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Investigation of the characteristics of neonatal electroencephalogram during sleep

using the nonlinear signal processing techniques
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Abstract

Nonlinear dynamical analysis techniques have been applied in a number of fields of research. In
particular, some of these techniques have been proposed for the analysis of the human EEG time series.
Among the available methods of nonlinear dynamical analysis, the correlation integral using the Grassberger-
Procaccia algorithm is the most common method that has been applied to the EEG time series. Even though
the correlation dimension computed using the Grassberger-Procaccia algorithm is the easiest dimension to
compute, major drawback of the Grassberger-Procaccia algorithm is its extensive computational time and
complexity. Therefore, the Grassberger-Procaccia algorithm is modified to reduce its computational time and
complexity by applying the sliding window technique. A modified computational algorithm is referred to as the
partial correlation integral. Further, the exponent characterizing the slope of the partial correlation integral
according to a power law is called the dimensional exponent.

The partial correlation integral is evaluated by applying to nonlinear dynamical systems consisting of
the Lorenz and Henon systems compared to the Grassberger-Procaccia algorithm. From the computational
experiments, the results show that the partial correlation integral provide a good approximation of the
correlation integral. The dimensional exponent obtained from the partial correlation integral is also a good
approximation of the correlation dimension. The computational time of the partial correlation integral is
significantly reduced compared to that of the Grassberger-Procaccia algorithm. Similar to the correlation
dimension, the dimensional exponent can serve as a relative index of the complexity of a nonlinear dynamical
system. When the partial correlation integral is applied to the neonatal EEG sleep data, the dimensional
exponents (complexities) of the neonatal EEG sleep data are examined. The conclusions that are made from
the computational results of the dimensional exponents of the neonatal EEG sleep data are consistent with

those made from the correlation dimensions.,
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funuesunanimaatng LL&:w‘sfmﬁua’nuftﬁmrﬁ’uw"mmmsmaauawamﬁnmsnu‘smﬁm Wofiar
mnTawRakeIasienaniduam uaznanmwienquilu g fallddnsmeieusessues uazyed
favamnmmeaussweadinmInuinifia SunudsndlateiiinnuiaUnineanesld
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nIrUIuMIUssnIasdanamsi e fﬂ'ﬁﬁmi‘u’imﬂ:ﬁwamam‘ﬁ'lﬁnﬂmﬁua"u‘l@u’qnm'l‘ﬁ'lu
milaTevidays fygmndusuatetanning "fr'o'nun&a‘ﬁ’agaﬂ‘lﬂ"ma'mnm’iﬁaumnﬂuﬂnﬁua:ﬁﬁmwu
fAadn@maesuas [1] dlasnnnszuaumiuasinissdiamamssmnmsinssinsofiasgolidaladl
AUANBUELarMIUTIRNaItIALBLR "fs'a:-x’wa'lﬁmmsni’x‘a:uumw:qmé’nwmmmamu:mwﬁtﬁu
Undviafianfvessues FmInasiatuduiinds (correlation integral) [2] slwiwilsniomihanldlums
Snmriuatsananadyyiunduaues [3] laoewrcetnbiygiuniusussnnwdl [4] sneTindule
LU (correlation dimension) ks ldnanmsdmmlasldiinmeeiistuduiindauddinves
qma“nﬁmwaos:nuwamms‘ﬁ“hjtﬁut%ua’u lanvsvanflsssdunnududausadstuu [2]

fwiimsiemsdsyyimeiumsslusausunsumatianzinamandi hidwadudldgmily
Uszgnalglunuidbdmnsrndusuwouun msﬂ*s:qnm"lio'mﬂ'ﬁmsrwaomﬁLﬂﬂ:ﬁwamam{ﬁvhjtﬁmﬁemﬁ
1fJoil 1985 Babloyantz uazame [5] AnwemuduRuisznindneietulautuuasanuemnsaImMmay
199 dandmsfnmdmnniilemeiiensinamensdlidwddu 2081994 [6-10] neansinm
PoIMIANIAINENRRVRRUNENTAN BI04 [5] wenaniimsdnmlagldIBnndortuasnmavounau
ARDAYI IR [11-12]

