the Assumption 1 requiring that at each iteration of SPCM at least
one equation f(u;) = 0,7 =1,..., N for each cluster C;, j = 1,...,m has two solutions,
can always be kept valid. In other words, we show that each cluster has at least one data
point x;, : = 1,..., N with u; > 0 at each iteration. To this end, we will prove that (a) the
Assumption 1 is fulfilled at the initial step of SPCM (base case) and (b) this inductively
holds also for each subsequent iteration of the algorithm (induction step).

(a) Base case: Taking into account that the initialization of SPCM is defined by the FCM
algorithm and in particular eq. (2.16), it is obvious that initially each cluster C; with rep-
resentative 6; has at least one data point with ||x; — 8,|> < v;. Focusing on a certain
cluster C;, let x, be the closest to 6; data point, where 6; denotes the initial (FCM) es-
timate of the representative of C;. Then, in general, ||x, — 0,]|> << ;. According to
Proposition C4 (see Appendix C), this data point has u,; > 0, if K < %pe@*“ﬁ(l*p), where

here u; = M(<< 1). In order to fulfill the Assumption 1 for each cluster, K should
be chosen such that K < min [%pe@—“j)(l—f’)}. Also, it is min [%pe@—”ﬂ')(l—ﬁ)} >

7j=1,....m 7j=1,...,
%pe@*“mw)(l*p) = pel2~#ma)(1-P) where we recall that 5 = _min ;. Thus, if K is cho-
j=1,..., m
sen so that K < pe(Q—Mmuw)(l—p) = B<p>’ where fa: = ]:rTil’a)fm /vLj<<< 1), the Assumption 1

is satisfied. Note also that B(p) < pe?!=P), thus the condition of Proposition C1 is valid.

In Fig. 4.11, the upper bound B(p) of K is illustrated with respect to parameter p for different
values of y,,.., SO that each initial cluster has at least one data point with « > 0. Note that
K = 0.9 is an appropriate value for p = 0.5 that ensures that the Assumption 1 is fulfilled
at the initial step of SPCM.

(b) Induction step: Let us focus on a specific cluster C' 8. Assume that at iteration ¢, its
represenative is 0(t) and it has a certain set of active points X* '° with its correspond-
ing nonempty intersection of hyperspheres, denoted by . Obviously, it is CH(X") C
(Ui, >0tnt(C;)). Taking into consideration that all possible positions of 8(t + 1) lie inside
CH(X"), we have that 6(¢+ 1) will lie inside U.,,~oint(C;). As a consequence, there exists
at least one data point of X" that will remain active at the next iteration of the algorithm.

As a result, each cluster will have at least one data point x;, « = 1,..., N with u; > 0 at
each iteration of SPCM.

8For notational convenience, we drop the cluster index j for the rest of this subsection.
®We drop the index g, in order to lighten the notation. Index t shows the time dependence of the active
set corresponding to C, as it evolves in time.
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Figure 4.11: The upper bound B(p) of K with respect to parameter p for different values of 1,,,,., SO
that each initial cluster has at least one data point with v > 0.

4.8.2 On the convergence of the PCM algorithm

In [72] it is proved that the sequence 7" (U, ©) produced by PCM [10] terminates to (i)
either a local minimum or a saddle point of J, or (ii) every convergent subsequence of the
above sequence terminates to a local minimum or a saddle point of .J. This result follows
as a direct application of the Zangwill’'s convergence theorem ([68]). However, viewing
PCM as a special case of SPCM, we can utilize the convergence results of the latter to
establish stronger results for PCM, compared to those given in [72].

Let us be more specific. We focus again to a single 8 and its corresponding u = [uy, ..., uy]"
vector. Note that Jpc,, results directly from Jspeys, for A = 0. In this case, the radius R
(eq. (4.7)) becomes infinite for any (finite) value of p. This means that the convex hull
of X, CH(X), lies entirely in the intersection of the hyperspheres centered at the data
points of X. As a consequence, u; > 0, fori = 1,..., N. This implies that the whole X
is the active set. Also, note that for A = 0, f(u;) = 0 gives a single positive solution, i.e.

L 2
w; = exp<_sz 70|| ).

Let us define the solution set S for PCM as

Spem = {(u,0) € [0, 1Y x CH(X) : VJ|ug) = 0}.

The requirements for (i) the decreasing of Jpcyy, (ii) the continuity of Trq,, (the operator
that corresponds to PCM, defined in a fashion similar to T") and (iii) the boundness of
the sequence produced by PCM can be viewed as special cases of Lemmas 3, 5 and
6, respectively, where U; x I is replaced by [0, 1]¥ x CH(X) ?°. Then Theorem C1

20The only slight difference compared to SPCM concerns the establishment of requirement (i). Specifi-
cally, in the proof of Lemma 1 in (eq. (4.24)), it turns out that for PCM, itis k, = —o0, which still contradicts the
fact that k, is finite. Also, in (4.25) in the same proof it results that 7, < 0, which gives also a contradiction.
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(see Appendix C) guarantees that there exist fixed points for Tp¢), and lemma 7 proves
that these are strict local minima of Jpcy, 2'. Finally, in correspondance with SPCM, the
following theorem can be established for PCM.

Theorem 3: Suppose that adataset X = {x; € R}, i = 1,..., N} is given. Let Jpcys(u, 0)
be defined by eq. (2.11) for m = 1, where (u,0) € [0, 1]V x CH(X). If Trcar : [0, 1]V x
CH(X) — [0, 1]V x CH(X) is the operator corresponding to the PCM algorithm, then
for any (u©®,0®) ¢ [0, 1]¥ x CH(X), the PCM algorithm converges to a fixed point of T
(which is a local minimum of Jpcyy).

4.9 Conclusion

In this chapter a novel possibilistic c-means algorithm is proposed, namely SPCM, which
imposes a sparsity constraint on the degrees of compatibility of each data vector with the
clusters. The algorithm is initialized through FCM with the latter executed for an overes-
timated number of the actual number of clusters. SPCM, which results by extending the
cost function of the original PCM with a sparsity promoting term, unravels the underying
clustering structure much more accurately than PCM. This is achieved via the improve-
ment on the estimation of the cluster representatives by excluding points that are distant
from them in contributing to their estimation. Thus, it is able to identify closely located
clusters with possibly different densities. In addition, SPCM exhibits immunity to noise
and outliers. In extensive experiments, it is shown that SPCM has a steadily superior
performance, compared to its ancestor PCM. Finally, in this chapter, a convergence proof
for the SPCM algorithm is conducted. The main source of difficulty in the provided SPCM
convergence analysis, compared to those given for previous possibilistic algorithms, re-
lies on the updating of the degrees of compatibility, which are not given in closed form and
are computed via a two-branch expression. Here, it is shown that the iterative sequence
generated by SPCM coverges to a local minimum (fixed point) of its accosiated cost func-
tion Jspcy. Finally, the above analysis for SPCM has been applied to the case of PCM
([10]) and gave much stronger convergence results compared to those provided in [72].
Experiments that compare SPCM with relevant state-of-the-art algorithms are provided
in Chapter 5 and show that SPCM exhibits in most cases a very satisfactory clustering
performance.

2'The only thing that is differentiated in the PCM case is that g} = -I. As a consequence, ¢ is chosen as

c<iVE
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5. THE SPARSE ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM
AND ITS VARIANTS

5.1 Introduction

Despite the fact that SPCM, described in the previous chapter, can handle successfully
cases of closely located and different in density clusters, it still suffers from the problem of
its ancestor PCM as far as the estimation of v;s is concerned. Specifically, the estimation
of v;’s is based on the outcomes of the FCM, which can be significantly affected by the
possible presence of noise or outliers in the data, as well as by the possible differences
in the variance of the clusters. Moreover, once the v;’s have been estimated, they remain
fixed during the whole course of the algorithm. Thus, poor initial estimates of ~;’s may
lead SPCM to degraded performance. Furthermore, as is the case with all PCMs, SPCM
may end up with coincident clusters (duplicates of the same cluster). This happens when
more than one representatives are led to the center of the same physical cluster.

One way to deal with these issues is to adopt the key feature of APCM (discussed in
Chapter 3) that allows v;’s to adapt as the algorithm evolves, in the SPCM context. This
will equip the algorithm with the ability to track the changes occurring in the formation
of clusters. In addition, as shown in Chapter 3 of the present thesis, by adopting the
updating mechanism of APCM for the adaptation of ~,’s, the true number of clusters could
be determined. In the sequel, we extend SPCM in order to incorporate the adaptation
of v;'s by embedding the relevant mechanism of APCM. The resulting algorithm is called
Sparse Adaptive PCM (SAPCM).

In the next section (5.2) the SAPCM algorithm is described, while in section 5.3 experi-
mental results are provided for assessing its performance. Finally, in the last two sections,
two variants of SAPCM are discussed, namely the Sequential SAPCM and the Layered
SAPCM.

5.2 The Sparse Adaptive PCM (SAPCM)

The proposed SAPCM algorithm stems from the optimization of the cost functionin eq. (4.1),
that is
m N N N
Jspent(©,U) =D 1> uijlIXi — 5117 475 D (uag Inug; — i) [+X D ]2, wg; >0, (5.1)

j=1 Li=1 =1 =1

where now +; varies as in APCM. Recall that -, is defined as

=

V= (5.2)
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with 7; being a measure of the mean absolute deviation of C; as it has been formed in
the current iteration, « is a user-defined positive parameter (see section 3.5) and 7 is a
constant defined as the minimum among all initial n;’s, i.e., 7 = min n;, where m,,, is

J=1,Min

the initial number of clusters.

The parameters that need to be initialized in SAPCM are the representatives 6,’s and the
parameters ~;’s. This is carried out as for APCM where the FCM algorithm is executed
first for m;,; clusters and the estimated by FCM 6,’s are used as initial estimates in the
SAPCM algorithm. Then the 7;’s are initialized as

St ug % =05
= Z ZZJJ\LIUZCZM ’ s J =1 M, (5.3)

where 6;’s and uf;CM’s in eq. (5.3) are the final parameter estimates obtained by FCM".
Combining egs. (5.2) and (5.3), the initialization of +,’s is completely defined.

The parameters that are adapted in SAPCM are (a) the number of clusters, m, (b) the
parameters 6,’s, (c) the parameters u,;’s and (d) the parameters ~,'s. As far as m is
concerned, this is adapted in the same way as in APCM (see section 3.3), while 8;’s and
u;;'s are updated as in SPCM (see section 4.4). Finally, v;’s are adjusted as in APCM via
the adaptation of n;,’s (in eq. (5.2)) through

w41 = > I, — ()] (5.4)
J X 1w () =maX,=1, . m(t+1) Uir(t)
2
15 7

Figure 5.1: Graphical presentation of /"(u) and f°(u) for constant d, A\ and p, with ~,. > ~,. The
largest of the two solutions of /"(u) = 0 and f*(u) = 0, u;- and u;,, are also shown, respectively. It is
observed that v;, > u,,.

"An alternative initialization for ;s is proposed in [53].
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A slight difference in the cluster elimination mechanism of SAPCM from that of APCM
is that the /V-dimensional vector label, the ith element of which is the index of the class
that is most compatible with x; (see section 3.3), may have zero entries, in contrast to
the APCM. These zero entries correspond to data points that have no compatibility with
any of the clusters (possibly outliers). This implies that care must be taken in choosing
the regularizing parameter X in eq. (5.1), since if the imposed sparsity is too strict it may
happen that none of the data points is compatible with any cluster.

Let us focus for a while on the immunity of the SAPCM algorithm to its initialization with
an overestimated number of clusters. Taking into account (a) that all representatives are
driven to dense in data regions, due to the possibilistic nature of SAPCM, (b) that the prob-
ability to select as representative at least one pointin each dense region is increased, since
the overestimated number of representatives are initially selected via FCM algorithm and
(c) the mechanism for reducing the number of clusters, then, in principle, the number of the
representatives which move to the same dense region will be reduced to a single one. In
order to get some further insight on this issue, assume that two cluster representatives 6,
6, almost coincide, which, for a given x; implies that d;, ~ d;; = d, but let say that v, > ~,.
Consider also the functions f"(u) = d + ~, Inu + ApuP~ and f*(u) = d + v, Inu + ApuP~!
for u € (0,1] (see section 4.4). It is easy to see that f"(u) < f*(u), for each u € (0, 1].
Assume now that both have positive solutions. It is easy to verify that u;,. > u;,, where u;,
and u;, are the largest of the two solutions of f"(u) = 0 and f*(u) = 0, respectively (see
Fig. 5.1). In the case where u;, = 0 then, trivially follows that u;, = 0. Finally, if u;s = 0
then u;. > u;s. Thus, the influence of the cluster with the smaller v (v,) will be vanished
by the influence of the one with the greater ~ (v,), in the sense that u;. > u;,, for all data
points x; € X. As a consequence the index s will not appear in the label vector and, thus,
C, will be eliminated.

The proposed SAPCM algorithm is summarized below (the choice of A is justified later).

Algorithm 6 [0, U, H, label, m] = SAPCM(X, m;,;, )
Input: X, m;,;, a

1:.t=0
2: m(t) = myp;
> Initialization of 8,’s part
3: [O(t), UFM ()] = FCM(X, mipn;, 2) 2
> Initialization of n;’s part
r L ubOM =0, (1)

4 Set: p;(t) = =l e POL 5y ()

i=1 "1

-----

2See Algorithm 2 of Chapter 2. We set the fuzzifier ¢ = 2.
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6: Set: v;(t) = im;(t)/a, j = 1,...,m(t)
7: Set: \(t) = KMzl %) g

p(1—p)e?-p

8: repeat

> Update U part

o: Update: U(t) as in SPCM (see section 4.4)

> Update © part

10: 0;(t+1)= gjl uij(t)xi/g:l uii(t), j=1,...,m(t)
> Possible cluster elimination part

11: fori < 1to N do

12: Determine: w;,(t) = maxX;_1, _m@) (1)
13: if u;,(t) # 0 then

14: Set: label(i) =r

15: else

16: Set: label(i) =0

17: end if

18: end for
19: p =0 //number of removed clusters at iteration t

20: for j « 1tom(t) do

21: if j ¢ label then

22: Remove: C; (and renumber accordingly ©(¢ + 1), the columns of U(t) and v;'s)
23: p=p+1

24: end if

25: end for

26: m(t+1)=m(t) —p

> Adaptation of n;’s part

27 it + 1) = o S O=maxr. sn wr @) X = 8@ G =1, om(t + 1)

.....

28: Set: v;(t+1)=mm(t+1)/a, j=1,....,m(t+1)
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. . _ iNj—1,.. m(t41) 75 (E+1) o
20 Set: \(t+1) = K=l s K = 0.1
30: t=t+1
31: until the change in 8;’s between two successive iterations becomes sufficiently small
32: return © = {0:(1),05(t),...,0nup(t)}, U = [u(t = V)], H = [ni(t), .- Ny ()], label,

m = m(t)

In the sequel, we give some very demanding experimental set ups which exhibit the en-
hanced abilities of SAPCM compared to APCM3.

Example 1: Consider the set up of Example 1 of Chapter 4, where now (' and C, consist
of 2000 and 500 points, respectively. Note that the clusters have the same variances yet
even more different densities compared to the data set of Example 1 of Chapter 4, while at
the same time they are located very close to each other, as shown in Fig. 5.2a. Table 5.1
shows the clustering results of APCM and SAPCM and Figs. 5.3a and 5.3b depict the
performance of APCM and SAPCM, respectively, with their parameter « being chosen as
stated in the figure caption (after fine-tuning). As it can be deduced from Fig. 5.3 and
Table 5.1, APCM fails to uncover the underlying clustering structure, whereas SAPCM
distinguishes the two physical clusters and achieves very satisfactory results in terms
of RM, SR and MD. To see why this happens, let us focus on 8, and 6, in Figs. 5.3a
and 5.3b. Clearly, APCM fails to recover C, since, in determining the next location of
0, the many small contributions from the points of C; gradually prevail over the larger but
less contributions from the points of ;. Note that this happens despite the fact that APCM
adjusts dynamically the v;’s and it is due to the combination of (a) the strict positivity of all
ui;'S, (b) the very different cluster densities and (c) the closeness of the clusters. However,
this is not the case for SAPCM, since the latter annihilates the contributions of the points
of C; in the determination of the next location of 8,, via the imposition of sparsity.

Table 5.1: Performance of APCM and SAPCM for the data sets of Examples 1 and 2.

Data Set « Mini M final RM SR MD
APCM Ex. 1 1.5 5 1 67.99 80.00 1.0363
SAPCM Ex. 1 2 5 2 90.07 94.76 | 0.0673
APCM Ex. 2 1.5 5 2 97.86 98.92 | 0.0183
SAPCM Ex. 2 1 5 2 97.78 98.88 | 0.0142

Example 2: Consider the same two-dimensional data set but now the means of the two
normal distributions are ¢; = [0,0]” and ¢, = [2,2]7, respectively, as shown in Fig. 5.2b.
Table 5.1 shows the clustering results of APCM and SAPCM and Figs. 5.4a and 5.4b
depict the performance of APCM and SAPCM, respectively. As it can be deduced, APCM
is now able to uncover the underlying clustering structure. However, SAPCM manages to
detect even more accurately the true centers of the clusters (as MD index indicates).

3Note that SPCM is not examined here, due to the fact that only APCM and SAPCM are able to determine
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Figure 5.2: (a) The data set of Example 1, (b) The data set of Example 2. x; is a specific typical point
that will also be considered in Figs. 5.3 and 5.4.
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Figure 5.3: The clustering results of Example 1 for (a) APCM, m;,; = 5 and a« = 1.6 (b) SAPCM,
mini = 5 and a = 2. See also the caption of Fig. 5.2. Note that the degree of compatibility of x;
(defined in Fig. 5.2) with 65", «%%, is positive in APCM and zero in SAPCM.

Remark 1: In SAPCM the parameter ) is chosen as in SPCM, as eq. (4.5) indicates. Note
thatin SAPCM, the parameters ;s are updated during the execution of the algorithm, thus
the parameter \ should also be updated after the adaptation of ;s (see line 29 in Algorithm
6). Moreover, in SAPCM the parameter K should take much smaller values than in SPCM,
due to the definition of ,’s. This has to do with the fact that in SAPCM the adaptation of
the parameters +,’s leads to more accurate estimates for the variances of the clusters (see
the radius of the circles (,/7;) in Figs. 4.5a, 4.5b for SPCM and the corresponding ones
for SAPCM in Figs. 5.3b, 5.4b). Taking into account that (a) the choice of the value of

the true number of clusters.
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Figure 5.4: The clustering results of Example 2 for (a) APCM, m;,,; = 5 and a = 1.5 (b) SAPCM,
min; = 5 and a = 1. See also the caption of Fig. 5.2. In this case, »‘%’ is significantly smaller than in
Fig. 5.3a.

A via eq. (4.5) imposes sparsity for all the points at distance greater than nl1in 7; from
Jj= m

a given representative and (b) v,'s in SAPCM are of much smaller sizes with respect to
their corresponding ones in SPCM, values of K close to 1 would lead to such a large
degree of sparsity (as indicated by f(u;;) in eq. (4.2)), where the cluster representatives
could hardly move (see line 10 in Algorithm 6). Extensive experimentation indicated that
values around 0.1 are the most appropriate. Therefore, in all SAPCM experiments we set
K =0.1.

.....

5.3 Experimental results

In this section, we assess the performance of the SAPCM algorithm in several experimen-
tal settings and illustrate the results. More specifically, we use two-dimensional simulated
data sets as well as a real-world data set (Iris [73]) to evaluate its performance in com-
parison with several other related algorithms. We compare the clustering performance
of SAPCM with that of the k-means, the FCM, the PCM [10], the UPC [20], the UPFC
[28], the PFCM [19], the SPCM-L, [76], the APCM (chapter 3) and the SPCM (chapter
4) algorithms, which all result from cost optimization schemes. For a fair comparison,
the representatives 6;’s of all algorithms (except for SPCM-L,) are initialized based on
the FCM scheme and the parameters of each algorithm are first fine tuned. Moreover, in
PCM, UPC, UPFC, PFCM and SPCM, duplicate clusters are removed after their termina-
tion. In order to compare a clustering with the true data label information, we utilize again
the RM, SR and the MD indices defined in section 3.7.2. In particular, in Experiments 1
and 2 the SR of each physical cluster (SR.,,j = 1, ..., m) is presented, which measures the
percentage of the points of each physical cluster that have been correctly labeled by each
algorithm. Finally, the number of iterations and the total time required for the convergence
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of each algorithm, is provided.