ﬁ’eﬁmﬁmﬁ:ﬁwamam‘ﬁ“hjtﬁmiaLa’u’lﬁgﬂm‘lﬂﬂszqnm"lﬂumﬁmﬂ:v{é%yrgﬁmﬂﬁufmawm
winlugvegdne g mufadnmanunifia qaﬂs:mﬁaﬂo’lumﬁmﬂ:ﬁwamam’ﬁ“lﬁtﬂmﬁom*maea"rytywm
aRusNasadnuandnmMInusnifafafefinsnnasydivlauasiauimsuesaues [13-15] uenaniinns
"3mﬂ:ﬁwamamfiﬂajLﬁulﬁoLa*ug}ndﬂﬂ'lﬁﬁaﬁnmﬁmﬁmmmﬁuﬁm:'ﬂaemsﬁ'\o’mua:qmé’nwmwao
FUBILAL AT UARURLEINUTITMEIUAN 9 T8IFNBY [16]

2.2 vguinIansauuwinnufia (Conceptual Framework) 1891lnTan13isn

wanms ned uasedosdlomemsiuiien g Aldunannisdnsnssuudidudan (complex
systems) Taufianasmasuuulidwdadu (nonlinear dynamics) nouijtiinis (chaos theory) uazunsaria
(fractals) ﬁ'lé‘dﬁ?’m1‘mﬁuuua:m’mm'lﬁ1Lﬂuazhege'luﬂumgﬁ'u'lumﬂh‘hﬂ'ﬂumiﬁnm‘s:ummmumw
69 9 Moimuiissuumedainwiaznanmsusng dasnwinms nowd ussedselamamsdanengg
ﬁm’uag}ﬁ'm:uur‘ﬁuiu atdhaigu MIATIRYMWISY (Fourier analysis) Fuundnms noud uazadesile
NMINITEUI m"ﬁoﬁuumm'l'ﬁ"mmﬁmﬂ::vx'ua:ﬁnmmsmmuﬁaq manwmzvssrruuimantlualornow T
mmmﬁ‘a:ﬁw’aaﬁmuﬁ'wé’nmsﬁwmua:qmé'ﬂumwaﬁ:uuﬁﬂmm'ﬁh'ﬁau‘lﬂ’ati'mgnm”ae niolidnu
sindefio amudslafnishasdanuglng g deaiumdnms nowg wsnedasilamemsswasanldly
MIANESTULNMINENINAN g

amm'nmugmﬁﬂuai’mmﬁaﬁﬁmw'ﬁ'u-fauga ﬁﬂs:namhunajuLﬂ?mhmm:ﬁzuumaamaéﬂsxa*'m
Ao «ﬁomsﬁwmua:qmé’n&mmaaaumﬁmnwx?u‘ﬁau lasen awaeﬁnﬁﬁﬁmuqmmzmauaum
gansvnnuuasitizuar o g lusenme wananiudalusmasfuandn ety nsg'um?a'zhuuaz‘s:uu
saagaslszmmivhmiifiuas asusussfiuandrseeny ﬁﬂlﬁauaaﬁﬂmﬁ'num:ﬁnmnehoﬁ'uaan‘lﬂifuagﬁu
SNMUeIENILAr TV g ludemeluumiein @“«fumsﬁwmua:qm{nwmmamuaoua:é’ty:yﬁmﬂﬁu



susslimansofiazafunslddondnmsussngefressuuBauduld @Ywmqm‘fua"'mﬁ’nms NOB uas
w3nadamimismandne g Aldunanmsnwsuuiidudousiinnumanzanasian slunsdnsuas
%Lﬂﬂ:ﬁqma”num:ua:am'm;amuaeua:ﬁ'tyrgﬁmﬂé‘uﬁuaa ua:ﬁé‘numwgon’hLﬁammlﬂumsa%mﬂﬁa
MIMINULBLATAIN HTAZYBIRN DY

gmiumsanwlulasamsised au ssazgniAnTaniwaiiouszuuwasmaas (dynamic system)
szuwfx\vﬁ‘oﬂsznaum’mnémﬂ?mhuua:s:uumaamaé’ﬂszmn q‘?'w:ﬁwﬁ']ﬁua:uamqmé’numﬁ
wasuuaseanidefinsdsuudasluszuuvasitams ﬁouﬁtwi’lwumuawa”uauaaﬁz]'amﬁ'muag:as.i'w
doufies uaiasninlugsume Anounauiuszundng 9 Tuiramuofinthistoasann ﬁ%'amo’s:um\q@
hauld m'lﬁauaﬂmhwm:v,auv\iufutﬂuﬁwswmmﬁmm:awﬁq@ﬁa:ﬁnmﬁaqmauﬁ&’wmanaaatho
uriasds uanmnﬁauawaaueia:qﬂﬂaﬁauﬁa:ﬁmﬁnﬁ‘amaLﬁmn"u u@iqma"nwmwaeamawaaum:qﬂﬂafu
uanarsnusanty azmvziuauaa'uauﬁnu.a:anawau{lmg farududauriusenliflassnwaminmmna
FUDNNDT85Y Aouauad wazvhnthiians 9 luheniy wlauwdidausswasszwitudnmsnusnifiefinseaay
fnnauandnmsnusniiafinaeaiouimus ’lum‘sﬁnmi"fauaduu\iqwamé’umwaaszumfu WRIUINTT
Y8sENBIT AR TNULSIRARITIE RN TINIINAMNTUTausassty g W ASaInUSn s Tan 1
\dsadenmIfwaneag mﬁu’mnué’nmma:nqwﬁmae‘szunﬁﬂi’u‘ﬁbu iwdeflomemsdwamdananes
useaiinmudufeusassyy aniusues daeztiannnusudouvesszunaues lasfiddyg uaiu
auasdanutudeuunnuiiodyitszuuayesdianududaunnn %es:qiwaumﬁﬁmmmsmnn'h

2.3 spdetudufiniauasnediatulawusu
nadituduiniauismeiiemefiiniled ldnn manmsusmoufueswameasuuy g
i iﬁ‘aﬁuum'lﬂ'l'ﬁ’lumﬁmﬂ:ﬁﬁ':ytgwmﬂguauaamnﬁq@ [3] s ldnnnsiansiwarnaaiuoylidu
BadulanlfiineTiatuduiiniaer IdneTindilaudu lavfinatadulawududusrfivivantsnny
FUTEUBITTUUNAAIAA TN ANNIINEN U BITTUUNAAEATIN [17] FneTatudufiniauazAinatia
ﬁ'u‘lmuwﬁ'umm‘mmmm‘l@”ma’mamu:maﬁ:uuwama@fﬁaugﬂﬁ uazfifndungnisolvesaniuzaa
STUUWAMERTAETIWIMABINS  udnaTntuduiiniaussmneTiatilautumunsod i nnendn
fungminluassousyasssuunamaaiRsIsmundn lalgwdoanu Taufinszumnislumsiiensdneia
Fuduiinitusznaudan 2 Tuaau Gail
231  mssfnadbuenunIniaes (attractor) >
fnualdidraudi {x[O],x[l],x[Z],...,x[N —1]} dudygrmedusnasfiinuermue N 9
"x?aLﬂuﬁwé’emqmmf'nacamu:nﬁwanzuuﬂsxmmm:auaa Lﬁmmnﬁ'\ﬁ’om@}msn&mammmaas:nuﬂ‘l-ﬁ
Tumsiiemsinshiatuduiniadwisusnililuaoeimun 3adosimshensudumanalasas
ROTUSVBITEUY ’a'ﬁmmﬁenﬁ'wLa*umada'(msa‘iana'ﬂﬁﬂ‘lm"[mud':uma”amv‘\mm’fﬁiﬂﬂﬂag’luﬂ?qﬁﬁ‘ﬁﬁaﬁ‘
ig{!’i‘fu \Junih embedding space lauldnszuamnsiisunin time-delay embedding scheme [1 8] vinaes
71 (embedding vector) lwUlSnfl m GFvesdygm x fe