Experiment 1: Consider a two-dimensional data set consisting of v = 5300 points,
where three clusters C;, C5; and (5 are formed. Each cluster is modelled by a normal
distribution. The means of the distributions are ¢, = [0.27,7.99]7, ¢, = [6.28,1.49]” and
c; = [7.81,3.76]T, respectively, while their covariance matrices are setto 3 - I, 0.5 - I, and
0.01 - I, respectively. A number of 200 points are generated by the first distribution, 100
points are generated by the second one and 5000 points are generated by the third one.
Note that C; and (5 clusters are very close to each other and they have a big difference
in their variances (see Fig. 5.5a). Also, note the difference in the density among the three
clusters.

Table 5.2: Performance of clustering algorithms for the data set of Experiment 1.

Mini] Mfimat] SR, | SRe, | SR., | MD | lter | Time
k-means 3 3 51 0 | 100 | 3.4066] 2 | 0.265
k-means 5 5 51 | 94 | 51.48| 0.5369| 20 | 0.202
FCM 3 3 51 0 | 100 | 3.3432[ 110 | 0.140
FCM 5 5 |5050 93 |51.62|0.5537| 86 | 0.218
PCM 5 2 | 100 | 0 | 100 | 0.9242| 15 | 0.514
PCM 10 | 2 | 100 | 0 | 100 | 0.9254| 18 | 1.185
UPC (g = 1.5) 5 4 50 | 95 | 100 | 0.4589 65 | 0.390
UPC (g = 1.2) 10 | 4 50 | 95 | 100 | 0.4480| 89 | 0.910
UPFC(a=5,b=1,q=2 n=15) 5 4 [5050] 96 | 100 | 0.4170| 41 | 0.390
UPFC(a=5b=1,q=22n=3) 10 | 3 | 100 | 94 | 100 | 0.3601| 190 | 2.940
PFCM(K =1, a=1b=5g=15n=15) | 5 4 [ 51.50] 100 | 100 | 0.4573| 38 | 0.380
PFCM(K =1,a=2b=1,¢=2n=12) 10 | 5 44 | 97 | 100 | 0.4011| 60 | 0.880
SPCM-L; (A =15, ¢ = 2) - 2 76 | 0 | 100 | 1.1831] 6 | 0.031
APCM (o = 0.3) 5 4 53 | 100 | 100 | 0.4469| 73 | 0.390
APCM (o = 0.3) 10 | 4 |5250| 100 | 100 | 0.4748| 90 | 0.889
SPCM (K = 0.9) 5 2 | 100 | 0 | 100 | 0.9256] 15 | 3.276
SPCM (K = 0.9) 10 | 2 | 100 | 0 | 100 | 0.9263 19 | 7.769
SAPCM (o = 0.18) 5 3 | 100 | 100 | 100 | 0.3222| 91 | 13.40
SAPCM (a = 0.15) 10 | 3 | 100 | 100 | 100 | 0.3020| 100 | 18.94

Table 5.2 shows the results of all algorithms for Experiment 1. Fig. 5.5b and Fig. 5.5¢
show the clustering obtained using the k-means and FCM algorithms, respectively, both for
mini = 3. Figs. 5.5d, 5.5e, 5.5f, 5.5g, 5.5h, 5.5i and 5.5j, depict the performance of PCM,
UPC, UPFC, PFCM, SPCM-L;, APCM and SPCM, respectively, with their parameters
chosen (after fine-tuning) as stated in the caption. In addition, the circles, centered at
each 6; and having radius , /7; (as they have been computed after the convergence of the
algorithms), are also drawn.

As it can be deduced from Fig. 5.5 and Table. 5.2, even when the k-means and the FCM
are initialized with the (unknown in practice) true number of clusters (m = 3), they fail to
unravel the underlying clustering structure mainly due to the big difference in the variances
and densities between clusters. The classical PCM also fails to detect the physical cluster
2, because it is located very close to the densest physical cluster. The UPC algorithm
has been fine tuned so that the parameters v;’s, which remain fixed during its execution
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Figure 5.5: (a) The data set of Experiment 1. Clustering results for (b) k-means, m;,; = 3, (c) FCM,
Min; = 3, (d) PCM, m;,,; = 5, () UPC, m;,,; =5, ¢ = 1.5, (f) UPFC, m;,,; = 10, a =5,8=1,¢=2.2,n = 3,
(9) PFCM, m;,,;, =5, K =1,a=1,8=5,9=1.5,n = 1.5,(h) SPCM-L, A = 15, ¢ = 2 (i) APCM, m;,,; = 5,
a = 0.3, (j) SPCM, m,,,; = 5, and (k) SAPCM, m,,,; = 10 and o = 0.15.
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and are the same for all clusters, get small enough values, in order to identify cluster Cs.
However, it splits the high variance/low density cluster C; in two clusters. The same seems
to hold for the PFCM algorithm, after fine tuning of its several parameters. The UPFC
algorithm produces 3 clusters, at the cost of a computationally demanding fine tuning of
the (several) parameters it involves. The APCM algorithm also splits the big variance
cluster in two subclusters, failing to detect the underlying clustering structure. On the
other hand, SPCM identifies two clusters with high accuracy with respect to the center
of the actual clusters, but misses the third one. Finally, as it is deduced from Table 5.2,
the SAPCM algorithm manages to identify all clusters, achieving the best SR and MD
results and estimating very accurately the true centers of the clusters, since it exhibits the
minimum MD among all algorithms.

Experiment 2: Consider the dataset of Experiment 1, where 50 data points are now added
randomly as noise in the region where data live (see Fig. 5.6a). It can be seen that APCM
and SAPCM algorithms are the only algorithms that distinguish all clusters. In addition,
SAPCM keeps MD at low values, whereas all other algorithms conclude to higher MD
values compared to the results of Experiment 1 (see Tables 5.2 and 5.3). Finally, as
shown in Fig. 5.6, SAPCM is the only algorithm that identifies the noisy points of the data
set and ignores them in the updating of the location of the cluster representatives.

Table 5.3: Performance of clustering algorithms for the data set of Experiment 2.

Mini]| Myimal] SRe, | SRy, | SRe, | MD | Iter | Time
k-means 3 5450| 0 | 100 | 3.8296] 8 | 0.156
k-means 5 99.50| 94 | 50.96| 0.0843| 35 | 0.203
FCM 3 56 | 0 | 100 | 3.4345] 75 | 0.110
FCM 5 99.50| 92 | 38.92| 0.3334| 129 0.375
PCM 5 0 0 | 100 | 3.7899] 9 | 0.421
PCM 10 99 | 0 |97.60| 0.9254| 29 | 1.943
UPC (g = 1.5) 5 50 | 95 | 100 | 0.4424| 80 | 0.328
UPC (g = 1.3) 10 50 | 95 | 100 | 0.4517| 113 | 1.186

100 0 100 | 1.1388| 60 | 0.421
100 0 100 | 1.1346| 151 | 2.044

UPFC(a=1,b=1,q=2.5,n=2)
UPFC(a=5,b=1,g=2.5,n=2)

()]

—
o
WWNNPEWWNDNDNNEAEBRN 2 OTWOLW

PFCM(K =1,a=1,b=1,¢g=15,n=15) | 5 100 0 100 | 0.9519| 45 | 0.343
PFCM(K =1,a=1,b=1,¢=12,n=15) | 10 98.50| O 100 | 0.9575| 61 | 1.358
SPCM-L; (A =17,¢=2) - 58.50| O 100 | 4.1291| 9 | 0.016
APCM (a = 0.3) 5 100 | 100 | 100 | 0.3150| 83 | 0.374
APCM (o = 0.3) 10 97 100 | 100 | 0.3518| 93 | 0.655
SPCM (K = 0.9) 5 100 0 100 | 0.9117| 19 | 4.695
SPCM (K = 0.9) 10 100 0 100 | 0.9118] 13 | 5.991
SAPCM (a = 0.24) 5 100 | 100 | 100 | 0.3808| 202 | 27.82
SAPCM (o = 0.19) 10 100 | 100 | 100 | 0.3193] 122 | 21.20

Experiment 3: Let us consider the Iris data set ([73]) consisting of N = 150, 4-dimensional
data points that form three classes, each one having 50 points. In this data set, two classes
are overlapped, thus one can argue whether the true number of clusters m is 2 or 3. As it
is shown in Table 5.4, k-means and FCM work well, only if they are initialized with the true
number of clusters (m;,; = 3). The classical PCM and SPCM fail to end up with m ;. = 3
clusters, independently of the choice of the initial number of clusters. On the contrary,
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Figure 5.6: (a) The data set of Experiment 2. Clustering results for (b) k-means, m;,; = 3, (c) FCM,
Mini = 3y (d) PCM, Min; = 10, (e) UPC, Min; = 9, q = 1.5, (f) UPFC, Min; = 10, a = 5, ﬂ =1, q = 2.5,
n=2,(g) PFCM, m;,; =5, K =1, a=1,6=1,¢g=1.5,n =15, (h) SPCM-L{, A = 17, ¢ = 2 (i) APCM,
Mini = 9, & = 0.4, (j) SPCM, Min: = 5, and (k) SAPCM, Min; = 10 and o = 0.18.
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Table 5.4: Performance of clustering algorithms for the Iris data set.

Mini| Mfinal| RM SR MD lter Time
k-means 3 3 87.97 | 89.33 | 0.1271 3 0.30
k-means 10 10 76.64 | 40.00 | 0.7785 4 0.13
FCM 3 3 87.97 | 89.33 | 0.1287 19 0.02
FCM 10 10 76.16 | 36.00 | 0.7793 35 0.02
PCM 3 2 77.19 | 66.67 | 0.5428 19 0.1
PCM 10 2 77.63 | 66.67 | 0.5286 28 0.11
UPC (¢ = 4) 3 3 91.24 | 92.67 | 0.1438 26 0.03
UPC (¢ = 2.4) 10 3 81.96 | 81.33 | 0.5569 150 0.1
UPFC(a=1,b=5,q=4,n=2) 3 3 91.24 | 92.67 | 0.1642 32 0.03
UPFC(a=1,b=1.5,q=2.5,n=2) 10 3 81.96 | 81.33 | 0.5566 180 0.16
PFCM(K=1,a=1,b=10,¢q="7,n=2) 3 3 90.55 | 92.00 | 0.1833 17 0.03
PFCM(K=1,a=1,b=15,¢=2,n=2) 10 3 84.64 | 85.33 | 0.5411 92 0.05
SPCM-L; (A =4.5,¢q=2) - 3 66.65 | 58.67 | 0.69.04 13 0.02
APCM (a = 3) 3 3 91.24 | 92.67 | 0.1405 26 0.03
APCM (o =1) 10 3 84.15 | 84.67 | 0.4030 61 0.06
SPCM (K =1.2) 3 3 83.22 | 83.33 | 0.3631 27 0.14
SPCM (K = 0.95) 10 3 79.38 | 76.00 | 0.2151 35 0.36
SAPCM (a = 2.2) 3 3 91.24 | 92.67 | 0.1419 33 0.16
SAPCM (o = 0.8) 10 3 84.15 | 84.67 | 0.4224 60 0.34

the UPC, the PFCM, the UPFC, the APCM and the SAPCM algorithms, after appropriate
fine tuning of their parameters, produce very accurate results in terms of the RM, SR and
MD metrics. However, the APCM and SAPCM algorithms estimate more accurately the
centers of the true clusters compared to the other algorithms. Itis noted again that the main
drawback of PFCM and UPFC is the requirement for fine tuning of several parameters,
which increases excessively the computational load required for detecting the appropriate
combination of the values of the parameters that achieves the best clustering performance.
Finally, the SPCM-L; algorithm concludes also to three clusters, however with degraded
clustering performance.

5.4 The Sequential SAPCM (SeqSAPCM)

In this section, an iterative bottom-up version of SAPCM, termed Sequential SAPCM (Se-
gSAPCM), which involves in its heart the SAPCM, is presented*. Unlike SAPCM, Se-
gSAPCM does not initially require any overestimation of the number of clusters. On the
contrary, it first identifies two of the clusters that underlie in the data set and then, at each
iteration, SAPCM is applied increasing the number of clusters by one at a time, until the
true number of clusters is (hopefully) reached. From this point of view, if SAPCM can be
considered as a top-down technique in the sense that it starts with an overestimated num-
ber of clusters and gradually reduces it, SeqSAPCM can be considered as a bottom-up
approach in the sense that it starts with two clusters and gradually increases them up to
the true number of clusters.

4A preliminary version of SeqSAPCM has been presented in [58].
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5.4.1 The SeqSAPCM algorithm

Note that in the framework of SeqSAPCM, the SAPCM algorithm cannot initialize by itself
the parameters 6’s and n’s ® and therefore, neither 77 = min;. It rather takes as input the
J

initial estimates of these parameters. To denote this explicitly we write®
[©,U, H,label,m] = SAPCM (X, Mjn;, o, O™ H™ 7)), (5.5)

which implies that SAPCM (see Algorithm 6) is used excluding the initialization phase
(lines 3, 4 and 5).

The SeqSAPCM algorithm works as follows. Initially, the two most distant points of X,
say X, and x;, are determined and serve as initial estimates of the first two cluster rep-
resentatives, 8, and ., denoted by 8'"" and 0. 7. Thus, at this time it is m = 2 and
e = {0 6."}. The initial estimates of the parameters 7, and 7, (1™, ") that corre-
spond to the first two clusters are computed as the maximum of the following two quanti-
ties:

* dmax, Which is the maximum among the Euclidean distances between each data vec-
tor x; € X and its nearest neighbour x*** € X, i.e.,

max = M@ [x; —x]

where x7 € X is the nearest neighbour of x;.

. dﬁlope, which is determined as follows: The Euclidean distances of ej.m’ from its ¢
nearest neighbours in X 8, d/, s = 1,..., ¢, are computed and plotted in increasing
order. The neighbouring point of 0;’” where the resulting curve exhibits the maximum
slope, say the rth one, is identified and ¢/, _is setequal to d’ (the Euclidean distance

o slope
between 6" and its rth neighbour).

Thus 7" = max{dmax, @} % H™ = {n" 5"} and 7 = mjin n*. Then, we run the

SAPCM algorithm (5.5) and after its convergence, 6, and 8, are placed to the centers of
dense regions, while n; and 7, take values that characterize the spreads of these regions
around 6, and 6, respectively. We have now © = {6,,0,} and H = {n;,n2}.

We proceed next by identifying the point in X that will be used as initial estimate of the
next representative. The next representative is initialized by executing only a single step

SRecall that the latter are needed for the estimation of the parameters v of SAPCM.

6Note that H** contains the initial parameters 7 that are needed for the estimation of the parameters ~
of SAPCM.

"In order to avoid high computational burden, this step is carried out approximately using the method
described in [80].

8Typically, ¢ is set to a value around 10.

9See below for the rationale about the choice of 7.
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of the Max-Min algorithm [81], as follows. For each x; € X we compute its distances from
the points of © and we select the minimum one. Then, among all N minimum distances
we select the maximum one and the corresponding point, say x. is the initial estimate
of the next representative (63), that is 0;}“ = X,. In mathematical terms, x, is the point
that corresponds to the distance max;—; _x(min;—; ., d(x;,8;)). Note that this procedure
for initializing the representatives aims at increasing the probability to select a point from
each one of the physical clusters underlying the data set. In the sequel, i* is computed
following the same procedure as for the previous ones. Then, the SAPCM algorithm is
employed with H™ = {n;,n,, 75"} and ©™ = {8,, 6,, 03"} and executed for three clusters
now. After its convergence, all 8,’s are found to the centers of “dense in data” regions and
we have © = {6,,60,,05} and H = {n,n9,73}. The algorithm terminates when no new
cluster is detected between two successive iterations.

7777

The SeqSAPCM algorithm can be stated as follows:

Algorithm 7 [0, U] = SeqSAPCM(X, «)

Input: X, o
1:.t=0
2: m(t) =2

3: Initialize: ©™ = {9'" 6"}, that is, the two most distant points in X.
4: Initialize: H™ = {ni" nir} as described in the text.

5. Set: /) = min;_, , ;™

6: [O(t),U(t), H(t),label(t),m'(t)] = SAPCM (X, m(t), o, O™ H™ 1))

7. if m/(t) < m(t) (single cluster case) then go to line 14

8: end if

9: repeat

10: t=1t+1

11:  Set: O™ = 0O(t — 1)U {6™ }, where 6" is the initial estimate of the next cluster,

new new

geeey =1,...,

12:  Set: H™ = H(t — 1) U{n™ }, where 1" is computed as described in the text.

13: m(t)=m(t—1)+1

4. [O(),U(t), H(t), label(t), m'(t)] = SAPCM(X, m(t), o, O™, H™ 7))
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15: until m’(t) < m(t) (no new cluster is detected)

16: return ©,U

Although the initialization of the parameters 7 for each new cluster may seem a bit tricky,
its rationale is the following. For data sets whose points form well separated clusters,
dmax 1S, in general, a good estimate for ™ of each new cluster. In this case, since the
initial estimates of the representatives are cluster points'®, dnay is a reasonable value for
controlling the influence of a cluster around its representative. Note also, that in this case
dﬁlope is close to dmax. On the other hand, when there are points in the data set that lie
away from the clusters (e.g. outliers), the algorithm is likely to choose some of them as
initial estimates of cluster representatives. However, a small initial value of » for these
representatives will make difficult their movement to dense in data regions. In this case
n is set initially equal to dﬁlope which, in this case, turns out to be significantly larger than

dmax- EXperiments show that dpax is @ small value for n in this case, while dglope leads to
better cluster estimations.

Some remarks on the proposed SeqSAPCM are now in order.

Remark 1: It is worth mentioning that previously determined 7;’s (and 6;’s) may be ad-
justed in subsequent iterations, as new clusters are formed.

Remark 2: The SeqSAPCM algorithm actually requires fine tuning only for the parameter
«. On the other hand, SAPCM requires additional fine tuning for the initial number of
clusters.

Remark 3: A generalization of the proposed scheme may follow if, instead of adding a
single representative at each time, we seek for more than one of them at each iteration.
In principle, this may reduce the required computational time.

5.4.2 Experimental Results

In this subsection, we assess the performance of SeqSAPCM in several experimental syn-
thetic and real data settings. More specifically, we compare the clustering performance
of SeqSAPCM with that of the k-means, the FCM, the PCM, the APCM, the SPCM and
the SAPCM algorithms. In order to evaluate a clustering outcome, we use the Rand Mea-
sure (RM), the Generalized Rand Measure (GRM), which is a generalization of RM that
is described in [82] and takes into account the degrees of compatibility of all data points
to clusters, and the classical Success Rate (SR). Note that in k-means algorithm, the RM
does not differ from GRM, since each vector belongs exclusively to a single cluster. Thus,
the GRM is not considered in the k-means case. Finally, the time (in seconds) required
for the convergence of each algorithm is provided.