X, =(x[rf] x[n+7] - x[n-%-(m-—l)r])r (1)
o n= 0,L,...N, -1, N,=N-(m-1)r ust m fosndaelsein (embedding dimension) uax 7 fesin
Wi291281 (time delay) Tafi «7 waaafly vector transpose 1anLABTHIMN X, UWEAITHAIRDIUE 7 ’DTULVDY
ssUyUMRanunInea s umiaang ﬁgnaﬁoné’uﬁum



i - b 3 + ] ol A o a J A ol g
andidrsmuazmmbmiumnfimeiidunnnddgyagalunssinsbuenunsninaslasls
. A ' o o & ;& v
NTEUIUMT time-delay embedding scheme iiadnnswimiieeSMnuncauzesisastary linamanta
& b . % A - AA 2 J o §o A +~ ¢ ‘.: o
aﬂonauuanumnmas"mnaLﬁuwsamnnqﬂ FEmsaftoaldinnfgalumsinsonmadesimufaitng
= s . ' o - ‘ f C- 3 add o
fiSunin false nearest neighbor [19] mmm'wm'n"lumswmsmmmwmonmuuuagnmm%ngnﬁwm'l'ﬁ
et F5mImianan autocorrelation [20), 35n1sAi3undn mutual information [21] tduan
232 myUszanodinediatulawmtu
s A v Gt 3 w & ~ e o
wasmInfivhmsedunduuenuntniaedifouiasuds aefintuduiiniaazgndmaniuninuen
- - % o X e e o e o
wnsnwaef {x,}, n=0,1,...,N, -1 Agnadundviuin TasneTiatudufiniavesdaud {x,} aan
v o
fuwimlaasit
2 N, -1 N, -1
C(»")=1N1m'ATZ 2 0(r =[x -x,]) @
Do

¢ =0 j=mipl
ifle N, = N, (N, -1) ussWariguslad (Heaviside function) fiflenudh 0(n)=1 th n20 uaz 0(n)=0
d1 n<0 90 [2] usadlhiiudn eefiatudufinds C(r) fuﬁwqﬁmmﬁ‘tﬂu"lﬂmunguv‘.ammnﬁwé’e
(power law) Tapfduntidy v Asszozvng » wang vude

C(r)ecr (3)

fruniay v esndmfedineiatilawuti (0,) Ssmursasuanldunan
v=lim log(C(r))

50 log(r)

mnm:mum‘smemsﬁwmmw‘ﬁammna‘%’mi‘u’l@Luuﬁ’u@i’ena’ma:tﬁwjmnﬁnnma‘s'vl?dm%n%a:gn

(4)

e : : P e - &, o a e % £
dhanlflumsimammszssiznindy. anudenusudawdimsswmdniunszuaumsiiuniu
P 3 o & [V o P ]
feuvasuniaigeITasnNEIMINLe N sasiau {x} dude O(NZ) Wa N dsganneg
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3.1 ‘ﬁ’agaé’ryty'lmﬂgumawaatﬁnmsnusmﬁ@

ﬁagaa‘r’tytmmﬂﬁuau awam’i’nmmu.mtﬁmﬂ'ﬁ'{umsﬁnm%é’u‘lufﬂﬂmsi{tﬂuﬁagaﬁgnﬂ’uﬁnLﬁu
T nnsAnwve Professor Mark S. Scher ud Case Western Reserve University, Cleveland, Ohio, U.S.A.
T@uﬁ'aga'qs\ﬁﬁﬂuauﬁnmaamsﬁnmua:r.ﬁuu"uﬁné'wia‘lﬂi{ 'ﬁ'aagamm§ﬁnﬂaw\”’mdwm“mgﬁiﬁm’m 50
#0679 wssenidwdnnisnusnifiaunamosiuan 22 au uasidinmInusniiaunemgesiuam 28 au G
dhatinefianyPMA (postmenstrual age) 5w 28 FUa uaz 42 dllal Tﬂuﬁmqmﬁ‘n 34.12 §Ua uazdn
oo 5.96 daw ﬁ'agaé’rytyﬁmﬂguauaquazé’mtgﬁmﬁu6] UIEUAUNAL (polysomnography) gnAnw
wsrtuiinluanmzuasamwiaadouiiiines 1o mwﬁgnmuw Lﬁnmsnusmﬁmﬁmmgnﬁnm’lmmﬁ
wounaulurinuanaimiouennzunidadumiundlunsuenvesdastine msfinwuastiufinethasaiiles
Sudundrnnmadsuwindenuarlomnsiaailszunc 21:00 w. ua:ﬁq@ﬂ’nmﬂs:m:l* 9:00 u. w1 n
doan dymndusuasgniufinuazuyandusddnaalanld Hewlett Packard workstation (Palo Alto, CA,
usA) Tao 3 Falususngniufinunnssaudanintaaiufindtyg i Auanas (Nihon Kohden, Model 4221,
Sunnyvale, CA, USA) ﬁ’agaé‘tyty’xmﬂaumao'uaqtﬁnmsnmmﬁmm:uauné’ugnu"uﬁﬂ@Uhs' 12-bit AID
converter UazdaIINIFNSN (sampling rate) 64 Hz riauﬁﬁaagaé’tyryﬁmﬂ‘Suauaoazgni‘mﬁua:u‘mm'snsm
awBiiisnuidaniiu 35 Hz Lm:msmmﬂ'nuﬁgaﬁ'ﬁﬁﬁmﬁnm 0.30 Tl Jayastyyrondusued
aniufinlaglfssunanasguwme@ 10-20 EEG lead system (luduan 14 gasdtygyrimiunn bipolar &
Usznoudae Fp1-T3, T3-01, Fp2-T4, T4-02, Fp1-C3, C3-O1, Fp2-C4, C4-02, T3-C3, C3-C7, Cz-C4, C4-T4,
Fz-Cz usr Cz-Pz

Fatvandnmsnusnifieildlunisfnmnitusenilu 2 ngaunan fis mjmﬁnm*mwsmﬁﬂﬁﬂaa@
neurimua (preterm, PT) tna:na;unﬁ'sntxsntﬁﬂﬁﬂaammuﬁwue\ (full-term, FT) lae 2 ndunandanargn
wisean@uent gestational age 193881 NI IR 50 aundndudradrlungudinman
wsnifiefnsaarsurimuaidudiuan 28 au ua:m"’;azi’mlunsjmﬁnmsnumzﬁ@ﬁﬂaa@muﬁmumﬂuéwmu
22 AU uanmnﬁuﬁ’w’az‘{aa’ftytywmﬂi‘i'uauawmﬁ"zamdunsimﬁnmmusmﬁ@ﬁﬂaaﬂﬁauﬁwu@iﬁgnuﬁo
saniilu 2 nfutisnseandasnuatyPMA vasimadwluyusynsnwmuasiufindoya ﬁ'agaé’rynpmﬂﬁ‘u
auawawﬁazi'w'luns‘iuL@'{nmsmwmﬁ@ﬁ'ﬂaaﬂfiauﬁwuﬂn‘lgnﬁnmua:u"uﬁmﬁaquMA tanakpunin 37
flav¥PMA ua:‘ﬁazgaé’tyty'\mﬂﬁuau awaeﬁ‘mzho'luniiuLé’w’ﬂmtnmmﬁﬂﬁﬂ aaﬂﬁauﬁ'muﬂﬁgnéf’nmua:
ﬁ’uﬁmﬁa'ﬁwquMA wnni 37 gleiPMA ﬁ’agazﬁytyﬁmﬂ5uauawaoLéx'nmsnusmﬁa'{umjmﬁnmsn
meﬁﬂﬁﬂaa@ﬁauﬁmu@azgnﬁnmua:ﬁuﬁnazi'mfaﬂ 2 a3