Experiment 1: Let us consider a synthetic two-dimensional data set consisting of NV =
1100 points, where three clusters C;, C,, C3 are formed. Each cluster is modelled by a

10Usually, they are “peripheral” points of the clusters.
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Figure 5.7: Clustering results of Experiment 1 for (a) k-means, m;,; = 3, (b) k-means, m,,,; = 5, (¢)
FCM, m;,; = 3, (d) FCM, m;,; = 5, (e) PCM, m,,,; = 10, (f) APCM, m;,; = 5, a = 2, (g) SPCM, m,,,; = 3,
(h) SAPCM, m;,; = 5, a = 1.5 and (i) SeqSAPCM, o = 1.3.

normal distribution. The means of the distributions are ¢, = [4.1, 3.7]7, ¢, = [2.8, 0.8]7 and
c3 = [3.5, 5.7]7, respectively, while their (common) covariance matrix is set to 0.4- I, where
I, is the 2 x 2 identity matrix. A number of 500 points are generated by the first distribution
and 300 points are generated by each one of the other two distributions. Note that clusters
C and Cj differ significantly in their density (since both share the same covariance matrix
but C5 has significantly less points than () and since they are closely located to each
other, a clustering algorithm could consider them as a single cluster. Figs. 5.7a, 5.7b show
the clustering outcome obtained using the k-means algorithm with m;,,; = 3 and m;,,; = 5,
respectively. Similarly, in Figs. 5.7c, 5.7d we present the corresponding results for FCM.
Fig. 5.7e depicts the performance of PCM for m,,; = 10, while, in addition, it shows the

S. Xenaki 132



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

Table 5.5: The results of the Experiment 1 synthetic data set

Mini | Mfinal RM | GRM SR Time
k-means 3 3 93.62 - 95.36 | 0.14
k-means 5 5 81.14 - 61.82 | 0.17
k-means 10 10 72.84 - 31.00 | 0.14
k-means 15 15 70.27 - 25.91 0.25
FCM 3 3 93.62 | 79.10 | 95.36 | 0.02
FCM 5 5 81.38 | 67.81 | 63.09 | 0.03
FCM 10 10 7297 | 60.78 | 31.82 | 0.06
FCM 15 15 70.14 | 57.96 | 21.64 | 0.22
PCM 3 2 7419 | 72.27 | 71.73 | 0.11
PCM 5 2 73.35 | 71.94 | 70.73 | 0.16
PCM 10 2 74.33 | 73.03 | 72.00 | 0.45
PCM 15 2 7419 | 72.80 | 71.73 | 0.72
APCM (a = 2) 3 3 93.74 | 92.69 | 9545 | 0.15
APCM (a = 2) 5 3 93.74 | 92.84 | 9545 | 0.15
APCM (a = 1.3) 10 3 93.40 | 91.85 | 95.18 | 0.50
APCM (a = 1.15) 15 3 93.51 | 91.70 | 95.27 | 0.70
SPCM 3 2 7450 | 74.32 | 72.18 | 1.48
SPCM 5 2 74.04 | 73.62 | 71.55 | 4.15
SPCM 10 2 7450 | 7423 | 7218 | 6.35
SPCM 15 2 74.33 | 74.14 | 72.00 | 10.30
SAPCM (o = 1.5) 3 3 93.74 | 92.39 | 9545 | 0.84
SAPCM (a = 1.5) 5 3 93.74 | 92.56 | 95.45 | 1.09
SAPCM (a =1.2) 10 3 93.51 | 9241 | 95.27 | 1.97
SAPCM (a = 1) 15 3 93.51 | 92.13 | 95.27 | 3.88
SeqSAPCM (a = 1.3) - 3 93.74 | 92.55 | 95.45 | 4.37

circled regions, centered at each 6; and having radius equal to ,/7;, in which C; has
increased influence. Fig. 5.7f shows the results of APCM with m,,,; = 5and o« = 2, Fig. 5.7g
shows the results of SPCM with m,,,; = 3 and Fig. 5.7h shows the results of SAPCM with
mii = 5 and a = 1.5. Finally, Fig. 5.7i shows the results of SeqSAPCM with o« = 1.3.
Moreover, Table 5.5 shows RM, GRM, SR for the previously mentioned algorithms, where
min: @nd my;,, denote the initial and the final number of clusters, respectively.

Asitis deduced from Fig. 5.7 and Table 5.5, when k-means and FCM are initialized with the
(rarely known in practice) true number of clusters (m = 3), their clustering performance is
very satisfactory. However, any deviation from this value causes a significant degradation
to the obtained clustering quality. On the other hand, the classical PCM fails to unravel
the underlying clustering structure, due to the fact that two clusters are close enough
to each other and the algorithm does not have the ability to adapt v;’s in order to cope
with this situation. APCM and SAPCM algorithms steadily result in m;,,, = 3 clusters
independently of the initialization of the number of clusters m;,,;, under appropriate values
of parameter «. This is not the case for SPCM, which fails to unravel the less dense cluster
(5 that is located next to the denser one (). Finally, SeqSAPCM produces very accurate
results after cross validating just a single parameter («).

Experiment 2: Let us consider a synthetic two-dimensional data set consisting of N =
5000 points, where fifteen clusters are formed (data set S, in [83]), as shown in Fig. 5.8.
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x 10

Figure 5.8: The data set in Experiment 2. Colors indicate the true label information.

All clusters are modelled by normal distributions with different covariance matrices. As it
is shown in Table 5.6, k-means and FCM work well when they are initialized with the true
number of clusters (m;,; = 15), providing very satisfactory results. However, any deviation
from this value causes, again, a significant degradation to the obtained clustering quality.
The classical PCM fails independently of the initial number of clusters. In this data set, the
APCM and the SAPCM algorithms produce very accurate results for various initial values
of m;,;. Although the SPCM algorithm achieves better results than PCM, however, it fails
to end up with m;,, = 15 clusters. Finally, SeqSAPCM is able to capture the underlying
clustering structure very accurately.

Experiment 3: Let us consider the real Iris data set ([73]) considered in experiment 4
of chapter 3. As it is shown in Table 5.7, k-means and FCM work well only if they are
initialized with the true number of clusters (m;,; = 3). The classical PCM fails to end up
with m ;. = 3 clusters independently of the initial number of clusters. On the contrary, the
APCM and the SAPCM algorithms, after appropriate cross validation of their parameters
and a properly selected overestimated value for the initial number of clusters, produce very
accurate results. Finally, SeqSAPCM reveals also the actual number of clusters and is
very accurate, offering though a slightly degraded performance compared to SAPCM and
APCM (note that, due to the small size of the /Iris data set the difference in SR corresponds
to about 12-13 wrongly assigned data vectors in SeqSAPCM than in SAPCM and APCM).

5.5 The Layered SAPCM (L-SAPCM)

In this section, another variant of SAPCM called Layered SAPCM (L-SAPCM) is pre-
sented. L-SAPCM performs a layered processing, where at each layer it uses as structural
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Table 5.6: The results of the Experiment 2 synthetic data set

Mini | Mfinal RM | GRM SR Time
k-means 15 15 99.23 - 97.00 | 0.33
k-means 20 20 98.42 - 88.22 | 1.79
k-means 25 25 97.67 - 7858 | 7.11
FCM 15 15 99.23 | 80.09 | 97.00 | 0.22
FCM 20 20 98.35 | 75.47 | 87.24 | 1.84
FCM 25 25 9752 | 71.85 | 76.58 | 7.52
PCM 15 3 69.46 | 65.68 | 21.00 | 7.01
PCM 20 4 77.05 | 64.24 | 27.32 | 13.05
PCM 25 6 77.21 | 61.41 | 33.90 | 23.77
APCM (a = 1) 15 15 99.28 | 97.81 | 97.20 0.7
APCM (o =1) 20 15 99.28 | 98.06 | 97.20 | 2.94
APCM (a = 1) 25 15 99.28 | 98.23 | 97.20 | 8.21
SPCM 15 10 94.17 | 90.13 | 67.06 | 47.57
SPCM 20 13 96.22 | 71.09 | 79.34 | 313.9
SPCM 25 11 93.24 | 61.39 | 64.00 | 411.9
SAPCM (a = 1.5) 15 15 99.28 | 98.64 | 97.20 | 9.07
SAPCM (a = 1) 20 15 99.27 | 98.35 | 97.18 | 14.69
SAPCM (a = 1) 25 15 99.27 | 98.51 | 97.16 | 20.87
SeqSAPCM (a = 1.2) - 15 99.27 | 98.69 | 97.18 | 95.90

Table 5.7: The results of the real Iris data set - Experiment 3

Mini | Mypina | BM | GRM SR Time
k-means 3 3 87.97 - 89.33 0.1
k-means 5 5 78.41 - 5467 | 0.1
k-means 10 10 77.32 - 42.00 | 0.1
FCM 3 3 87.97 | 79.33 | 89.33 | 0.01
FCM 5 5 78.85 | 68.32 | 55.33 | 0.01
FCM 10 10 77.02 | 63.76 | 38.00 | 0.02
PCM 3 2 7719 | 77.10 | 66.67 | 0.05
PCM 5 2 7719 | 76.88 | 66.67 | 0.06
PCM 10 2 77.63 | 77.55 | 66.67 | 0.07
APCM (a = 3) 3 3 91.24 | 90.01 | 92.67 | 0.04
APCM (a = 1.5) 5 3 83.68 | 82.58 | 84.00 | 0.05
APCM (= 1) 10 3 84.15 | 82.35 | 84.67 | 0.07
SPCM 3 2 7763 | 77.22 | 66.67 | 0.31
SPCM 5 2 7719 | 77.01 | 66.67 | 0.53
SPCM 10 2 7763 | 77.59 | 66.67 | 1.26
SAPCM (o = 2.5) 3 3 91.24 | 90.54 | 92.67 | 0.19
SAPCM (o = 1.2) 5 3 83.68 | 82.64 | 84.00 | 0.35
SAPCM (o = 0.9) 10 3 83.68 | 82.64 | 84.00 | 0.44
SeqSAPCM (a = 1.4) - 3 83.68 | 82.64 | 84.00 | 1.23
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(a) (b)

Figure 5.9: (a) Initial data, (b) Data after removing “noisy” points

element the SAPCM algorithm™". The two key features of SAPCM that L-SAPCM inherits,
are the following: a) certain critical parameters are dynamically adapted, and b) sparsity is
induced in the sense that each data point is forced to belong to only a few (or even none)
of the clusters. These features make the algorithm capable in revealing the underlying
clustering structure. Moreover, L-SAPCM as a layered algorithm has the ability to detect
clusters that lie in different resolutions in the data space. Thus, L-SAPCM is an ideal
choice, when the data set under study is composed of clusters with difference in their vari-
ance of several orders of magnitude. Such data sets are the HSIs in which the application
of clustering becomes much more challenging, due to a) their high dimensionality and b)
the tendency of HSI pixels to form not clearly distinguishable clusters. Actually, L-SAPCM
has been initially designed to cope with HSI data, where the entities to be clustered are
the pixels of the HSI under study. To this end, in the sequel, we present L-SAPCM using
HSI terminology. Note that L-SAPCM contains some addtional processing steps (such as
the data-purifying step and the PCA step) that facilitate the clustering procedure of the HSI
pixels. Clearly, L-SAPCM can be adopted in any other application framework to perform
clustering with those additional processing steps being deactivated depending on the will
of the application expert.

5.5.1 The L-SAPCM algorithm

In HSIs, the number of image pixels, N, as well as the number of spectral bands, [, are
usually very large. This increases dramatically both processing complexity and memory
requirements. Taking into account, however, that contiguous HSI bands are usually highly
correlated [84], computational complexity can be reduced by removing the redundancy
introduced by the spectral information. To this end, we apply principal component analysis
(PCA) as a first pre-processing step. The PCA transforms the original data so that almost

A preliminary version of Layered SAPCM has been presented in [59]
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Algorithm 8 [X _cleared] = data_purifying(X)
Input: X

1: Determine: dmin(i) = Ming ex_(x;} X — Xs[|%, i =1,...,N

2: Compute: p =+~ SN d,(i)
3: Set: X_cleared ={x; € X : dppin(i) < p,i=1,...,N}

4: return X _cleared

all information is contained in the first few principal components, which are used from now
on. As a result, the dimension [ is dramatically reduced.

Another serious problem, frequently met in HSIs, is that the pixels are grouped to not
very well distinguished “clouds”. Thus, direct application of density-based clustering al-
gorithms (such as SAPCM), could lead to poor clustering results. To face this problem,
a pre-processing step, which removes the pixels that are not “too close” to the physical
cluster centers, unravels the “cores” of the clusters, which are expected to be better dis-
tinguished. This can be achieved by first determining the mean of the distances of all
pixels from their nearest neighbour and then removing those pixels whose distance from
their nearest neighbour is larger than the mean (see Algorithm 8). As shown in Fig. 5.9,
this pre-processing step allows clusters to be better distinguished, assisting density-based
algorithms in unravelling the underlying clustering structure.

(@) (@)
(e () (@)

Figure 5.10: L-SAPCM flaw example

We describe now the proposed L-SAPCM algorithm, which is suitable for HSI clustering
(see Algorithm 9). The algorithm first performs PCA on the data set and then executes the
SAPCM algorithm in a layered form. Before each execution of SAPCM, data_purifying
(Algorithm 8) is applied, as described above. Initially, SAPCM is applied on the whole
data set producing some subsets that constitute the first layer clusters (leaf-layer clus-
ters). Then, L-SAPCM uses the SAPCM algorithm (Algorithm 6) in each layer, in order
to provide the clustering structure of the current layer, and then for each one of the leaf-
level clusters, the SAPCM algorithm is applied again in a recursive manner. Note that
L-SAPCM performs the noisy points removal pre-processing step for each leaf-layer clus-
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ter before specifying the next leaf-level clusters through the SAPCM algorithm (see also
Fig. 5.10). The algorithm terminates when the SAPCM algorithm returns one cluster for
each leaf-layer cluster (which means that the currently processed leaf-layer cluster does
not possess a clustering structure). Such a cluster is considered as a cluster of the final
clustering structure provided by L-SAPCM"2.

The whole procedure of L-SAPCM algorithm is given in Algorithm 9.

Algorithm 9 [clusters] = L-SAPCM(X)
Input: X

1: [X]=PCA(X) and keep the [ first components of PCA

2: pending_sets = {X}

3: clusters = {}

4: repeat

5: Take an element C' of pending_sets

6: [C']=data_purifying(C')

7: Give: my,;, «

8: [0,U, H, label,m]=SAPCM(C, m,;, )

9: C; ={x; € X :label(i) = j,i =1,...,N}, j =1,...,m, where m is the final number

of clusters that SAPCM returns when applied on C '3

10: if m > 1 then

11: pending_sets = (pending_sets — {C}) U{CY,...,Cp}
12 else if m = 1 then

13: pending_sets = pending_sets — {C'}

14: clusters = clusters U {C'}

15: end if

16: until pending sets = ()

12L-.SAPCM can also be viewed as an in-depth processing algorithm.
13A data point x; with label(i) = 0 (unassigned point) is assigned to its closest among the m formed
clusters (C1, ..., Cp,).
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17: Assign each x; € X that has been removed from the data_purifying scheme to its
closest among clusters

18: return clusters

5.5.2 Experimental Results

In this subsection, we demonstrate the effectiveness of L-SAPCM to unravel clusters of
various resolutions (clusters whose variances may differ considerably) via an experiment
on synthetic data™. In order to evaluate the clustering performance of all algorithms, we
use the Rand Measure (RM), the Generalized Rand Measure (GRM) and the classical
Success Rate (SR). Finally, the time (in seconds) required for the convergence of each
algorithm is provided.

Experiment: Let us consider a synthetic two-dimensional data set consisting of N = 2900
points and five clusters ', Cs, C5, Cy, C5. Each cluster is modelled by a normal distribution.
The means of the distributions are ¢, = [20, 70]7, ¢; = [30, 80]7, c3 = [40.3, 64], c3 = [41,
657 and c; = [40.7, 65.6]7 respectively. Their covariance matrices are 10 - I, 10 - I,
0.01-15,0.02- I, and 0.05 - I3, respectively, where I, is the 2 x 2 identity matrix. A number of
2000 points is generated by the first distribution, 500 points by the second one, 100 points
by the third one, 100 points by the fourth one and 200 points are generated by the fifth
distribution. Note that the variance of clusters C; and C5 is much larger than the variances
of clusters (s, C, and C; (see Fig. 5.11a). Figs. 5.11b, 5.11¢ show the clustering outcome
obtained using the k-means and the FCM algorithm, respectively, both with m;,; = 5.
Fig. 5.11d depicts the performance of PCM for m;,; = 5, while, in addition, it shows the
circled regions, centered at each 6; and having radius equal to ,/7;, in which C; has
increased influence. Fig. 5.11e shows the results of APCM with m;,; = 5 and a = 1,
Fig. 5.11f shows the results of SPCM with m;,; = 20, Fig. 5.11g shows the results of
SAPCM with m;,; = 5 and a« = 1 and Fig. 5.11h depicts the results of SeqSAPCM with
«a = 1. Finally, Fig. 5.11i shows the results of L-SAPCM with m;,; = 5 and a = 1 for
each layer. Moreover, Table 5.8 shows the RM, GRM, SR and Time for the previously
mentioned algorithms, where m,,; and my;,,, denote the initial and the final number of
clusters, respectively.

As it is deduced from Fig. 5.11 and Table 5.8, even when k-means and FCM are initialized
with the true number of clusters (m = 5), they recognize clusters C3, C, and C5 as one,
thus they fail to unravel the underlying clustering structure. The classical PCM also fails
to distinguish clusters C3, C; and C5 from each other and, in addition, it misses cluster
(5, due to its proximity with cluster C;, which is also much denser than it. As it can be
seen, APCM, SPCM, SAPCM and SeqSAPCM are unable to distinguish C5, C; and Cj
as three different clusters and thus they constantly produce a clustering result of only
three clusters in total (see Figs. 5.11e-5.11h). On the other hand, L-SAPCM in the first
layer identifies a three clustering structure (Fig. 5.11g), while in the second layer identifies

4Experimental results for L-SAPCM on HSI images are presented in chapter 7.
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Figure 5.11: (a) The data set of the experiment (the area containing the three low variance clusters
is magnified in a separate window). Clustering results for (b) k-means, m;,; = 5, (¢) FCM, m,,,; = 5,
(d) PCM, m,;,; = 5, (e) APCM, m;,; = 5, « = 1, (f) SPCM, m,,,; = 20, (g) SAPCM, m;,; = 5, a« = 1, (h)
SeqSAPCM, o« = 1 and (i) L-SAPCM.

three different clusters within cluster C; of Fig. 5.11g (see Fig. 5.11i). Thus, L-SAPCM is
the only algorithm that succeeds in unravelling accurately the clustering structure of this
challenging experiment.

5.6 Conclusion

In this chapter a novel possibilistic c-means algorithm is proposed, termed SAPCM, which
extends SPCM by embedding in it the adaptation mechanism of +;’s as well as the cluster
elimination mechanism from APCM. The algorithm is initialized through FCM with the lat-
ter executed for an overestimated number of the actual number of clusters. The SAPCM
algorithm is immune to noise and outliers, as its predecessor SPCM. In addition, SAPCM
has the ability (a) to cope well with closely located clusters with possibly different densi-
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Table 5.8: The results of the experiment

Mini | Mfinal RM | GRM SR Time
k-means 5 5 71.10 - 55.35 | 2.87
k-means 20 20 52.92 - 19.41 | 1.16
FCM 5 5 66.36 | 67.33 | 47.45 | 0.20
FCM 20 20 52.68 | 59.35 | 17.66 1.0
PCM 5 2 77.36 | 77.62 | 75.86 | 0.53
PCM 20 2 75.02 | 75.02 | 75.86 | 2.26
APCM (a =1) 5 3 97.22 | 96.97 | 92.17 | 0.41
APCM (a = 0.15) 20 3 96.70 | 95.27 | 91.86 | 2.20
SPCM 5 3 94.86 | 9243 | 90.72 | 4.56
SPCM 20 3 97.69 | 94.82 | 9245 | 59.8
SAPCM (o = 1) 5 3 97.28 | 97.01 | 92.21 | 2.45
SAPCM (o = 0.2) 20 3 97.16 | 96.43 | 92.14 | 6.96
SeqSAPCM (a =1) - 3 97.16 | 96.56 | 92.14 | 3.40
L-SAPCM (o« = 1) 5 5 98.39 | 98.12 | 98.72 | 2.51

ties and/or variances, (b) to determine the number of natural clusters and (c) to improve
even more the estimates of the cluster representatives compared to SPCM and APCM.
In extensive experiments, it is shown that SAPCM has a steadily superior performance,
compared to other related algorithms, irrespective of the initial estimate of the number of
clusters.

Moreover, two variants of SAPCM have been devised. The first one is an iterative bottom-
up version, called SeqSAPCM, which, at each iteration, determines a single new cluster
by employing SAPCM, and thus, unravels sequentially the underlying clustering structure
in a bottom up fashion (from two clusters to the actual number of clusters existing in the
data set). SeqSAPCM does not require knowledge of the number of clusters (not even a
crude overestimate, as APCM, SPCM and SAPCM require). SeqSAPCM outperforms the
classical k-means and FCM when the latter are not fed with the actual number of clusters.
In addition, it has almost the same clustering performance with SAPCM, when the latter
is equipped with the optimal values for its parameters, which are two (initial estimate of
the number of representatives and the parameter «) against only one in SeqSAPCM («).
The second variant of SAPCM, which is called L-SAPCM, works in layers. Specifically,
it applies first SAPCM on the whole data set and the resulting clusters are considered
as leafs forming the first layer of clusters. Then SAPCM is applied on the clusters corre-
sponding to the leafs, giving rise to the second layer of leafs and so on. The algorithm
terminates when no cluster in the last layers produces new clusters. The main advantage
of the algorithm (as the experiment also verifies) is that, in principle, it can provide accu-
rate clustering results even in cases where the data form clusters at various “resolutions”,
i.e. the variances of the clusters may differ orders of magnitude from each other. This
property makes L-SAPCM a good candidate for HSI processing, as also verified by the
experimental results presented in chapter 7.
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6. ONLINE ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM

6.1 Introduction

In this chapter, we present a novel online extension of the batch APCM clustering algorithm
(chapter 3), called Online Adaptive Possibilistic C-Means (O-APCM). As is usually the
case in all online algorithms, the data vectors in O-APCM are being processed one by one
and their impact is memorized into suitably defined parameters; thus O-APCM is released
from the noose of storing the whole data set and using it at each iteration, as is the case
with the batch schemes. O-APCM achieves high quality clustering results much more
computationally efficiently compared to batch methods. From this perspective, O-APCM
is a serious candidate for processing big data sets (e.g. HSIs cubes).