iagaé’tytyﬁmﬂguauaoﬁagi,ﬁ":mumﬂuii'\mu 86 7@ «%‘oﬁqu’MA agjzning 28 davus: 43
dlawt Taengiadin 36.44 dlaf uazauiinaium 4.62 dlenwf ToysdyymnAusussidnmuasuinle
1gPMA 3nni 37 slanwldfumsszygamazmsuaundiandayann g witowf Tawsnazmsueundy
wtvaenilu 6 an1n: fis 2 an1nzd i active sleep (AS), 2 anzdniL quiet sleep (QS), amas liuita
(indeterminate state) ua:am?:éu {waking state)
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ilglumsBin ey grmeiususadninn uinsliensineTiatudufiniaduidtaifuagiguiananu
e A 4 = o P~ B o a - o e e ™ a
daspwnienrldiiudgwinsndgwinisdnsumsiienesdnadistuduinda Aesnududamdmsdwan
o [ =~ w o e e A v YR - o P N
Fmiumsiiemsinaiiatudufinia Geeziinléindmanutudaudimsfmundniunszuumsdnnmne
e e A ) - o o« = ] o S & o )
Sntuduiinfauaznefiatulamndiwiniudonidisasennuemnivuevessyg unduausillu
- o © 4 o, 3 " - - . o Y & -
mieTed antwiefivh nszurumsdmmnefiatuduiniauazimnsfiatulauusunaiiiu inefia
] £ PYNTS ¥ 3 s ex o W
vasmsiRauniaeng (sliding window) grihanuszgnalflunssiumssuimnadiatuduinga lu
nIsuMMIA WIS IaTUBUAnIaaduaadluauNT (2) a:Lﬁm'mnﬂvmmas‘mmﬁmum:Qnﬁ'\m'l‘n"lums
) § § LA o A 1} .‘/‘ I3 3 ] 3
fnmmiizasin Madeygndltinaiinssanadeumbidaiuesilimsdmnamszosvinisning
o P : ' o ' o o & :
nneeiliiiniariaudnngunaaihimmnolunservesmiiene g Agnieuumiu dunszuaumslums
o o, & e Py [ |
gansukanunIneetuazineaifemiuginslgnsuaumImimsswiandipanudenuaasluaunis (1)
N 'Y I v Y Y v d s ol ' v
fmualdnnundiesesmbidnide p 0 dludsgtumbedngnidauinagidumis / wwviild
vood . . § > ] . : ;
nnaaddfiagmalunseuwiiddegiuidsznavdiy x,x,,,,....x, ., FIMIFWIBmImIzEZENeE
3 L} - 3 ¥ ~ - : A 3 o A
neziuRssuanndmnauadnaeitim lunseumbhidaaiui. dniunnsvaumsduamneiiati
dufindafusadlusunis 2) wu axvhinszunumss i anaintudufindsuvunsztu ¢, () léh
) 2 Ni-l i+
C (=3 Y o(r—|x-x) ©)
p
pP(N.-p-1) = A C
- @ g % B & 3 ok O £ o S Jd
aadlatuduiindauvunzsy C, (r) Wummnlnudivasnefiatuduiniana
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A P o P
Fadanaling@nssuduly
MuNQUAIMIBNMATWdLIRUNUAsTIaTUdufinia wufs
Vv
C,(r)ecr” (6)
» & A ’ J o el b ﬂ‘; - 1 ¥ ol 3 o AR
uwazfenhay v, sududnlszansvessiaeiiadulawwtu Wwathsonidenadudouda
(dimensional exponent) fnNuTUTawBslidnansadmanldanitmndoaiudumsduiudinefiatu
1oty dudfe
log(C p (r))
V,=———"
log(r)
PIMNTELIUMIFIWIUADTLATUBUANTAULUNTTTUMUFNNIT (5) BU AN NN TUTaMBIN I M

@)

: [ & L) o ] : &
wfidudwiadununnupvionun N gasdreis {x}dufie O(N) e N fdgeunng nnflandule
+ eyl A £ rd 3 =i W g s ] O‘ >
Nerutudawdimiduamainzriumdmnneiiatuduiniaaassladinndaldnszumns
o ok g -~ S @ "4 1 .o “: g 3
fmmnefiatuduiiniduuunszdy feezdmslirzznsildlumssmnussdszsnsiudullIdadn