The basic feature that O-APCM inherits from its ancestor is the adaptation of the involved
parameters, which makes the algorithm flexible in tracking variations during the clustering
formation. Furthermore, in contrast to the batch APCM, which starts with a crude overesti-
mate of the number of clusters and gradually reduces it, O-APCM, due to its online nature,
starts with zero clusters and gradually, as more data are processed sequentially, it alters
it by (a) generating new clusters, (b) merging and (c) deleting existing clusters. These
operations are carried out via associated novel mechanisms embedded in the algorithm.

Note that the usage of O-APCM is twofold. First, it can be used for clustering efficiently
big static data, by dramatically reducing the required computational burden. Second, it is
also appropriate for data clustering under non-stationary conditions; that is, in real time
applications where the centers of the actual clusters may change their location over time
within the data space. A prime example is the processing of a video stream with static
background, aiming at tracking moving objects and monitoring their orbit.

It is worth noting that online clustering algorithms have already been presented in the
bibliography, e.g. [85], [86], [87], albeit they have not been applied for HSI processing.
However, all of them require knowledge of the exact number of physical clusters before-
hand, which is kept fixed during their execution. A basic drawback, arising from this, is
the fact that these online clustering algorithms are not able to alter (reduce or increase)
the number of clusters that underlie in the data set over time. Moreover, they employ
a random initialization of the cluster representatives, which, obviously, affects the final
clustering result.

Closing this introduction, it is worth noting that the quality of the clustering results of O-
APCM in stationary environments compares well with that of the previously introduced
batch algorithms, while it outperforms its competitors under time-varying conditions.
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6.2 The Online APCM (O-APCM)

In this section, following a unified formulation for both static and dynamic conditions, we
describe in detail the proposed online APCM (O-APCM) clustering algorithm, which con-
siders a single data vector per iteration and updates its parameters accordingly. To this
end, the cost function (2.11) in the online context is modified as follows,

m(t—1)

J(O(t),Ur) = Z:ft_i S [wigllxi = 012 + 9t = 1) (uig In g — i), (6.1)

J=1

where t denotes the current iteration of the algorithm, x; is the current data vector to be
processed, m(t — 1) is the number of clusters formed up to the ¢-th iteration and ¢ is an
exponentially weighted factor, 0 < £ < 1. Moreover, u, = [u, ..., W, —1)] CONtains the
degrees of compatibility of the current data vector x; with the current number of clusters
m(t —1).

Let us focus on the parameter £ appeared here for the first time. When ¢ = 1, all data
points have equally weighted contribution in the updating of the algorithm parameters.
Thus, in this case, the algorithm is expected to behave well in static environments, in
the sense that, in principle, it is able to capture the statistics of the clusters formed by
the data vectors. On the other hand, when ¢ = 1 the algorithm in not able to track the
possible changes of the cluster statistics in a dynamically varying environment. However,
if for the latter case a value less but very close to 1 is selected for &, the more recent
data vectors will gain greater importance than the older ones in the parameters updating
process. This will make the algorithm capable to track cluster variations in a dynamically
changing environment'.

6.2.1 Parameter initialization

Although O-APCM, as a descendent of APCM, inherits the main features of the latter, at
the same time it is differentiated from it, due to its online nature. Specifically, the parameter
initialization of O-APCM should take into account that no clusters are initially available due
to the lack of data points at this stage. In addition, a cluster generation step should be
adopted as clusters are formed dynamically during the execution of the algorithm. Also, a
cluster merging step is required for merging two clusters growing in parallel that are part
of a larger physical cluster. In the sequel, we describe in detail the above issues.

As it is easily understood, the initialization of the parameters 8; and n; in O-APCM cannot
be implemented as in batch APCM, due to the fact that the whole data set is not available
a-priori. A natural way to proceed would be to create the first cluster containing only the
data point x; at the first iteration of the algorithm. However, it is obvious that it is not

"Note that the number of the most recent data points that are weighted more heavily and are actually

taken into account (memory size) is approximately equal to Nlim 5?_‘11 = %_5
—00
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feasible to extract information about the “size” of this cluster from just a single data point,
in order to initialize its parameter n;. In order to address this issue, in the initialization
phase of O-APCM, we run the batch APCM (see Algorithm 4) on a small sample of the,
say K, first pixels (e.g. K = 100)?, with an overestimated number of clusters, m,,;. After
its convergence, APCM ends up with m (< m,,;) clusters and the obtained estimates for
0;’s and 7;’s, are used as the current state of O-APCM. Also, we set 7; = min;n; (as in
APCM) and then we run O-APCM for the remaining data points of the data set.

6.2.2 Parameter adaptation - Cluster generation

In O-APCM, this part refers to (a) the computation of the degree of compatibility w;, j =
1,...,m(t — 1) of the current data point x; with all clusters and the adaptation of all cluster
representatives 6,’s, j = 1,...,m(t — 1), taking into consideration only the corresponding
u;'s, and (b) the adaptation of the parameters 7, and p, of the cluster C,, with w;,, =
max;—i,.. m(—1) Uy, I-€. of the most compatible to x; cluster.

.....

Minimization of eq. (6.1) with respect to u;; and 6;, j = 1,...,m(t — 1) results to
1% — 6, (t — 1)||2> 3
Uy = exp | — , 6.2
where (as in APCM) )
Yt —1) = gm(t —1) (6.3)
and to the following time recursive equation for 6, (¢),
Uy Uy
0;(t)=1|(1- 0;(t—1)+ Xt, (6.4)
0= (1= 7)ot -0+ g

where the quantity U, (¢) is defined recursively as follows
Uj(t)ngj<t_1)+utj7 jzl,...,m(t—l), (65)

respectively. Note that all cluster representatives are updated, during the processing of
the current data point x,. However, this is not the case with the parameters p; and n; of
the clusters. Specifically, if u,, is above a certain threshold, thres (e.g. thres = le — 05),
which implies that x; is not far enough from the data points processed up to now so that to
create a new cluster; only the parameters p, and 7, of the most compatible to x; cluster,
C.,, are updated. Setting I;; = 0, j # r and [,, = 1, we can easily get from (3.4) the

°Note that data points are processed in a random order.

3Note that direct optimization of eq. (6.1) with respect to u;; involves in the right-hand side of eq. (6.2),
0;(t) instead of ;(t —1). However, due to the interdependence of the updating equations eq. (6.2), eq. (6.4)
for uy; and 0,(t), respectively, we proceed with an alternating optimization concept and we use 0;(t — 1) in
eq. (6.2).
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following time-recursive formulas:

(1) = (1 - S%) pilt—1) + Sﬁﬂ‘t)xt, (6.6)
b= (1-2u 1) 4 20 t 6.7
o) = (1= 525 ) mle = 1+ s lx = w0 6.7
where

Let us now comment on the mechanism that creates new clusters, as the algorithm evolves.
This procedure is activated when u,, is less than thres. In this case, a new cluster is cre-
ated, containing only x,, its corresponding parameters 6, p are set equal to x,, its param-
eters U, S are set to 1, while its parameter 7 is set to the minimum n among all current

,,,,,

Before we close this subsection, let us comment on Uj(t) and S;(t) defined above. In-
tuitively speaking, for ¢ = 1, U;(¢) accumulates the degrees of compatibility of the data
points processed so far with cluster C;, while S;(¢) counts the number of points that are
most compatible with C;, among the points processed so far. On the other hand, for { < 1,
the computation of U;(t), S;(t) is dominated by the most recent data points.

6.2.3 Cluster merging procedure

In online clustering schemes, the clustering result is usually dependent on the order in
which the data are processed in the sense that 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 online clustering
algorithm. To this end, every T iterations (e.g. 7" = 100), O-APCM considers all pairs of
clusters C; and C} and checks whether they exhibit overlapping via the following rule: if
Vs > B-d(05,0y), where d(6,, 8,,) is the Euclidean distance between the two cluster
representatives 6., 8;, (5 controls the acceptable degree of overlapping and it is set equal
to 1.1 in our case), the two clusters are merged into one cluster and the parameters of the
newly formed cluster are defined as follows:

Us0; + U0y,

enew = T 17 7 6.9
U, + U, ( )
Unew = Us + Uk7 (610)
=80 s ATk 6.11
ll’new Ss ‘I’Sk ) ( )
_Sems + Sk

Thew = Wa
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Spew = Ss + Si. (6.13)

In the case where the above criterion is not satisfied for any pair of clusters, no merging
takes place. Note that the values for the parameters 0,,..,, it,,..,» mew Of the newly formed
cluster are computed as the weighted sum of the constituting clusters C; and C}.

Having analyzed the basic features of O-APCM separately, we give in Algorithm 10 below
the whole O-APCM algorithm.

Algorithm 10 [O, I'] = O-APCM(X, m;p;, a, &)
|nput: X, My Oy g

1: K =100, thres = 1le — 05 and T = 100

2. t=K

D> Initialization (use the first K points)

3: [O(t), H(t),m(t),U(t)|=APCM(X (:,1 : K), mjn;, ) *

4: Determine: u;, = max,_; .« u;; and set: Label, =r,i=1,.. . K

5: 1) = MiNj—1,__m() 75(1)
6: Set: (1) = 0,(1), j = 1,....m(t)
7. Set: Uj(t) = Zfil Ujj and Sj(t) = > 1,y=1,... ,m(t)

Label; =3
8: while there are still unprocessed data vectors do

o: Set: v;(t) = Ln;(t), j=1,....,m(t)
10: t=t+1
> Take the next unprocessed data vector
1: X; = X(:, 1)
> Compute degrees of compatibility
122wy = exp(— XU =1 (- 1)
> Update cluster representatives
13: Uit) =¢U;(t—1) 4wy, j=1,...,m(t —1)
14 0;(0) = (1— %) 0;(t = 1) + 5%, j = 1,...,m(t — 1)

15: Determine: wu;, = max;_ 1) U

4See Algorithm 4, section 3.3.
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16: if u;,. < thres then

> Generate a new cluster

17: m(t) =m(t—1)+1

18: 01 (t) = X;

19: Hon (1) = X

20: Nty (t) = MiNj—1__ -1y n;(t — 1)
21: Uni(t) =1 and Sp,(t) =1
22: Set: [,,=0,j=1,...,m(t)

23: Set: Label;, = m(t)

24: else

> Update parameters of cluster C.,

25: m(t) =m(t —1)

26: Set: ;,; =0,Vj#r and [, =1
27: Set: Label;, = »

28: end if

Iy Iij s
300 py(t) = (1= 5%5) my(t = 1) + X, = 1, ,m(t = 1)
Iy Iy -
31 () = (1= )yt — 1) + g — g (B)] 5 = L. it — 1)

D> Every T iterations perform the cluster merging procedure

32: end while

33: return Label = [Label,, ..., Label,]

6.3 Experimental results

In this section, we assess the performance of O-APCM in both synthetic and real experi-
ments under both static and dynamic conditions. Specifically, in a stationary environment,
we compare the clustering performance of O-APCM with that of the batch APCM, SAPCM

S. Xenaki
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and the online k-means (O-kmeans)® [86]. In a non-stationary environment, we compare
the clustering performance of O-APCM with that of O-kmeans, which both are expected to
be able to track the dynamical changes occurring in the physical clusters as they evolve.
In order to measure the quality of clustering obtained by the algorithms, we use the Rand
Measure (RM), the classical Success Rate (SR) and the runtime (Time) required for con-
vergence (in seconds).

6.3.1 Experiments in a stationary environment

Experiment 1: Let us consider a synthetic two-dimensional data set consisting of N =
31200 points, where three clusters ', (5, (5 are formed (Fig. 6.1(a)). Each cluster is
modelled by a normal distribution. The means of the distributions are ¢, = [7, 7|7, ¢, = [0,
0]7 and c3 = [11, 0], respectively, while the (common) covariance matrix of C; and C, is
setto 4-I,, and the covariance matrix of C is setto 5, where I, is the 2 x 2 identity matrix. A
number of 1000 points are generated from the first distribution, 30000 points are generated
from the second one and 200 points are generated from the third one. Note that clusters
C and (s differ significantly in their density (since both share the same covariance matrix
but C; has significantly less points than () and due to their close proximity, a clustering
algorithm could hardly distinguish them. In addition, cluster C5 consists very few data
points, thus it is hardly identified, too.

Fig. 6.1(b) shows the clustering outcome obtained using the APCM algorithm with o = 0.7
and m;,; = 10. Similarly, in Fig. 6.1(c) we present the corresponding results for SAPCM
with « = 1 and m;,; = 10. Figs. 6.1(d)-(f) depict the performance of O-APCM (a« = 0.7,
¢ = 1) after the processing of the first 10000, 20000 and 31200 (final stage) data points,
respectively. The corresponding results of O-kmeans (m = 3, z = 0.01) at the same stages
are shown in Figs. 6.1(g)-(i). Moreover, Table 6.1 shows RM, SR and Time (in seconds)
for the previously mentioned algorithms, where m,,,; and m;,,, denote the initial and the
final number of clusters, respectively.

Table 6.1: Performance of clustering algorithms for the synthetic data set of Experiment 1 (stationary
environment).

Mini | Mfinal RM SR Time

APCM (e = 0.7) 10 1 92.56 | 96.15 | 11.90
SAPCM (o = 1) 10 2 97.85| 98.29 | 52.78
O-APCM (o =0.7,£ = 1) 5 3 97.49 | 98.69 | 0.39
O-kmeans (z = 0.01) 3 3 50.33 | 50.02 | 0.47

As itis deduced from Fig. 6.1 and Table 6.1, APCM fails to unravel the underlying clustering
structure, due to the great difference on the density of the clusters and their close proximity.
Although SAPCM manages to distinguish cluster C'; from Cj, it fails to uncover cluster Cs.

5O-kmeans is basically a set of m gradient descent-like schemes, one for each cluster representative,
sharing the same learning rate parameter z. Upon the arrival of a new data vector, only the closest to it
representative is updated.
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Figure 6.1: (a) The data set of Experiment 1 (stationary environment). Clustering results for (b)
APCM, m;,; = 10, a = 0.7, (c) SAPCM, m,; = 10, a = 1, (d)-(f) O-APCM at 10000, 20000 and 31200
(final) data points, respectively, o = 0.7, £ = 1, (g)-(i) O-kmeans at 10000, 20000 and 31200 (final) data
points, respectively, m = 3, z = 0.01.

As it is seen from Figs.6.1(g)-(i), O-kmeans is initialized with the true number of clusters
(m = 3), however, its clustering performance is not as satisfactory as expected, due to
the peculiar data set structure. On the other hand, O-APCM is able to detect all clusters,
producing very satisfactory results with high computational efficiency, requiring less time
even than O-kmeans.
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6.3.2 Experiments in a non-stationary environment

Experiment 2: Let us consider a synthetic two-dimensional data set consisting of N =
20800 points, where five clusters C1, Cs, C3, Cy, C5 are dynamically formed (Fig. 6.2). Each
cluster is modelled by a normal distribution. The means of the distributions are dynamically
changed over time, starting from c; = [100, 50]7, ¢, = [20, 90]7, 3 = [20, 0]7, ¢4 = [30, 20]"
and c; = [100, 50]7 and ending at ¢; = [50, 80]7, ¢, = [0, 40]7, e3 = [0, 407, ¢, = [80, 10]"
and ¢; = [30, 40]7, respectively, moving on straight lines, as shown in Fig. 6.2 (see also
Table 6.2). Their (common) covariance matrix is set to 10 - I,. A number of 3200 points
are generated from each of the first and the third distributions, 4000 points are generated
from the fifth one and 5200 points are generated from each of the second and the fourth
ones. Note that clusters C; and C; start generating data points around the same data
point, however, as time passes by, their centers move towards different positions, thus
C, and Cj5 get split. The opposite holds for clusters C; and (35, which start from different
locations and eventually converge to the same position, thus they are merged.

Table 6.2: Data set of Experiment 2 (non stationary environment).

. . Number of Number of Total number
Cluster|  Start point (c;) End point (c;-) total steps points per step of points
C, [100, 50] [50, 80]7 400 8 3200
Cs [20,90] [0,40] 400 13 5200
Cs [20,0]T [0,40]T 400 8 3200
Cy [30,20] [80, 10] 400 13 5200
Cs [100, 50]T [30,40]T 400 10 4000

Subfigures of the first column of Fig. 6.3 show the clustering outcome obtained by O-
kmeans with m = 4 and z = 0.01 at several time instants. The corresponding clustering
results at the same time instants for O-kmeans with m = 5 and z = 0.01 are shown in the
subfigures of the second column of Fig. 6.3. Finally, the last column of Fig. 6.3 contains
the subfigures that depict the corresponding clustering result of O-APCM with o = 0.8 and
& = 0.99 for the same time instants. Moreover, Table 6.3 shows RM, SR and Time (in
seconds) for both algorithms, where m,,,; and m;,,, denote the initial and the final number
of clusters, respectively.

As it is deduced from Fig. 6.3 and Table 6.3, O-kmeans with m = 4 initially behaves well
as long as clusters '} and (5 are still united and the number of underlying clusters is
4 (Figs.6.3(a),(d)). However, when clusters C, C; are split into two different clusters, O-
kmeans fails to follow each one of them (Figs.6.3(j),(m),(p),(s)); thus, O-kmeans concludes
to a four-clusters clustering result, completely failing to detect the center of clusters C; and
Cs5 (Fig.6.3(v)). Additionally, O-kmeans (with m = 4) is not able to merge C,, C3, when
the latter are eventually merged (Fig. 6.3(v)). On the other hand, O-kmeans with m = 5 in
the early stages of clustering with the number of clusters being 4, erroneously separates
cluster C; into two clusters (Figs.6.3(b),(e)). However, in the sequel where the underlying
clusters are 5, O-kmeans (m = 5) detects very accurately the clustering structure of the
data set (Figs.6.3(h),(k),(n),(q),(t)). Again, however, O-kmeans (with m = 5) fails to merge
(5, C3, when the latter become almost coincident (Fig. 6.3(w)). Finally, O-APCM produces
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Figure 6.2: Data set of Experiment 2 (non stationary environment).

very accurate results at each time instant, as the centers of the clusters are dynamically
changed, and it has the ability to delete or create clusters on demand, thus tracking with
high accuracy and computational efficiency the clustering structure of the data set over
time (3rd column of Fig.6.3).

Table 6.3: Performance of clustering algorithms for the synthetic data set of Experiment 2 (non-
stationary environment).

Mini | Mfinal RM SR Time
O-kmeans (z = 0.01) 4 4 93.20 | 84.96 | 0.30
O-kmeans (z = 0.01) 5 5 96.64 | 94.93 | 0.31
O-APCM (a = 0.8, £ = 0.99) 5 4 97.55 | 96.27 | 0.28

In the next experiment, we test O-APCM on a real application, where the data set under
study is a series of successive images in the scale of time (video). The aim here is the
identification of moving objects and the tracking of their orbit in a video data sequence
produced by a static camera (fixed background). As it is expected in such a video, the
number of objects may change, as the objects enter into or leave the vision range of the
camera used. Consequently, O-kmeans is not examined in this experiment, due to the
fact that O-kmeans needs a-priori knowledge of the number of clusters, m, which is not a
realistic requirement for video data sets. Besides, in general, m varies over time.

Experiment 3: Let us consider the real Basketball RGB video data set [88]. The video
has a total duration of 4.64 seconds and it consists of K = 111 time frames, each one
of duration of 0.0418 seconds. The spatial resolution of each image frame is 1280x720,
thus each frame has N, = 921600 pixels, £ = 1,...,111. The total number of data points
(pixels) of the whole data set (video) is N = 102297600. Note that for each pixel we have
three values of intensity (RGB images). In this video, four moving objects are identified in
total. Specifically, a walking man in the image background (C}), a man initially holding a
basketball that subsequently throws away (C-), the basketball by the time instant it moves
away from the man (Cs) and a tent that is moving because of the wind on the left side of
the vision range of the camera (C}). Note that the aforementioned basketball disappears
at some point from the visible field of the camera and then re-enters straightaway.
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Figure 6.3: Clustering results of Experiment 2 (non-stationary environment) at 1000, 3000, 6000,
8000, 12000, 16000, 18000 and 20000 data points, respectively, for (a), (d), (g), (j), (m), (p), (s), (V)
O-kmeans, m = 4, z = 0.01, (b), (e), (h), (k), (n), (q), (t), (w) O-kmeans, m = 5, z = 0.01 and (c), (f), (i),
(1, (0), (r), (u), (x) O-APCM, o = 0.8, £ = 0.99 (the older points of each cluster are gray-colored).
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(a) (b) (c)

Figure 6.4: (a) Differences between frames 24 and 25 (matrix /,, depicted as an image), (b) smoothed
differences between frames 24 and 25 (image 75/"°°*"*?) and (c) pixels with high (above pre-defined
threshold) differences between frames 24 and 25.

The whole process for motion tracking is divided into two stages. At the first stage, the
aim is to identify the pixels of the moving objects, examining the differences between each
pair of successive frames. At the second stage, these pixels are processed by O-APCM,
in order to identify each moving object as a cluster in the spatial domain and to track its
orbit. Concerning the first stage, we aim to identify all the pixels that compose the moving
objects for each frame. To this end, we first compute the pixel-by-pixel Euclidean distance
matrix I, k =1,..., K — 1 between each pair of successive frames (say frames k, k + 1)
taking into account the RGB values of the pixels (Fig. 6.4(a)). In the sequel, we produce
the smoothed image of matrix I, 174, by applying a 10x 10 mean filter, in order to
reduce noise impact and smooth I, (Fig. 6.4(b)). Finally, from image 774 we keep
only the pixels whose 17" value is larger than a pre-defined threshold, ¢k (Fig. 6.4(c)).
The coordinates (x, y) of all these pixels constitute the data set that will be processed by
O-APCM at the second stage. Closing, we note that the above threshold, ¢4, is determined
by the point where a significant “knee” is met, at the histogram of the positive values of
the vectorized matrix 17™m°ot"d In practice, this needs to take place only for one of the
matrices Ip™mo°th¢d (e.g. the first one, k = 1).

Concerning the second stage, the aim is to run O-APCM for the two dimensional (two
coordinates for each pixel) data set resulting from the first stage. The subfigures of the first
column of Fig. 6.5 show several frames of the data set under study, while the subfigures
of its second column depict the corresponding clustering outcome obtained by O-APCM.
Note that in this experiment, all pixels of the same frame, produced by the first processing
stage (object detection), are equally weighted, while, in addition, these are points that will
be more influential in the algorithm parameters adjustment, compared to pixels of previous
frames. The latter requirement is achieved by setting ¢ = 0.05 . Finally, we set parameter
« equal to 0.05.

As it is deduced from Figs. 6.5(b),(d), during the first frames O-APCM identifies correctly
the two clusters C; (the man at the background of the image) and C, (the man that holds
the basketball). Around frames 19-20, the man labeled as cluster C; throws away the

SNote that Nlim fg__ll = 1%5 ~ 1, for £ = 0.05. That is, O-APCM processes the data, aiming at uniformly
—00
weighting pixels of the same frame and weighting them more heavily, compared to pixels of previous frames.
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Figure 6.5: (a), (c), (e), (9), (i), (k), (m), (0), (q), (s), (u), (w) Data set of Experiment 3 (non-stationary

environment, video) at frame 17, 19, 24, 32, 36, 53, 56, 59, 70, 72, 76 and 81, respectively, and (b), (d),
(F), (h), (), (1), (n), (p), (r), (t), (V), (x) the respective clustering results of O-APCM, o = 0.05, £ = 0.05.
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basketball (Fig. 6.5(d)), thus a new cluster C; (the basketball) is created by O-APCM
(Fig. 6.5(f)). Around frames 32-33, the basketball (C'3) disappears from the visible range
of the camera (Fig. 6.5(h)) and it re-enters around frame 51 (Figs. 6.5(j),(l)). As it was
expected, O-APCM considers the returned basketball as a new cluster labeled as C (see
Figs. 6.5(1) and the following). Note also, that from around frame 36, O-APCM manages
to identify with high accuracy the moving tent (cluster C,) at the bottom left side of the
image and to track its full orbit until around frames 56-57 (see Figs. 6.5(j),(l),(n)). However,
around frames 57-58, the tent stops moving; thus, O-APCM deletes correctly cluster C,
(Fig. 6.5(p)), recognizing that it is not a moving object any more. Concluding, note from
all subfigures of the second column of Fig. 6.5 that O-APCM identifies all moving objects
and manages with high accuracy to track their orbits.

6.4 Conclusion

In this chapter, a novel online adaptive possibilistic c-means clustering algorithm, called
O-APCM, which is an online implementation of the recently proposed APCM algorithm
(chapter 3), is presented. O-APCM incorporates the relative parameter adaptation mech-
anism of APCM, which makes it capable to deal well with closely located and hardly distin-
guished clusters. Moreover, O-APCM embodies three new procedures for generating new
clusters, merging or deleting dynamically existing ones, when necessary, as data points
are being processed one by one. In addition, O-APCM does not need a prior knowledge
of the underlying number of physical clusters. Due to its online nature, O-APCM requires
very low memory and computational time, compared to a batch mode implementation,
where the whole data set is considered at each iteration of the algorithm. This makes
O-APCM applicable for clustering of big data sets, whose size and dimensionality are
prohibitive for batch processing. Moreover, apart static conditions, O-APCM is recom-
mended for cases where the dynamics of the data set change with time, i.e. the centers
of the physical clusters change their location in the data space over time. Specifically,
O-APCM has the ability to weight more heavily the most recent data, compared to older
data, in the estimation of its parameters. Experimental results show that O-APCM offers
high discrimination ability at a very low computational cost for data sets in stationary con-
ditions and, additionally, it is able to track with high accuracy the physical clusters at a
non-stationary environment. Finally, the application of O-APCM to a real video data set,
in order to identify and track moving objects, highlights its great potential in monitoring the
evolution of dynamically varying phenomena.
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7. CLUSTERING ALGORITHMS APPLIED TO HYPERSPECTRAL
IMAGES: A COMPARATIVE STUDY

7.1 Introduction

In the present chapter, we assess the performance of the clustering algorithms proposed
in this thesis on real HSI data sets. Specifically, we evaluate the performance of APCM,
SPCM, SAPCM, L-SAPCM and O-APCM in comparison with several other related algo-
rithms, including k-means [6], FCM [7], [8], PCM [10], UPC [20], UPFC [28], PFCM [19],
H2NMF [51], KNNCLUST [45] and O-kmeans [86]. The clustering algorithms are applied
to three HSIs, collected from different hyperspectral sensors, depicting: (a) a scene of
Mars’ South Polar Cap (OMEGA), (b) a scene of Salinas Valley, California (AVIRIS) [89]
and (c) a scene of Washington DC Mall (HYDICE) [90]. These HSIs have been selected
on purpose since they depict three totally different environments: planetary, agricultural
and urban, respectively, in order to evaluate the performance of the algorithms in diverse
cases.

For fair comparison, the initial representatives 6,’s of all algorithms are initialized based on
the FCM scheme and the parameters of each algorithm are first fine-tuned. Moreover, we
remove duplicate clusters after the termination of algorithms in which coincident clusters
may arise (PCM, UPC, UPFC, PFCM, SPCM). In order to compare a clustering with the
true data label information (if existed), we utilize again the RM and SR indices defined
in subsection 3.7.2. Finally, the number of iterations (lter) and the total time (Time (in
seconds)) required for the convergence of each algorithm, are provided. All algorithms
have been executed using MATLAB R2013a on Intel i7-4790 machine (16 GB RAM, 3.60
GHz).

7.2 Case Study 1: South Polar Cap

This data set consists of a hyperspectral data cube depicting the South Polar Cap of Mars
in the local summer (Jan. 2004), acquired by the OMEGA sensor, which generates 128
spectral bands across the range from 0.93 to 2.73um with a spectral resolution of 14nm
and 128 spectral bands from 2.55 to 5.11m with a spectral resolution of 21nm. The total
number of the 256 bands is reduced to 186 in the region from 0.93 to 2.98um, after the
removal of the noisy bands, with a spatial resolution of approximately 3km. The size of
the HSI is 871 x128, which results to a total size of NV = 111488 samples-pixels. Note that
there is no available ground truth information for this data set. To this end, in Figs. 7.1(a)-
(c) the 1st, 2nd and 3rd principal components (PCs) of the data set are depicted, where
the main features of the data set are visible. Moreover, in Fig. 7.1(d) a “virtual” reference
map is composed, based on the first three PCs and [91], which is also verified by [92],
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using a method proposed in [93]'. Specifically, the pixels stem from three classes: “CO,”
ice (brown class in Fig. 7.1(d)), “Water” ice (orange class in Fig. 7.1(d)) and “Dust”. The

This has been generated only for assessing the performances of the clustering algorithms qualitatively
by no means it is a real reference map. This is the reason that RM and SR measures are not computed in
this case.
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latter class is composed of three closely located clusters in the feature space, as it can be
deduced from 2nd PC (Fig. 7.1(b)) and it is depicted in Fig. 7.1(d) (dark blue, light blue,
green). Figs. 7.1(e)-(u) depict the best mappings obtained by the algorithms running on
the full HSI hypercube 871x128x186, with respect to the “reference map” in Fig 7.1(d).
Relative quantitative results are shown in Table 7.1.
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Concerning k-means and FCM, it can be deduced from Figs. 7.1(e),(g) that even when they
are initialized with the true number of classes (m;,; = 3), they are actually unable to distin-
guish both (a) the three “Dust” sub-clusters, as well as (b) the “Water” class. Specifically,
apart from the “CO,” class that is correctly identified, they return two additional clusters la-
beled “Dust 1” and “Dust 27, where “Dust 2” is composed of the two “Dust” areas depicted
by green and light blue in Fig. 7.1(d), while “Dust 1” includes the third “Dust” area (dark
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blue in Fig. 7.1(d)) with the “Water” class. Figs. 7.1(f) and (h) depict the clustering results
of k-means and FCM, respectively, when they are initialized with a larger than the actual
one number of clusters (m,,; = 10). Clearly, the algorithms in this case fragment all physi-
cal classes. The results of PCM algorithm (Fig. 7.1(i)) are different from those of k-means
and FCM. However, PCM also fails to uncover the “Water” class, concluding to a similar
result with k-means and FCM when the latter are initialized with m;,; = 3. The same holds
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I Dust 1 Dust 2 M Dust 3 water [l CO,
(r) L-SAPCM (s) L-SAPCM (t) O-kmeans (u) O-APCM
(1st layer) (2nd
layer/final)

Figure 7.1: (a) 1st PC, (b) 2nd PC, (c) 3rd PC, (d) reference map of the South Polar Cap HSI
cube and the corresponding clustering results of (e) k-means (m = 3), (f) k-means (m = 10),
(g) FCM (m = 3), (h) FCM (m = 10), (i) PCM (m = 10), (j) UPC (m = 3, ¢ = 2), (k) UPFC (m = 3),
() PFCM (m = 3), (m) H2NMF (m = 3), (n) KNNCLUST (K = 1200), (0) APCM (m = 3), (p)
SPCM (m = 10), (q) SAPCM (m = 3), (r) L-SAPCM (1st layer, m = 3), (s) L-SAPCM (2nd layer,
m = 3), (t) O-kmeans (m = 3) and (u) O-APCM (m = 10).
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Table 7.1: Clustering results for the South Polar Cap HSI cube

Mini M final lter Time
k-means 3 3 8 14.30
k-means 10 10 79 257.65
FCM 3 3 21 12.54
FCM 10 10 144 287.25
PCM 3 2 20 28.22
PCM 10 3 24 348.71
UPC (¢ = 2) 3 3 26 31.43
UPC (¢ =2) 10 3 28 293.27
UPFC (¢ =2,n=2,a=1,b=1) 3 3 30 43.72
UPFC (¢ =2,n=2,a=1,b=1) 10 3 39 348.06
PFCM (K =1,q=2,n=2,a=1,b=1) 3 3 24 37.27
PFCM(K =1,g=2,n=2,a=1,b=1) 10 3 52 395.27
H2NMF 3 3 - 6.35
H2NMF 10 10 - 14.31
KNNCLUST (K = 1200) - 10 8 3205.7
APCM (a = 2) 3 3 16 46.23
APCM (o =1) 10 3 24 350.61
SPCM 3 2 24 102.86
SPCM 10 3 69 1071.2
SAPCM (o = 1) 3 3 16 82.13
SAPCM (o = 1) 10 3 30 473.47
L-SAPCM (1stlayer: o = 1, 2nd layer: a = 5) 3 5 248 386.56
O-kmeans (z = 0.05) 3 3 - 2.04
O-kmeans (z = 0.05) 10 10 - 2.30
O-APCM (e = 0.8, &£ = 1) 3 5 - 3.07
O-APCM (e = 0.5, &£ =1) 10 5 - 3.05

for the UPC, UPFC and PFCM algorithms, which are able to detect three clusters, splitting
the “Dust” class into two sub-clusters and merging one of them with “Water” class into a
single cluster, thus failing to distinguish the latter class (see Figs. 7.1(j), (k), (I), respec-
tively). The H2NMF hierarchical algorithm succeeds in identifying correctly the three main
classes in remarkably short time (Fig. 7.1(m)). However, it was unable to further distin-
guish the sub-clusters incorporated in the “Dust” class. On the other hand, KNNCLUST
algorithm fails to detect the underlying clustering structure, and besides, it takes too long
time to converge (Fig. 7.1(n)). In Figs. 7.1(0) and (q), the APCM and SAPCM algorithms
are depicted, respectively, which also perform similar to k-means and FCM, when the lat-
ter are executed with m;,; = 3. Specifically, they split the “Dust” class into two clusters
“Dust 1” and “Dust 2”, however they fail to distinguish the “Water” class (which is incorpo-
rated with “Dust 1” cluster). The SPCM algorithm behaves similarly, but the “Water” class
is incorporated with “Dust 2” cluster (see Fig. 7.1(p)). L-SAPCM, performing a clustering
of two layers, manages to distinguish the “Water” class, while at the same time, splits the
“Dust” class into the three sub-clusters discerned in the second PC component (see the
clustering result of the 1st layer of L-SAPCM in Fig. 7.1(r) and the final result (2nd layer) in
Fig. 7.1(s)). Finally, concerning the online clustering algorithms O-kmeans and O-APCM,
the former behaves as the k-means (Fig. 7.1(t)), however in significantly less time, while
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I Unassigned I Grapes 1 [l Broccoli [ Fallow 1 Fallow 2 Fallow 3 Stubble 1 Celery 1 Grapes 2 [l Celery 2 Il Stubble 2

(b) 4th PC (c) Ground truth

e - = o

(@) FCM ® PCM (@) UPC

the latter concludes to a five-cluster clustering result, identifying correctly all classes, as
well as the sub-classes of the “Dust” class at a very short time (Fig. 7.1(u)).

7.3 Case Study 2: Salinas Valley

This data set depicts a subscene of size 220 x 120 of the flightline acquired by the AVIRIS
sensor over Salinas Valley, California [89]. The AVIRIS sensor generates 224 spectral
bands across the range from 0.2 to 2.4 pm with a spectral resolution of approximately
10nm and a spatial resolution of 3.7m. The number of bands is reduced to 204 by removing
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I Unassigned I Grapes 1 [ Broccoli [ Fallow 1 Fallow 2 Fallow 3 Stubble 1 Celery 1 Grapes 2 [l Celery 2 Il Stubble 2
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¥ o

h) UPFC. (i) PFCM (i) H2NMF (k) KNNCLUST

(o) L-SAPCM (1st layer)

(|) APCM (m) SPCM (n) SAPCM

20 water absorption bands. A total size of NV = 26400 samples-pixels are used, stemming
from 7 ground-truth classes: “Grapes”, “Broccoli”, three types of “Fallow”, ‘Stubble‘ and
“Celery”, denoted by different colors in Fig. 7.2(c). Note that there is no available ground
truth information for the dark blue pixels in Fig. 7.2(c)?. Itis also noted that Figs. 7.2(d)-(r)
depict the best mapping obtained by each algorithm taking into account not only the “dry”

performance indices, but also their physical interpretation.

As it can be deduced from Fig. 7.2 and Table 7.2, when k-means and FCM are initialized

2Note that the last three colors in the color bar on the top of Fig. 7.2 are used in the cases where (one or
more of) the classes “Grapes”, “Celery” and “Stubble” are split by the considered algorithm.
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I Unassigned I Grapes 1 [l Broccoli [ Fallow 1 Fallow 2 Fallow 3 Stubble 1 Celery 1 Grapes 2 [l Celery 2 Il Stubble 2

(p) L-SAPCM (2nd (q) O-kmeans (r) O-APCM
layer/final)

Figure 7.2: (a) 1st PC, (b) 4th PC, (c) ground truth of the Salinas Valley HSI cube and the
corresponding clustering results of (d) k-means (m = 7), () FCM (m = 7), (f) PCM (m = 15),
(g) UPC (m = 15), (h) UPFC (m = 15), (i) PFCM (m = 15), (j) H2NMF (m = 7), (k) KNNCLUST
(K = 1000), (I) APCM (m = 15), (m) SPCM (m = 15), (n) SAPCM (m = 15), (o) L-SAPCM (1st
layer, m = 15), (p) L-SAPCM (2nd layer/final, m = 15), (q) O-kmeans (m = 7) and (r) O-APCM
(m = 15).

with m;,; = 7, they actually split the “Stubble” class into two clusters and merge the “Fal-
low 1” and “Fallow 3” classes (Figs. 7.2(d),(e)). The PCM and SPCM algorithms fail to
uncover more than 5 discrete clusters, merging the three different types of the “Fallow”
class (Figs. 7.2(f),(m)). The UPC and UPFC algorithms are able to detect up to 6 clusters,
merging the “Fallow 1” and “Fallow 3” classes (Figs. 7.2(g),(h),(m)). PFCM, after exhaus-
tive fine tuning of its parameters, manages additionally to distinguish two types of “Celery”
(Fig. 7.2(i)), compared to UPC, UPFC and SPCM, although this information is not reflected
to the ground-truth labeling; however, it is justified taking into account the 1st or 4th PC
(Figs. 7.2(a)-(b)). The same result is achieved by KNNCLUST algorithm (Fig. 7.2(k)). The
H2NMF algorithm, when it is initialized with m;,,; = 7, manages to distinguish a part of “Fal-
low 1” class from “Fallow 3”, however, it misses “Fallow 2” class. In addition, it merges
“Celery” class with “Broccoli” class, thus failing to detect the latter. APCM, SAPCM, L-
SAPCM and O-APCM are the only algorithms that manage to distinguish the “Fallow 1”
from the “Fallow 3” class, while at the same time they do not merge any other of the
existing classes (Figs. 7.2(1),(n),(p),(r)). Finally, the O-kmeans algorithm concludes to a
decreased performance merging “Fallow 1” with “Fallow 3” class and mingling “Grapes”
class with “Celery” (Fig. 7.2(q)).

Let us focus for a while on the “Celery” class. This class is formed by two similar yet
distinguished from each other “subclasses”, although this is not reflected to the ground-
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Table 7.2: Clustering results for the Salinas Valley HSI cube

Mini M final RM SR Iter Time

k-means 7 7 93.75 | 79.89 25 18
k-means 15 15 89.90 | 59.18 28 60
FCM 7 7 93.18 | 75.31 99 23
FCM 15 15 89.75 | 57.89 | 137 67
PCM 7 4 88.09 | 69.37 28 52
PCM 15 5 92.75 | 80.84 29 100
UPC (¢ = 4) 7 3 80.97 | 57.43 38 27
UPC (¢ = 4) 15 6 95.61 | 86.21 48 85
UPFC (4 =4,n=2,a=1,b=15) 7 3 80.98 | 57.43 38 31
UPFC (¢ =5,n=2,a=1,b=3) 15 6 95.67 | 86.31 45 93
PFCM (K =1,q=2,n=2,a=1,b=17) 7 3 80.98 | 57.44 | 349 148
PFCM (K =1,q=3,n=2,a=1,b=2) 15 7 94.17 | 76.86 | 162 186
H2NMF 7 7 89.03 | 72.23 - 2.03
H2NMF 15 15 92.14 | 70.34 - 297
KNNCLUST (K = 1000) - 6 93.63 | 82.10 3 164.31
APCM (a = 4) 7 6 95.45 | 85.92 82 50
APCM (a = 3) 15 8 95.91 | 85.85 | 191 160
SPCM 7 5 92.73 | 81.19 35 52
SPCM 15 5 93.33 | 81.79 47 151
SAPCM (a = 2) 7 6 95.85 | 86.51 71 84
SAPCM (o = 1.8) 15 9 95.25 | 83.40 | 223 369
Il_jEiS)APCM (1st layer: o = 1.8, 2nd layer: a = 15 10 9337 | 7802 | 758 561
O-kmeans (z = 0.05) 7 7 90.34 | 76.06 - 1.11
O-kmeans (z = 0.05) 15 15 90.68 | 65.10 - 1.25
O-APCM (e =0.2, £ =1) 7 8 94.26 | 85.47 - 1.22
O-APCM (e =0.12, £ = 1) 15 8 95.38 | 89.33 - 0.97

truth labeling (note however that this can be deduced from the 1st PC, as well as the 4th PC
component in Fig. 7.2(a),(b)). These subclasses are likely to form two spectrally closely
located clusters. It is important to note that only PFCM, KNNCLUST, APCM, SAPCM and
L-SAPCM succeed in identifying each one of them. The fact that this is not reflected in
the ground-truth labeling causes a misleading decrease in the SR performance of these
five algorithms. Similar comments hold for the “Grapes” class, after the inspection of the
4th PC component in Fig. 7.2(b). However, in this case, only the SAPCM and L-SAPCM
algorithms succeed in unravelling this situation.

7.4 Case Study 3: Washington DC Mall

This dataset is a part of the HSI flightline acquired by HYDICE over Washington DC Mall
[90] that includes the Lincoln Memorial. The HYDICE sensor generates 210 spectral
bands across the range from 0.4 to 2.5.m with a spectral resolution of 10nm and a spatial
resolution of approximately 1m. The number of bands is reduced to 191 after removing
noisy bands. The size of the HSI is 150x 150 that results to a total size of N = 22500
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pixels. Note that there is no available ground truth labeling, however, exploting a refer-
ence map given in [94] and the 1st PC (Fig. 7.3(a)), we conclude that the pixels stem from
five classes: “Trees”, “Grass”, “Road”, “Water/Shadow” and “Roof”. Figs. 7.3(b)-(r) depict
the mapping obtained by the algorithms after fine tuning of their parameters, shown in
Table. 7.3, where the above classes are depicted by dark green, light green, gray, blue
and beige, respectively.

| B Trces [ ] Grass [ Road I \Water/Shadow [ | Roof|

(a) 1st PC (b) k-means

(c) FCM (d) PCM

As it can be deduced from Figs. 7.3(b),(c) and Table 7.3, even when k-means and FCM
are initialized with the actual number of clusters (m;,; = 5), they split the “Grass” class
into two clusters and merge the “Water/Shadow” with the “Road” class (Figs. 7.3(b),(c)).
Similar results are achieved by UPC and UPFC, when they are initialized with m;,,; = 5
(Figs. 7.3(e)(9)). The PCM and SPCM algorithms fail to unravel the underlying cluster-
ing structure, both concluding a degraded two-cluster result (Figs. 7.3(d)(m)). The PFCM
algorithm is able to detect 4 clusters, missing the “Roof” class (Fig. 7.3(i)). The H2NMF
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| B Trces [ ] Grass I Road I \Water/Shadow [ | Roof|

(e) UPC (m,; = 5) (f) UPC (m;,; = 10)
(9) UPFC (m; = 5) (h) UPFC (my,; = 10)
(i) PFCM (i) H2NMF
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| B Trces [ ] Grass [ Road I \Water/Shadow [ | Roof|

(k) KNNCLUST () APCM
(m) SPCM (n) SAPCM
(o) L-SAPCM (1st layer/final) (p) O-kmeans
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| B Trces [ | Grass [ Road I Water/Shadow [ ] Roof|

(q) O-APCM (1n;,; = 5) (r) O-APCM (1n;,,; = 10)

Figure 7.3: (a) 1st PC, (b) k-means (m = 5), (¢) FCM (m = 5), (g) FCM (m = 5), (d) PCM (m = 5),
(e) UPC (m = 5), (f) UPC (m = 10), (g) UPFC (m = 5), (h) UPFC (m = 10), (i) PFCM (m = 10),
(i) H2NMF (m = 5), (k) KNNCLUST (K = 1500), (I) APCM (m = 10), (m) SPCM (m = 10), (n)
SAPCM (m = 10), (o) L-SAPCM (1st layer/final, m = 10), (p) O-kmeans (m = 5), (q) O-APCM
(m = 5) and (r) O-APCM (m = 10).

algorithm merges the “Water/Shadow” with the “Road” class and splits the “Grass” class
into three clusters (Fig. 7.3(j)). The APCM algorithm manages to distinguish correctly
four classes, without splitting to more than one piece any of them, but fails to uncover
the “Roof” class that is incorporated in “Grass” class Fig. 7.3(1). The UPC (m,; = 10),
UPFC (m,; = 10), KNNCLUST, SAPCM, L-SAPCM, O-kmeans and O-APCM succeed in
identifying accurately all the underlying classes, without splitting or merging any of them
(Figs. 7.3(k),(n)-(r)). Moreover, the last two online algorithms (O-kmeans, O-APCM) run
at significantly short time. Finally, it is remarkable that O-APCM manages to identify cor-
rectly the underlying clustering structure independently of the initial number of clusters
(mn;). Specifically, note that in case O-APCM is initialized with m,,; = 10, concludes to
six clusters, distinguishing correctly all classes and moreover it identifies a sixth cluster
corresponding to “Shadow”; distinguishing the latter from the “Water” class (see black-
coloured pixels in Fig. 7.3(r)).

Concluding this chapter, we notice that the proposed algorithms exhibit, in general, su-
perior or, at least, comparable performance with respect to several well-known relative
algorithms, in identifying with accuracy the underlying clustering structure in all three case
studies. Moreover, we highlight the fact that L-SAPCM and O-APCM are able to detect in
high detail and precision sub-clusters of which a physical class may be consisted. Finally,
it is important to note that none of the proposed algorithms, independently of the given
initial number of clusters, splits a physical cluster into two or more clusters. This may be
a consequence of the fact that due to their possibilistic nature, the proposed algorithms
do not impose a clustering structure but rather (ideally) identify “dense in data” regions
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Table 7.3: Clustering results for the Washington DC Mall HSI cube

Ming M final lter Time
k-means 5 5 12 37.50
k-means 10 10 34 432.79
FCM 5 5 133 32.31
FCM 10 10 716 392.50
PCM 5 2 60 47.91
PCM 10 2 75 381.57
UPC (¢ = 2) 5 5 184 86.65
UPC (¢ = 2) 10 5 204 508.85
UPFC(¢g=5n=2,a=1,b=1) 5 5 324 199.19
UPFC(g=4,n=2,a=1,b=1) 10 5 227 570.64
PFCM(K =1,g=4,n=2,a=1,b=15) 5 3 238 110.97
PFCM(K =1,g=3,n=2,a=1,b=1) 10 4 332 632.20
H2NMF 5 5 - 2.37
H2NMF 10 10 - 4.76
KNNCLUST (K = 1500) - 5 9 481.73
APCM (o = 3) 5 4 260 158.98
APCM (o = 2) 10 4 288 445.67
SPCM 5 2 69 109.41
SPCM 10 2 91 534.58
SAPCM (a = 3) 5 4 324 374.04
SAPCM (a = 2) 10 5 268 790.59
L-SAPCM (1st layer/final: o = 2) 10 5 268 790.59
O-kmeans (z = 0.01) 5 5 - 1.67
O-kmeans (z = 0.01) 10 10 - 1.76
O-APCM (e =1.3, £ =1) 5 5 - 1.04
O-APCM (e =1.1,¢£=1) 10 6 - 1.27

in the feature space as clusters. This is also observed for almost all possibilistic-based
algorithms used in the present study.
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8. A SPARSITY-AWARE FEATURE SELECTION METHOD FOR
HYPERSPECTRAL IMAGES

8.1 Introduction

A general issue that needs to be addressed in several classification or clustering tasks
is that of feature selection; that is, selecting from a set of available features, used for the
representation of the involved entities, the most “informative” ones. In this section, we
focus on the HSIs case and we propose a new feature selection method for HSIs. In this
context, the entities to be processed are the pixels, which are represented by their spectral
signatures (vectors containing the spectral values in the observed bands). Although, there
are several available measurements for each HSI pixel (due to the large number of the
considered bands) which, in principle, may be a desirable fact, this may also become a
source of problems. This is due to the high correlation (mainly) between adjacent bands,
as well as to the noise contained in them. This, in turn, may affect the performance of any
adopted clustering methodology for identifying homogeneous regions in a given HSI.

The proposed spectral band selection method selects only a small subset of the available
bands that are suitable for cluster identification. The selected bands exhibit significant dis-
crimination ability among different kinds of HSI pixels and their choice has also a physical
interpretation. The proposed procedure is based on the optimization of a suitably de-
fined sparsity promoting cost function. This allows classification or clustering algorithms
to provide results of the same quality compared to cases where all spectral bands are
used, while, in some cases, it allows the unravelling of some less-obvious patterns. Ex-
perimental results on real data have shown remarkable quality of the clustering produced
by considering only the selected by the proposed method bands, compared to the case
where all bands are used.

8.2 The Feature Selection Method

Let X = {x; € RF,i = 1,..., N} be the set of N = n, - n,, L-dimensional data vectors
(spectral signatures), each one corresponding to a pixel of the n; x ny HSI under study (L
is the number of the involved bands).

First, we construct the N x N symmetric distance matrix, Dy, containing all the squared
Euclidean distances’ between any pair of points, based on all bands and then, we deter-
mine the L N x N distance matrices D,, r = 1, ..., L, taking each time into account only
the corresponding band r. That s, in D,., the distances among the data points will be equal
to the squared difference of their rth spectral band values. In the sequel, we vectorize Dy
columnwise, thus producing a N?-dimensional column vector, termed y = vec(Dy). The

'Note that ||x; — x,]||2 denotes the squared Euclidean distance between vectors x;, x;, while |2{" — x;r) |2
r) )

denotes the squared absolute difference between the scalars xE , xy :
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Figure 8.1: Graphical illustration of the adopted problem formulation for a toy 3x3 HSI (N = 9).

same is applied to all D,’s, producing the corresponding N2-dimensional column vectors,
denoted by a,, r = 1,...,L. These a,’s are stacked together to form a N? x L matrix
A. Apparently, y = A1, where 1 is the all ones column vector. The whole problem for-
mulation is illustrated in Fig. 8.1. In HSIs, it is expected that several spectral bands (and
their corresponding a,’s) will not contribute significantly to y, since the values of almost all
HSI pixels in each one of these bands will be very close to each other. Motivated by this
observation, we propose the formulation

L
y=Aw+v=> w.a, +V, (8.1)

r=1

where w = [wy,...,wr]T isa L x 1 sparse weight vector and the reconstruction error term
v accumulates the contributions of the “less-significant” spectral bands. Note that the non-
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zero components of w weight the most significant (for clustering) columns (bands) of A,
while its zero components annihilate the less significant ones. In order to estimate the
sparse vector w, we adopt the celebrated lasso minimization criterion [95]

min{|ly — Aw|[ + AJ|w[|:}. (8.2)

where )\ is a regularization parameter and ||.||1, ||.||> denote the [; and [, distances, respec-
tively. The above formulation imposes sparsity on w, via the inclusion of its /; norm in the
cost function to be minimized. Then, the spectral bands that correspond to the non-zero
components of w are retained and used to form the HSI pixel feature vector that will be
used subsequently in the classification or clustering task (see Fig. 8.2).

Figure 8.2: Graphical illustration of the procedure that forms the HSI pixel feature vectors using the
spectral bands that correspond to non-zero components of w.

In order to solve the above minimization problem, we adopt the Bi-ICE algorithm, proposed
in [96], which does not require any parameter fine tuning and works well even for highly
correlated data (as is expected to be the case for the columns of A). Note that Bi-ICE does
not, in general, force some w,’s to be exactly zero, but rather imposes to them very small
values. Thus, an appropriate threshold ¢ should be defined so that, after the convergence
of Bi-ICE, the w,’s that are less than ¢ are set to zero.

8.3 An extension for large HSI data sets

Although the proposed formulation for feature selection is valid in the HSI clustering frame-
work, it exhibits a significant problem when it is used even for data sets of moderate size.
More specifically, the dimensionality of the vectors y and a,’s is N2, which is very large,
even for moderate values of N. Thus, solving the lasso may become computationally
prohibitive, especially in terms of memory requirements.

In the sequel, we show how the proposed method can be extended for medium-size or
large-size HSIs. Specifically, first, we split the original HSI (X)) into K smaller equal-sized
HSIs with X, ..., X being their corresponding sets of data vectors, each one of size,
say m, and X = UK X, (see Fig. 8.3). As a result, the associated y’s and a,’s will be of
size m? in each subimage, with m chosen so that the resulting problem can be handled
using the available computational resources. Then, for each such set X, k = 1,.... K,
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Figure 8.3: An example that an HSI cube is split into X' = 9 smaller equallised HSls.

we solve the above lasso minimization problem and let F, denote the set of selected
features for the corresponding set X;.. Note that the rth feature is included in Fy, if w, > t,
where t is the user-defined threshold mentioned before. In the sequel, we compute the
frequency of occurrence, p,, of the rth feature in all the F’s, £ = 1,..., K. The final set
of features F’, concerning the whole data set X, will comprise those features for which
pr>b,r=1,...,L,where b € [0,1] is a user-defined constant and indicates the minimum
required frequency of occurrence of a feature in all sets F, ..., Fi. Clearly, the larger the
b, the less features are likely to be included in F.

8.4 Experimental Results

The proposed method is assessed through tests performed on an 150x 150 HSI dataset
from a rural area in Salinas California. This dataset is a part of a scene of the flightline ac-
quired by the AVIRIS sensor over Salinas Valley, California with 204 bands (after removal
of 20 noisy bands). Salinas classification used as reference contains eight vegetation
classes: Cs-1 and Cs-2 (two types of “broccoli”), Cs-3 (“grapes”), Cs-4 (“corn”) and Cs-5
- Cs-8 (four types of “lettuce”), (see Fig. 8.6(a)). The aim here is to apply the proposed
methodology, in order to get a reduced set of features and then to run a clustering algo-
rithm (APCM, see chapter 3) on both the complete and reduced feature vector sets, in
order to assess the impact of the proposed methodology.

In Experiment 1, the proposed band selection method was applied on a 40 x40 sub-image
of the HSI under study that includes the four “lettuce” classes Cs-5 - Cs-8. The method
selected 24 out of the 204 bands (for ¢ = 0.1) as the most significant ones for clustering
(Fig. 8.4). Then, the APCM clustering method [54] (with m;,;=10, a=1) was applied for
(i) all the 204 bands and (ii) the 24 selected bands. In both cases, five clusters are dis-
tinguished, as shown in Fig. 8.5(b) and Fig. 8.5(c), respectively, giving both SR=99.25%.
Three clusters CI-5, CI-7, CI-8 correspond to the three reference classes Cs-5, Cs-7, Cs-8,
while the reference class Cs-6 is divided into clusters Cl-6a and CI-6b. This can be ex-
plained by the different spectral pattern of the latter within bands 25-40, which, however,
present the same diagnostic absorption features in position and depth at higher wave-
lengths, indicating thus the same species over the same soil with different abundances in
the pixel.
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Figure 8.4: The 5 mean cluster signatures of Experiment 1 and the 24 selected bands (marked with
red lines).

-,

(a) Reference image (b) All bands clustering (c) 24 selected bands clustering
(99.25%) (99.25%)

Figure 8.5: Results of Experiment 1. (a) The reference classified image. The clustering results
obtained from APCM (m;,; = 10, « = 1), when (b) all bands are used (5 clusters), (c) only the 24
selected bands are used (5 clusters). Labels in (a) correspond to classes (Cs) and in (b),(c) to clusters
(Cl).

Fig. 8.4 shows the mean spectral signatures of the 5 clusters identified in Experiment 1,
as well as the 24 bands selected by our method. It is interesting to note that most of
them are located in the VNIR area (bands 20-60) over characteristic vegetation features.
Significant bands are located either in the maximum absorption depth of typical vegetation
features, such as the red absorption and the infra-red water absorptions, or in abrupt
reflectance changes such as the red edge pattern (680-750nm). It must be noted here,
that the algorithm does not necessarily select all the bands where significant differentiation
between signatures occurs (for example, bands 68 to 72).

In Experiment 2, the extended version of the proposed band selection method was ap-
plied to the whole 150x 150 HSI image (as aforementioned, with eight classes) and 33
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(a) Reference image (b) All  bands clustering (c) 33 selected bands clustering
(92.01%) (91.82%)

Figure 8.6: Results of Experiment 2. (a) The reference classified image. The clustering results
obtained from APCM (m,,,; = 20, a = 2), for (b) all bands (9 clusters), (c) for the 33 selected bands
(10 clusters).

bands were selected (for t = 0.2 and b = 0.5). Then, clustering via the APCM algorithm
(m;n;=20, a=2) was performed using (i) all spectral bands (Fig. 8.6(b), SR=92.01%) and
(i) the 33 selected bands (Fig. 8.6(c), SR=91.82%). As shown in Fig. 8.6, in both cases
the results provided additional information compared to the reference classes. In particu-
lar, both distinguished CI-6a and CI-6b for Cs-6, while CI-7 corresponds to the whole Cs-7
and a compact rectangular region of Cs-4. Also, we have additional spectral presence of
Cl-6a at the right edge of the Cs-4 area. Furthermore, the clustering using the 33 selected
bands provided additional information on Cs-2, as shown in Fig. 8.6(c) in the form of a new
cluster CI-2b (named “soil/plant”) appearing in linear stripes within the Cs-2 area (upper
right part of the image). This seems to correspond to mixed vegetation/soil pixels with
higher spectral participation of soil in the overall spectral signature of the pixel.

8.5 Conclusion

In this chapter, a novel sparsity-aware feature selection method for HSI clustering is pre-
sented, which is based on the optimization of a sparsity promoting cost function. The
proposed method is likely to select less correlated bands, which, in principle, will help
subsequent classification or clustering tasks in identifying patterns that are not identified
using the whole bands information. Finally, the proposed method was tested in the clus-
tering framework and gave results of the same quality with those produced in the case
where the full pixels’ spectral signatures are used.
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9. CONCLUSION AND FUTURE DIRECTIONS

In the present thesis, we have addressed the task of clustering within the possibilistic
framework, introducing three novel features: parameter adaptivity, sparsity and online
processing. Although the resulting algorithms are of generic nature, in this thesis they are
mainly applied for hyperspectral image (HSI) processing, aiming at the identification of ho-
mogeneous regions in HSIs. In this concluding chapter, we review the main contributions
of the thesis and we discuss some directions for future research.

9.1 Summary

The first contribution of the thesis is a novel clustering scheme, called Adaptive Possi-
bilistic C-Means (APCM) (chapter 3), whose main feature is that its involved parameters
~’s, after their initialization, are properly adapted at each iteration of the algorithm. This
renders APCM more flexible in tracking the variations in the cluster formation occurring as
the algorithm evolves. Specifically, in contrast to most state-of-the-art possibilistic clus-
tering algorithms, APCM is able to uncover the underlying clustering structure, even in
cases where the physical clusters are closely located to each other and/or have signif-
icant differences in their variances. In addition to the above, as direct consequence of
the adaptation mechanism embedded in APCM, a long-standing issue in the clustering
literature is overcome. In particular, APCM is equipped with a cluster elimination mecha-
nism, which makes it capable to reveal the actual number of physical clusters formed by
the data set under study, as well as the clusters themselves, provided that the algorithm
starts with an overestimate of it. In addition, theoretical results that are indicative of the
convergence behavior of APCM, are also provided. Finally, the provided experimental
results show that APCM exhibits superior clustering performance compared to several
related algorithms and in particular the conventional PCM.

As another direction in expanding the possibilistic clustering framework, we considered the
issue of sparsity. The sparsity hypothesis is supported by the fact that, in practice, a data
point may be compatible with only one or a few (or even none) clusters. To this end, our
research efforts have focused on inducing sparsity on the vectors containing the degrees
of compatibility of each data point with the clusters, giving rise to the so called Sparse
Possibilistic C-Means (SPCM) algorithm (chapter 4). SPCM exhibits increased immunity
to the presence of data points that may be considered as noise or outliers, by not allowing
them to contribute to the computation of the cluster representatives. Thus, the exploitation
of sparsity makes SPCM capable in dealing well (in principle) with closely located clusters
that may also be of different densities. This, in turn, implies that SPCM ends up with more
accurate estimates for the cluster representatives, compared to other related possibilistic
algorithms, especially in noisy environments. Finally, a rigorous convergence analysis of
SPCM has been also conducted, which shows that the iterative sequence generated by
SPCM converges to a local minimum of its associated cost function. The proof is not trivial
with the main source of difficulty, compared to those given for previous possibilistic algo-
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rithms, being the lack of continuity of the updating formula of the degrees of compatibility,
which is actually a two-branch expression. This theoretical analysis applies also trivially
to the conventional PCM algorithm [10], leading to much stronger convergence results,
compared to those given in the literature.

The next step was an effort towards the combination of the main features of the APCM
and SPCM algorithms into a single scheme. The resulting algorithm, called Sparse Adap-
tive Possibilistic C-Means (SAPCM) (chapter 5), inherits all the advantages of APCM and
SPCM, being able to deal well with even more challenging situations, where clusters may
be of significantly different variances and/or densities, and exhibiting robustness to out-
liers. More specifically, SAPCM has the ability (a) to cope well with closely located clusters
with possibly different densities and/or variances, (b) to determine the number of natural
clusters and (c) to improve even more the estimates of the cluster representatives com-
pared to SPCM and APCM. The overall advantages of SAPCM, compared to other related
algorithms, are verified via extensive experimentation.

Continuing with our tour in the thesis, we met next two variants of SAPCM (chapter 5).
The first one is called Sequential Sparse Adaptive Possibilistic C-Means (SeqSAPCM) al-
gorithm and is an iterative bottom-up version of SAPCM. Specifically, SeqSAPCM, which
adopts SAPCM as its structuring element, begins with two clusters and proceeds by ex-
amining at each iteration whether a new cluster can be formed. Thus, it unravels sequen-
tially the underlying clustering structure. The basic advantage of SeqSAPCM is that it
does not require an initial (over)estimation of the number of clusters, like APCM, SPCM
and SAPCM. The second variant of SAPCM, called Layered Sparse Adaptive Possibilistic
C-Means (L-SAPCM) algorithm, also utilizes SAPCM as its structuring element (yet in a
different way than that of SeqSAPCM) and works in layers. Specifically, the SAPCM algo-
rithm is initially applied on the whole data set and then it is recursively applied separately
on each resulting cluster, in order to reveal possible clustering structure within it, working
as in a tree structure basis. The L-SAPCM algorithm terminates when none of the so far
produced clusters contains further clustering structure within it. L-SAPCM, due to its phi-
losophy, can distinguish very closely located clusters that lie at different “resolutions” in
the feature space (i.e. in cases where the variances of the clusters may differ orders of
magnitude from each other). This feature has been confirmed experimentally on HSI data,
where clusters with variances differing orders of magnitude from each other may appear.

The most well-known clustering schemes, as well as the so far discussed ones, operate
in a batch mode, that is, they need to consider the whole data set at each iteration before
updating their parameters. Thus, they turn out to be extremely demanding in terms of
computational complexity when processing large sized and/or high dimensional data sets
(e.g., HSIs). The above issue was the motivation to explore the possibility of transforming
the proposed batch clustering schemes to online, where data points are processed one-by-
one. To this end, we developed an efficient online version of the APCM algorithm, called
Online Adaptive Possibilistic C-Means (O-APCM) (chapter 6), which embodies three new
procedures for (a) generating, (b) merging and (c) deleting clusters dynamically, as new
data points become available. Instead of storing and using the whole data set, O-APCM
processes data vectors one by one and memorizes their impact to suitably defined pa-
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rameters. As a result, it is much more computationally efficient and has very low memory
requirements with no degradation on the resulting clustering quality, compared to its batch
counterpart. This makes O-APCM a good candidate for clustering of big data sets, whose
size and dimensionality are prohibitive for batch algorithms. It is worth highlighting that
O-APCM can be utilized for applications in both stationary, as well as dynamically vary-
ing environments, where the centers of the physical clusters may change their location
in data space over time. Experimental results show that O-APCM offers high discrimina-
tion capability at a very low computational cost, in both static and dynamically changing
environments.

After the presentation of the new clustering algorithms, a comparative study of all of them
with several other related algorithms is performed, on the basis of HSIs processing (chap-
ter 7). Specifically, three HSIs depicting areas with totally different land cover are used.
The obtained results are commented and interpreted on the basis of the nature of the ap-
plication at hand and it is shown that most of the proposed clustering algorithms exhibit
superior performance with respect to other related algorithms.

Departing from the thematic area of clustering and entering to the area of feature selection
that is closely related to it, a sparsity-aware feature selection method suitable for hyper-
spectral data has been developed (chapter 8). The proposed method is based on the
optimization of a sparsity promoting cost function, in order to identify the spectral bands
that are more informative and thus possess the higher discrimination capability. Experi-
mental results on real data have shown remarkable quality of clustering, resulting from a
certain algorithm, considering only the selected features/bands.

9.2 Future Directions

The present thesis has opened up several possible directions for future work, as it is
described in the sections to follow.

9.2.1 Further Extensions on the Proposed Algorithms

In all clustering possibilistic algorithms in the bibliography, as well as those proposed in
the present thesis, each cluster is associated with a parameter ~ that is a measure of its
variance around its representative. This parameter actually defines a hypersphere around
the representative of the cluster and, as a consequence, the presence of hyperspherically-
shaped clusters is implied. Therefore, in the case where e.g. hyperellipsoidally-shaped
clusters are considered, a single parameter like v cannot capture the variance around
the representatives in the various directions. One way to address this issue would be to
model each cluster with a hyperellipse centered on its cluster representative, at the cost of
inserting more parameters per cluster which, in turn, need to be estimated. It is expected
that this approach will work efficiently only for low dimensional data sets.

In chapter 6 we presented an online implementation of the APCM algorithm, named O-
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APCM, that requires very low memory and computation time compared to a batch imple-
mentation. Another research possibility would be the online implementation of the SAPCM
algorithm (O-SAPCM), aiming at exploiting its sparsity-promoting characteristic in a se-
quential framework, in order to reduce significantly the required computational burden. In
addition, an online implementation of the proposed layered sparse adaptive possibilistic c-
means clustering algorithm, L-SAPCM, is a further interesting extension, that may lead to
a layered online sparse adaptive possibilistic c-means clustering algorithm, L-OSAPCM.
In particular, L-OSAPCM algorithm may perform online clustering at each layer employ-
ing, e.g. O-SAPCM as its structuring element, thus inheriting all the advantages of a
layered clustering scheme and, additionally, reducing significantly the computational time
and complexity.

9.2.2 Subspace Possibilistic Clustering

In certain applications, the data vectors are aggregated along subspaces of the (usually
high dimensional) feature space. Subspace clustering aims at finding a multi-subspace
representation that best fits a collection of data points taken from a high dimensional
space. The problem here is not only to identify the clusters themselves but also the sub-
spaces where these clusters live. In this spirit, an extension of possibilistic clustering that
is worth to be investigated, is under the framework of subspace clustering. Specifically,
the development of subspace possibilistic clustering algorithms that aim at the identifica-
tion of the clusters along with the subspaces where they live, enriched with the features
of adaptivity and sparsity introduced in this thesis, is a very challenging future research
topic.
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ABBREVIATIONS

Abbreviation

Meaning

ABC
AMPCM
APCM
AVIRIS
Bi-ICE
FCLS
FCM
GMVQ
GRM
HSI
HYDICE
i.i.d
L-SAPCM
MD

MRF
O-APCM
OMEGA

PCM
PFCM
SAPCM
SEM
SeqSAPCM
SPCM
SR
SSC
SWIR
UPC
UPFC
VNIR

Artificial Bee Colony

Automatic Merging Possibilistic Clustering Method
Adaptive Possibilistic C-Means

Airborne Visible/Infrared Imaging Spectrometer
Bayesian Inference Iterative Conditional Expectations
Fully Constrained Least Squares

Fuzzy C-Means

Gauss Mixture Vector Quantization

Generalized Rand Measure

HyperSpectral Image

HYperspectral Digital Imagery Collection Experiment
Independent and identically distributed

Layered Sparse Adaptive Possibilistic C-Means
Mean Distance

Markov Random Fields

Online Adaptive Possibilistic C-Means

Observatoire pour la Minéralogie, I'Eau, les Glaces et
I'Activité

Possibilistic C-Means

Possibilistic Fuzzy C-Means

Sparse Adaptive Possibilistic C-Means

Stochastic Expectation-Maximization

Sequential Sparse Adaptive Possibilistic C-Means
Sparse Adaptive Possibilistic C-Means

Success Rate

Sparse Subspace Clustering

Short-Wave InfraRed

Unsupervised Possibilistic Clustering

Unsupervised Possibilistic Fuzzy Clustering

Visible Near InfraRed







NOTATION

Symbol Meaning

x Scalar

|| Absolute value of a scalar

X Vector

0 Zero vector

1 All ones vector

X Matrix or set

X7 Transpose of matrix X

I; [ x [ identity matrix

| X| Determinant of matrix X

CH(X) Convex hull of set X

[|x]|, ¢,, norm of vector x

N(p,X) Normal distribution with mean p
and covariance matrix X

R Field of real numbers

R [-dimensional space of real numbers

Q

Approximately equal
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APPENDIX A. PROOF OF APCM PROPOSITION

Proposition 1. Let v, =

2
X;—p; X;i—pL;
sz‘i“ij:maxv-:l ..... T and n? = <in:“z‘j_max7“_lw.qm“‘ir i ”J”)
n;

(see eq. (3.5)). Thenn; < ~;.

Proof. Let ¢;; = ||x; — p;]| and q; = [gi1, ..., qin,]”- Then ~} = -L||q;||3 (squared l,-norm)
and 77 = -]la;]17 (squared I;-norm). From the relation between the I, and I, norms (see

e 1/2 1/2
e.g. [71]), itis: [l < nj”ayll> < n)*laslls or a;l|? < njllall3 < nyllaslf? or zlla;li <

nij||qj||§ < njni?quH% or n? <~} < n;n}. Note that for finite n; values, 7 and +} are of the
same magnitude. ]
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APPENDIX B. PROOFS OF SPCM PROPOSITIONS

Proof of Proposition 2. Taking the derivative of f(u;;) with respect to u,;, we obtain

8f(uij> -1 A -1
— 1— Zp(1 = )Pt . B.1

M %p( p)us; (B.1)
Solving 221} — ( with respect to u;; and taking into account that u;; > 0 (by definition),
after some elementary algebraic manipulations we have the following solutions

A =

i

O

Proof of Proposition 3. It suffices to show that %“j) < 0 for uy; € (0, 4] and 8fufzﬂ) > 0
for u;; € [u;;,4+00). Indeed, for u;; € (0,4;;] we have u;; < 1;;, which implies that ul P <
%p(l —p) (from eq. (B.2))or 1 < p(l — p)uj; . From the latter and taking into account

eq. (B.1) again, it follows that 2. “;a)

have u;; > ,;, which, utilizing eq. (B.2), implies that u;; * > Sp(l-p)orl > %p(l—p)ufj_l
df “U)

<0 in U5 € (O,QALW] Slmllarly, for U5 € [aij, +OO) we

From the latter and taking into account eq. (B.1), it follows that > 010N, € [, +00).
Consequently, 4, is the unique minimum of f(u;;), since in [uw, +oo), f(u;;) is increasing
and, as a consequence, ;; is not a minimum of f(u;;). O

Proof of Proposition 4. Itis f(1) = dj; + v;In1+ A\p - 17"t = d;; + A\p > 0. Moreover, it
s £(0) = tm fluy)= lim (dy+Nnuy+ dpuZt) =+ lim [  (ppuly Ny +

uij—>0+ ’U,Z']'—)0+ ul]—>0+

A\p)] = +o0, as it follows from the application of the L’ Hospital rule, since lim —; = +o0

uij—>0+ uij

and lim (% (0 Inuw)_o

uij%O
Taking into account (a) that f(0) > 0 and f(a;) < 0, (b) the continuity of f(u,;;) and
(c) the Bolzano’s theorem, there is at least one u{ Ve € (0,1) : f(uz{jl}) = 0. Moreover,
based on Proposition 3, 22 “;ﬂ < 0 for u;; € (0, uw) thus f(u;;) is decreasing on (0, @;;).

Therefore, there is exactly one u{ b e € (0,145) : f(u ;{]1}) = 0. Similarly, taking into account

(a) that f(a;;) <0and f(1) >0, (b) the continuity of f(u,;) and (c) the Bolzano’s theorem,
there is at least one u{ Ve (W, 1) - f(ufj?}) = 0. Moreover, based on Proposition 3, it is
af(“” > 0 foru;; € (uw, 1), thus f(u,;) is increasing on (u,;, 1). Therefore, there is exactly

one u{} € (4,1) : f(ulh) = 0. Consequently, there are exactly two u},u!? € (0,1)

such that f(u;) =0. O

Proof of Proposition 5. Obviously, if f(u;;) = 0 has two solutions, then f(4;;) < 0. From
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Proposition 4, it is u{l} <y < u{z} Since 8““;] < 0 for u;; € (0,4, and 2“4 > ¢ for
wij € [y, +00) (proof of Proposmon 3), itturns out that f(u;;) is decreasing for u,] (0, 1]
and increasing for u;; € [u,,+00). In addition, it can be easily verified that f(0) > 0
and f(+oc0) > 0. Taking into account these facts, the continuity of f and the fact that

Flhy = flh) = 0, it follows that f(u;;) is positive for u;; € (0,ul}") U (ul?, +00) and
negative for u;; € (u;{]}, 1{]2}) Thus, u{ Y is a turning point for Jspem (O, U) before which
Jspon (0, U) decreases with respect to u;; and after which Jspca (0, U) increases with
respect to u,;;. Therefore, u{ Y is a local minimum of Jspcm(©,U), whereas, employing

similar reasoning, it turns out that u;{]} is a local maximum of Jspcp (0, U). O

Proof of Proposition 6. Let Jspca(0;,u;;) contain the terms of Jspen (O, U) that involve
0;, u;;. According to Propositions 3, 4 and 5, it turns out that if f(a;;) < 0, then the

global minimum of Jspcas (0, u;;) with respect to u,] is ! provided that Jspon (05, u, }) <

ij 7y Pag
Jspen(05,0). However, the Iatter becomes u [dm + ;1N u{2} — it +)\(ufj2})p 1} <0
and taking into account that f( u;; ) = di; + In U»» + Ap(u {2}) = 0, it is equivalent to

ul? [ Ap(ulHPt —; )\(ul{f})l’—l} <0orult > ( (1= p)) =3 Clearly, in the case where

Vi
f(u;;) < 0 and ui{f} < (@)ﬂ it is u;; = 0. Finally, in the case where f(a;;) > 0, it is
f(ui;) >0, for u;; € (0,400). Thus, Jspcn (O, U) increases with respect to u,; in (0, +00)
and, as a consequence, its minimum is achieved at u;; = 0. ]
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APPENDIX C. SPCM CONVERGENCE PROPOSITIONS AND PROOFS

Proposition C1: If K < pe*=7), then R; > 0.

Proof: Substituting A from eq. (4.5) into the definition of Rj? from eq. (4.7) and after some
manipulations, we have

or, smce <1

Straightforward operations show that the positivity of the quantity in parenthesis is equiv-
alent to the hypothesis condition & < pe*(!-?), Q.E.D.

Proposition C2: Itis (XF , u))? < F  u; 8, 1;—2 for u;,u, >0,i=1,... k.

Proof: It is

ZU?HZ > Ui <Zu12+22 L2
1=1 j=i+1 i=1j=1 u;
> (&u;2+&u’2 2uju;) > 0 &
i=1j=it1 Uj Ui
R
— )
i=1 j=i+1 Uit

which obviously holds. Q.E.D.

Proposition C3: Let z* = (u*,0*) € S, corresponding to a certain active set X,. Let also
k
Yy = Y, x Yp be a set of (u,0), such that Yy = {u € M : ||6* — Zglfkluux

i=1 """

< ¢} where

k
6<%\/@ andYeZ{O:OZZZ;:L’“ u € Yy}. Then (a) Y;- is a convex set and (b) J

is a convex function over Y,-.

Proof: (a) Since the domain Y, of u is a cartesian product of closed one-dimensional
intervals, it is convex. In addition, the set Yy is also convex by its definition. Thus Y- is
convex.

(b) We prove that forany z € Y, itis 27 H,2' > 0, VZ' € Y. Following a reasoning similar to
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that in Lemma 7, we end up with the following inequality (with corresponds to eq. (4.49))

/ / k / b !/ / k /U/;2 /
2'Hz > 2) w0 — A wle']|(2e) + (1 - p)vZ; = o(le’])). (C.1)
=1 = =1 "7

Note that the factor 2¢ in the right hand side of the above inequality, results from the fact
that this is the maximum possible difference between two elements in Yy. The discriminant

of &(|16"]]) is
k

k k 2

A =8[8e2(Yup)? — (1 —p)vzu;*z% (C.2)
=1 =1 =1

Proposition C2 and the choice of « guarantee that A is negative, which implies that z'* H,z' >

0 and as a consequence J is convex over Yz-. Q.E.D.

Proposition C4: A data point x has u > 0 with respect to a cluster C' with representative

0 and parameter v or, equivalently, f(u) = 0 has solution(s), if K < %pe(g_“)(l_p), where
_ lx-eJ?

p=""=-.

Proof: According to eq. (4.7), a data point x has v > 0 if and only if |[x — 8> < R? &
Ix — 8| < = (— In 2-2) —p) & u< (— In @ —p), which, using eq. (4.5), gives

p< (= |npez op) e pl-p < - 1226 2-pl-p >h e

6(2—;0(1—1)) > K’Y = K < 'Y 6(2 w)(1-p) . Q.E.D.

Theorem C1 (Leray—Schauder—Tychonoff Fixed point theorem, e.g. [71]): If X C R" is
nonempty, convex and compact and if Z : X — X is a continuous function, there exists
x* € X, such that Z(x*) = x* (fixed point).

S. Xenaki 196



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

BIBLIOGRAPHY

[1]1 R. J. Schalkoff, “Pattern Recognition: Statistical, Structural and Neural Approaches”, Wiley,
New York, NY, 1992.

[2] H. Bunke, “Structural and Syntactic Pattern Recognition”, Chen, Pau & Wang (Eds.) Handbook
of pattern recognition & computer vision, World Scientific, 1993.

[3] P. Sneath and R. Sokal, “Numerical Taxonomy: The Principles and Practice of Numerical Clas-
sification”, London, UK: Freeman, 1973.

[4] J. Ward, “Hierarchical Grouping to Optimize an Objective Function”, Journal of the American
Statistical Association, vol. 58, no. 301, pp. 236-244, 1963.

[5] G. Karypis and E. -H. Han and V. Kumar, “Chameleon: Hierarchical Clustering Using Dynamic
Modeling”, Journal Computer, vol. 32, no. 8, pp. 68-75, 1999.

[6] J. A. Hartigan and M. A. Wong, “Algorithm AS 136: A k-Means Clustering Algorithm”, Journal
of the Royal Statistical Society, vol. 28, pp. 100-108, 1979.

[7] J. C. Bezdek, “A Convergence Theorem for the Fuzzy Isodata Clustering Algorithms”, IEEE
Transactions on Pattern Analysis and Machine Intelligence, vol. 2, pp. 1-8, 1980

[8] J. C. Bezdek, “Pattern Recognition with Fuzzy Objective Function Algorithms”, Plenum, 1981

[9] R. Krishnapuram and J. M. Keller, “A Possibilistic Approach to Clustering”, IEEE Transactions
on Fuzzy Systems, vol. 1, pp. 98-110, 1993.

[10] R. Krishnapuram and J. M. Keller, “The Possibilistic C-Means Algorithm: Insights and Rec-
ommendations”, IEEE Transactions on Fuzzy Systems, vol. 4, pp. 385-393, 1996.

[11] M. Ester and H. -P. Kriegel and J. Sander and X. Xu, “A Density-based Algorithm for Dis-
covering Clusters in Large Spatial Databases with Noise”, in Proceedings of 2nd International
Conference on Knowledge Discovery and Data Mining, pp. 226-231, 1996.

[12] X. Xu, M. Ester and H.-P. Kriegal and J. Sabder, “A Distribution Based Clustering Algorithm
for Mining in Large Spatial Databases”, in Proceedings of 14th International Conference on
Data Engineering (ICDE), 1998.

[13] Hinneburg and D. Keim, “An Efficient Approach to Clustering Large Multimedia Databases
with Noise” , in Proceedings of 4th International Conference on Knowledge Discovery and
Data Mining (KDD), pp. 58-65, 1998.

[14] K. Fukunaga and L. D. Hostetler, “The Estimation of the Gradient of a Density Function, with
Applications in Pattern Recognition”, IEEE Transactions on Information Theory, vol. 21, no. 1
pp. 32-40, 1975.

[15] R. Agrawal and J. Gehrke and D. Gunopoulos and P. Raghavan, “Automatic Subspace Clus-
tering of High Dimensional Data for Data Mining Applications”, in Proceedings ACM SIGMOD
International Conference Management of Data, pp. 94-105, 1998.

[16] E. Elhamifar and R. Vidar, “Sparse Subspace Clustering: Algorithm, Theory, and Application”,
IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 35, no. 11, pp. 2765-
2781, 2013.

197 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

[17] A. L. N. Fred and A. K. Jain, “Combining Multiple Clusterings Using Evidence Accumulation”,
IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 27, no. 6, pp. 835-850,
2005.

[18] S. Theodoridis and K. Koutroumbas, “Pattern Recognition”, 4th edition, Academic Press,
20009.

[19] N. R. Pal and K. Pal and J. M. Keller and J. C. Bezdek, “A Possibilistic Fuzzy C-Means
Clustering Algorithm”, IEEE Transactions on Fuzzy Systems, vol. 13, pp. 517-530, 2005

[20] M. S. Yangand K. L. Wu, “Unsupervised Possibilistic Clustering”, Pattern Recognition, vol. 39,
pp. 5-21, 2006.

[21] K. Treerattanapitak and C. Jaruskulchai, “Possibilistic Exponential Fuzzy Clustering”, Journal
of Computer Science and Technology, vol. 28, pp. 311-321, 2013.

[22] X. L. Xie and G. Beni, “A Validity Measure for Fuzzy Clustering”, IEEE Transactions on Pattern
Analysis and Machine Intelligence, vol. 13, pp. 841-847, 1991.

[23] J-S. Zhang and Y-W. Leung, “Improved Possibilistic C-Means Clustering Algorithms”, IEEE
Trans. on Fuzzy Systems, vol. 12, No. 2, pp. 209-217, 2004.

[24] M. Barni and V. Cappellini and A. Mecocci, “Comments on “A Possibilistic Approach to Clus-
tering™, IEEE Transactions on Fuzzy Systems, vol. 4, pp. 393-396, 1996

[25] H. Timm, C. Borgelt, C. Déring, R. Kruse, “An Extension to Possibilistic Fuzzy Cluster Analy-
sis”, Fuzzy Sets and Systems, vol. 147, pp. 3-16, 2004, doi: 10.1016/j.fss.2003.11.009

[26] F. Masulliand S. Rovetta, “Soft Transition from Probabilistic to Possibilistic Fuzzy Clustering”,
IEEE Transactions on Fuzzy Systems, vol. 14, pp. 516-527, 2006.

[27] Z. Xieand S. Wang and F. L. Chung, “An Enhanced Possibilistic C-Means Clustering Algorithm
EPCM”, Soft Computing, Springer, vol. 12, pp. 593-611, 2008.

[28] X. Wu, B. Wu, J. Sun, H. Fu, “Unsupervised Possibilistic Fuzzy Clustering”, Journal of Infor-
mation & Computational Science, vol. 5, pp. 1075-1080, 2010.

[29] M. S. Yang and K. L. Wu, “A Similarity-Based Robust Clustering Method”, IEEE Trans. on
Pattern Analysis and Machine Intelligence, vol. 26, no. 4, pp. 434-448, 2004.

[30] M. S.YangandC.Y. Lai, “A Robust Automatic Merging Possibilistic Clustering Method”, IEEE
Transactions on Fuzzy Systems, vol. 19, pp. 26-41, 2011.

[31] Y.Y. Liao and K. X. Jiaand Z. S. He, “Similarity Measure based Robust Possibilistic C-means
Clustering Algorithms”, Journal of Convergence Information Technology, vol. 6, no. 12, pp. 129-
138, 2011.

[32] D. Landgrebe, “Hyperspectral Image Data Analysis as a High Dimensional Signal Processing
Problem,” (Invited), Special Issue of the IEEE Signal Processing Magazine, vol. 19, no. 1,
pp. 17-28, Jan. 2002.

[33] G. A. Shaw and H. K. Burke, “Spectral Imaging for Remote Sensing,” Journal of Lincoln Lab-
oratory, vol. 14, no. 1, pp. 3-28, 2003.

[34] C. I. Chang, “Hyperspectral Imaging: Techniques for Spectral Detection and Classification,”
Springer US, Kluwer Academic/Plenum Publishers, New York, 2003.

[35] C. I. Chang, “Hyperspectral Data Processing: Algorithm Design and Analysis,” John Wiley &
Sons, Inc., 2013.

S. Xenaki 198



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

[36] M. Parente and A. Zymnis, “Statistical Clustering and Mineral Spectral Unmixing in Aviris
Hyperspectral Image of Cuprite, NV,” CS2009 report, Dec 2005.

[37] A. Aiyer and K. Pyun and Y. Huang and D. O’Brien and R.M. Gray, “Lloyd Clustering of Gauss
Mixture Models for Image Compression and Classification,” in Image Communication, vol. 20,
pp. 459-485, 2005.

[38] H. Alhichri and N. Ammour and N. Alajlan and Y. Bazi, “Clustering of Hyperspectral Images
with an Ensemble Method Based on Fuzzy C-Means and Markov Random Fields,” Springer
Arabian Journal for Science and Engineering, vol. 39, pp. 3747-3757, 2014.

[39] X. SunandL. Yang and B. Zhang and L. Gao and L. Zhang, “Hyperspectral Image Clustering
Method Based on Artificial Bee Colony Algorithm,” Sixth International Conference on Advanced
Computational Intelligence, China, Oct 19-21, 2013.

[40] X. Sun and L. Yang and L. Gao and B. Zhang and S. Li and J. Li, “Hyperspectral Image
Clustering Method based on Artificial Bee Colony Algorithm and Markov Random Fields,” SPIE
Journal of Applied Remote Sensing, vol. 9, no. 1, pp. 095047(1)-095047(19) , 2015.

[41] S. Bandyopadhyay and U. Maulik and A. Mukhopadhyay, “Multiobjective Genetic Clustering
for Pixel Classification in Remote Sensing Imagery,” IEEE Transactions on Geoscience and
Remote Sensing, vol. 45, no. 5, pp. 1506-1511, May 2007.

[42] K. Deb, “Multi-objective Optimization Using Evolutionary Algorithms”, Chichester, U.K.: Wiley,
2001.

[43] H. Gholizadeh and M. J. V. Zoej and B. Mojaradi, “A Novel Hyperspectral Image Clustering
Method Based on Spectral Unmixing,” IEEE Aerospace Conference, Mar 3-10, 2012.

[44] H. E. Pour and S. Homayouni, “Clustering of Hyperspectral Image using Fuzzy C Spectral
Similarity Measures,” Spiral Journal of Computations and Materials in Civil Engineering, vol. 1,
no. 1, pp. 49-56, 2016.

[45] T. N. Tran and R. Wehrens and L. M.C. Buydens, “KNN-kernel Density-based Clustering for
High-dimensional Multivariate Data,” Elsevier Journal of Computational Statistics & Data Anal-
ysis, vol. 51, pp. 513-525, 2006.

[46] C. Cariou and K. Chehdi, “Unsupervised Nearest Neighbors Clustering with Application to
Hyperspectral Images,” IEEE Journal of Selected Topics in Signal Processing, vol. 9, no. 6,
pp. 1105-1116, 2014.

[47] G. Celuex and J. Diebolt, “The SEM Algorithm: A Probabilistic Teacher Algorithm Derived
from the EM Algorithm for the Mixture Problem”, Computational Statistics Quarterly, vol. 2,
pp. 73-82, 1985.

[48] W. F. Basener and A. Castrodad and D. Messinger and J. Mahle and P. Prue, “A Dynamical
Systems Algorithm for Clustering in Hyperspectral Imagery,” presented at SPIE Algorithms &
Technologies for Multispectral, Hyperspectral, and Ultraspectral Imaging X1V, 2008.

[49] S. Lee and M. M. Crawford, “Hierarchical Clustering Approach for Unsupervised Image Clas-
sification of Hyperspectral Data,” Proceedings of IEEE International Geoscience and Remote
Sensing Symposium, Sept 20-24, 2004.

[50] A. R.S. Marcal and L. Castro, “Hierarchical Clustering of Multispectral Images Using Com-
bined Spectral and Spatial Criteria,” IEEE Geoscience and Remote Sensing Letters, vol. 2,
no. 1, pp. 59-63, 2005.

199 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

[51] N. Gillis and D. Kuang and H. Park, “Hierarchical Clustering of Hyperspectral Images Using
Rank-Two Nonnegative Matrix Factorization,” IEEE Transactions on Geoscience and Remote
Sensing, doi: 10.1109/TGRS.2014.2352857, 2015.

[52] H. Zhang and H. Zhai and W. Liao and L. Cao and L. Zhang and A. Pizurica, “Hyperspectral
Image Kernel Sparse Subspace Clustering with Spatial Max Pooling Operation,” ISPRS - Inter-
national Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences,
vol. XLI-B3, pp. 945-948, 2016.

[53] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “Adaptive Possibilistic Clus-
tering”, IEEE International Symposium on Signal Processing and Information Technology,
pp. 422-427, Dec 2013.

[54] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “A Novel Adaptive Possibilistic
Clustering Algorithm”, IEEE Transactions on Fuzzy Systems, vol. 24, no. 4, pp. 791-810, 2016.

[55] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “Sparse Adaptive Possibilis-
tic Clustering”, IEEE International Conference on Acoustics, Speech, and Signal Processing
(ICASSP), pp. 3072-3076, Florence 2014.

[56] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “Sparsity-aware Possibilistic
Clustering Algorithms”, IEEE Transactions on Fuzzy Systems, vol. 24, no. 6, pp. 1611-1626,
2016.

[57] K. D. Koutroumbas and S. D. Xenaki and A. A. Rontogiannis, “On the Convergence of the
Sparse Possibilistic C-Means Algorithm”, IEEE Transactions on Fuzzy Systems, 2017, to ap-
pear. DOI: 10.1109/TFUZZ.2017.2659739

[58] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “Sequential Sparse Adaptive
Possibilistic Clustering”, SETN 2014: Atrtificial Intelligence: Methods and Applications, pp. 29-
42, 2014.

[59] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis and O. A. Sykioti, “A Layered
Sparse Adaptive Possibilistic Approach for Hyperspectral Image Clustering”, IEEE Interna-
tional Geoscience and Remote Sensing Symposium (IGARSS), pp. 2890-2893, 2014.

[60] K. -C. Wong, “A Short Survey on Data Clustering Algorithms”, 2nd International Conference
on Soft Computing and Machine Intelligence (ISCMI), pp. 64-68, 2015.

[61] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis, “Hyperspectral Image Cluster-
ing Using a Novel Efficient Online Possibilistic Algorithm”, 24th European Signal Processing
Conference (EUSIPCO), pp. 2020-2024, 2016.

[62] S. D. Xenaki and K. D. Koutroumbas and A. A. Rontogiannis and O. A. Sykioti, “A New
Sparsity-Aware Feature Selection Method for Hyperspectral Image Clustering”, IEEE Inter-
national Geoscience and Remote Sensing Symposium (IGARSS), pp. 445-448, 2015.

[63] G. J. McLachlan and K. E. Basford, “Mixture Models: Inference and Applications to Cluster-
ing”, New York: Marcel Dekker, 1988.

[64] S. Z. Selim and M. A. Ismail, “K-means-type Algorithms: a Generalized Convergence The-
orem and Characterization of Local Optimality”, IEEE Transactions on Pattern Analysis and
Machine Intelligence, vol. 6, no. 1, pp. 81-87, 1984.

[65] D. Pelleg and A. W. Moore, “X-means: Extending K-means with Efficient Estimation of the
Number of Clusters”, in Proceedings of the 17th International Conference on Machine Learn-
ing, pp- 727-734, 2000.

S. Xenaki 200



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

[66] G. Hamerly and C. Elkan, “Learning the K in K-Means”, In Neural Information Processing
Systems, MIT Press, 2003.

[67] F. Hoppner, “Fuzzy Cluster Analysis: Methods for Classification, Data Analysis and Image
Recognition”, John Wiley & Sons, 1999.

[68] W. Zangwill, “Nonlinear Programming: A Unified Approach”, Englewood Cliffs, NJ: Prentice-
Hall, ch. 4, 1969.

[69] M. S. Yang and K. L. Wu and J. Yu, “Alpha-cut Implemented Fuzzy Clustering Algorithms
and Switching Regressions”, IEEE Transactions on Systems, Man, and Cybernetics, Part B:
Cybernetics, vol. 38, pp. 588-603, 2008.

[70] N. R. Pal and K. Pal and J. C. Bezdek, “A Mixed C-Means Clustering Model”, in Proceedings
of the IEEE International Conference on Fuzzy Systems, pp. 11-21, Spain, 1997.

[71] D. P. Bertsekas and J. N. Tsitsiklis, “Parallel and Distributed Computation”, Prentice-Hall,
1989.

[72] J. Zhou and L. Kao and N. Yang, “On the convergence of some possibilistic clustering algo-
rithms”, Fuzzy Optimization and Decision Making, vol. 12, pp. 415-432, 2013.

[73] UCI Library database, http://archive.ics.uci.edu/ml/datasets.html

[74] P. A. Forero and V. Kekatos and G. B. Giannakis, “Robust Clustering Using Outlier-Sparsity
Regularization”, IEEE Transactions on Signal Processing, vol. 60, pp. 4163-4177, 2012.

[75] R. Inokuchi and S. Miyamoto, “Sparse Possibilistic Clustering with L1 Regularization”, IEEE
International Conference on Granular Computing, pp. 442-445, 2013.

[76] Y.Hamasunaand Y. Endo, “On Sparse Possibilistic Clustering with Crispness — Classification
Function and Sequential Extraction”, Soft Computing and Intelligent Systems (SCIS) and 13th
International Symposium on Advanced Intelligent Systems (ISIS), pp. 1801-1806, 2012.

[77] G. Corliss, “Which Root Does the Bisection Algorithm Find?”, Siam Review, vol. 19, pp. 325-
327, 1977.

[78] A. S. Householder, “The Numerical Treatment of a Single Nonlinear Equation”, McGraw-Hill,
New York, 1970.

[79] R.R. Meyer, “Sufficient Conditions for the Convergence of Monotonic Mathematical Program-
ming Algorithms”, Journal of Computer and System Sciences, vol. 12, pp. 108-121, 1976.

[80] O. Egecioglu and B. Kalantari, “Approximating the Diameter of a Set of Points in the Euclidean
Space”, Information Processing Letters, vol. 32, pp. 205-211, 1989.

[81] B. Mirkin, “Clustering for Data Mining: A Data Recovery Approach”, Chapman Hall, London,
2005.

[82] E. Hullermeier and M. Rifgi and S. Henzgen and R. Senge, “Comparing Fuzzy Partitions: A
Generalization of the Rand Index and Related Measures”, IEEE Transactions on Fuzzy Sys-
tems, vol. 20, pp. 546-556, 2012.

[83] P. Franti and O. Virmajoki, “Iterative Shrinking Method for Clustering Problems”, Pattern
Recognition, vol. 39, no. 5, pp.761-765, 2006.

[84] C. Rodarmel and J. Shan, “Principal Component Analysis for Hyperspectral Image Classifi-
cation”, Surveying and Land Information Systems, vol. 62, no. 2, pp.115-122, 2002.

201 S. Xenaki



Advances in Possibilistic Clustering with Application to Hyperspectral Image Processing

[85] S. Zhong, “Efficient Online Spherical k-means Clustering”, IEEE International Joint Confer-
ence on Neural Networks (IJCNN), vol. 5, pp. 3180-3185, 2005.

[86] W. Barbakh and C. Fyfe, “Online Clustering Algorithms”, International Journal of Neural Sys-
tems (IUNS), vol. 18, pp. 185-194 , 2008.

[87] A. Choromanska and C. Monteleoni, “Online Clustering with Experts”, Journal of Machine
Learning Research, pp. 1-18, 2011.

[88] Video data set from static camera, https://www.youtube.com/watch?v=z7NpkD CDYjg

[89] Salinas Valley, California HSI data set, http://www.ehu.eus/ccwintco/index.php?tit
le=Hyperspectral_Remote_Sensing_Scenes

[90] Washington DC Mall HSI data set, https://engineering.purdue.edu/ landgreb/H yperspec-
tral.Ex.html

[91] F. Schmidt, A. Schmidt, E. Treandguier, M. Guiheneuf, S. Moussaoui and N. Dobigeon, “Im-
plementation Strategies for Hyperspectral Unmixing using Bayesian Source Separation”, IEEE
Transactions on Geoscience and Remote Sensing, vol. 48, no. 11, pp. 4003-4013, 2010.

[92] K. E. Themelis, F. Schmidt, O. Sykioti, A. A. Rontogiannis, K. Koutroumbas and I. Daglis, “On
the Unmixing of MeX/OMEGA Hyperspectral Data”, Planetary and Space Science, Elsevier,
vol. 68, issue 1, pp.34-41, Aug. 2012

[93] K. Themelis and A. A. Rontogiannis, “A Soft Constrained MAP Estimator for Supervised Hy-
perspectral Signal Unmixing”, In Proceedings of the 16th European Signal Processing Confer-
ence (EUSIPCO), Lausanne, Aug. 2008.

[94] J. A. Benediktsson, J. A. Palmason and J. R. Sveinsson, “Classification of Hyperspectral Data
from Urban Areas based on Extended Morphological Profiles”, IEEE Transactions Geoscience
and Remote Sensing, vol. 43, pp. 480-491, 2005.

[95] R. Tibshirani, “Regression Shrinkage and Selection via the lasso”, Journal of the Royal Sta-
tistical Society, vol. 58, no. 1, pp. 267-288, 1996.

[96] K. E. Themelis, A. A. Rontogiannis and K. D. Koutroumbas, “A Novel Hierarchical Bayesian
Approach for Sparse Semisupervised Hyperspectral Unmixing”, IEEE Transactions on Signal
Processing, vol. 60, no. 2, pp. 585-599, 2012.

S. Xenaki 202



	CONTENTS
	PREFACE
	INTRODUCTION
	An Overview of Clustering
	Related work

	Clustering of Hyperspectral Data
	Hyperspectral Image Representation
	HSI Processing
	Hyperspectral Image Clustering

	Thesis Contribution
	Outline of the Thesis

	CLUSTERING ALGORITHMS BASED ON A COST OPTIMIZATION FUNCTION
	Introduction
	The k-means Algorithm
	The Fuzzy C-Means Algorithm
	The Possibilistic C-Means Algorithm
	Possibilistic C-Means Issues and Potential Solutions


	ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM
	Introduction
	Initialization in APCM
	Parameter adaptation in APCM
	Rationale of the algorithm
	Selection of parameter 
	Convergence results for APCM
	Experimental results
	Clustering behavior of APCM
	Comparison of APCM with state-of-the-art clustering algorithms

	Conclusions

	SPARSE POSSIBILISTIC C-MEANS ALGORITHM
	Introduction
	Enforcing Sparsity - The Sparse PCM (SPCM)
	Initialization in SPCM
	Updating of bold0mu mumu 2005/06/28 ver: 1.3 subfig packagej's and uij's in SPCM
	Selection of the parameter 
	The SPCM algorithm
	Collation of SPCM with PCM
	On the convergence of the SPCM
	Fulfilling Assumption 1
	On the convergence of the PCM algorithm

	Conclusion

	THE SPARSE ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM AND ITS VARIANTS
	Introduction
	The Sparse Adaptive PCM (SAPCM)
	Experimental results
	The Sequential SAPCM (SeqSAPCM)
	The SeqSAPCM algorithm
	Experimental Results

	The Layered SAPCM (L-SAPCM)
	The L-SAPCM algorithm
	Experimental Results

	Conclusion

	ONLINE ADAPTIVE POSSIBILISTIC C-MEANS ALGORITHM
	Introduction
	The Online APCM (O-APCM)
	Parameter initialization
	Parameter adaptation - Cluster generation
	Cluster merging procedure

	Experimental results
	Experiments in a stationary environment
	Experiments in a non-stationary environment

	Conclusion

	CLUSTERING ALGORITHMS APPLIED TO HYPERSPECTRAL IMAGES: A COMPARATIVE STUDY
	Introduction
	Case Study 1: South Polar Cap
	Case Study 2: Salinas Valley
	Case Study 3: Washington DC Mall

	A SPARSITY-AWARE FEATURE SELECTION METHOD FOR HYPERSPECTRAL IMAGES
	Introduction
	The Feature Selection Method
	An extension for large HSI data sets
	Experimental Results
	Conclusion

	CONCLUSION AND FUTURE DIRECTIONS
	Summary
	Future Directions
	Further Extensions on the Proposed Algorithms
	Subspace Possibilistic Clustering


	ABBREVIATIONS
	NOTATION
	APPENDICES
	PROOF OF APCM PROPOSITION
	PROOFS OF SPCM PROPOSITIONS
	SPCM CONVERGENCE PROPOSITIONS AND PROOFS
	BIBLIOGRAPHY