J ] s S
R LR RM T g G Lo HIL Ty

33 meiensiTayssygraniusussveudnmanusniia

sygnoundumesfildnnesdygyia Fp1-c3 gnihanldlunsinuise Taofirwualiedaden
uazFminAltlunszuaums time-delay embedding scheme fia m =14 usz 7 =2 uazFaNuNINg
w6 p = 800 dwmitmiiinssineiintuduiindauuunsztudsfiusaslusunis (5) redlendiaraduazen
‘mi’mnmm'ﬂ"lumﬁLﬂﬂ:&fﬂa?mi'uﬁuﬁni‘auuunsz‘f’uﬁtﬂud'\mswﬁmaﬁgmﬁ panunvilFlumsfinunisy
URETIENUHANSAN W 33uaINaN2 11 Suparerk et al. 2008(a) uax Suparerk et al. 2008(b) luwnsfnw"3suil
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ausnvmzrsFyganiustassndnmInusnifiassgninulu 3 dastman e 1. egluasuaijous
WBAANYNIN (postmenstrual age) 2. NJATBIAIBLI (subject group) UaT 3. FNITMIUBUNAL (sleep state)
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41 mmaseulszinSmwrainszuaunmsiunmaefiasuduiniauuunse sy
m:mumsﬁwmmaa‘?mfuﬁuﬁn?&uuumzfugnﬁﬂﬂﬂmanw‘@auJ‘i'mJLﬁvnn”um:mumsﬁ'\mm
aaTntudniinda Taoldszuylamdnduuu i asuiduifionuls 2 ssuu §e s2un Lorenz uasszuy
Henon 943:uul Lorenz iiluszuuffidauisanie (state variable) Trndaiitasuaiidauysanmisduam 3 é
w13 luwniefiszuy Henon uszuufiidaudsamarfisnlidaifiesuasdidudsanasiuwam 2 duds
Uy Lorenz Saumsszuuasil
% =10(x, -x)
%, =x(28-x)-x
8

X3 = X X, _':;xs

g

WATTEUL Henon Saunsssuuasit
x[n+1]=14-x[n]+03x,[n]
x,[n+1]=x[n]

TINM 895U Lorenz lasrhmualidianisdudwdu x =0, x, =1 uar x, =1 wldmd

&

G‘: hd A o ot : £ Qe
WUTRMIXYIINNVBITUY Lorenz GAURAIIUIUN 4.1, 4.2 uaz 4.3 muddl uannniudadaulsanin
o a o P
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Abstract—The Grassberger-Procaccia algorithm for compu-
tation of the correlation dimension is widely used nonlinear
dynamical analysis techniques for EEG time series analysis. Even
though the correlation dimension D is the easiest dimension to
compute, major drawback of the Grassberger-Procaccia algo-
rithm is its extensive computational requirements. To overcome
this, we intreduce a modified computational algorithm referred
to as the partial correlation integral. The partial correlation
integral algorithm provides an approximation of the correlation
dimension referred to as the dimensional exponent. Similar to the
correlation dimension, the dimensional exponent can serve as a
relative index of the complexity of a nonlinear dynamicai system.
In this study, the partial correlation integral algorithm Is applied
to snalyze neonatal EEG sleep data. From the computationai
results, conclusions consistent with those made in previous studies
using the correlation dimension are obtained.

I. INTRODUCTION

Nonlinear dynamical analysis techniques derived from the
theory of nonlinear dynamical systems including the correla-
tion integral [1], Lyapunov exponents, approximate and sample
entropy, eic. have been applied in a number of fields of
research. In particular, some of these techniques have been
proposed for the analysis of the human EEG time series [2].
In this context, nonlinear dynamical analysis methods have
been widely applied to the study of both normal and abnormal
EEG time series [3]. The spontaneous EEG time series reflects
the functional states of neural networks in the brain [3] and
nonlinear dynamical analysis of this signal can provide com-
plementary information to improve our understanding of the
dynamics of the brain in different functional (or physiological)
states such as sleep, wake, rest, or pathology as compared with
classical linear time series analysis methods such as Fourier
or spectral analysis.

Among the available methods of nonlinear dynamical anal-
ysis, the correlation integral C(r) using the Grassberger-
Procaccia algorithm is the most common method that has been
applied to the EEG time sernies [2], especially during sleep [4].
The correlation dimension Dy computed from the Grassberger-
Procaccia algorithm is the easiest dimension to compute [2]. A
modification to the Grassberger-Procaccia correlation integral
algorithm (introducing a new parameter, the Theiler window)

to correct for autocorrelation effects in the time series that
can lead to a lower estimate of the correlation dimension
was proposed [5],[6]. When the Theiler window parameter is
equal to 1, the modified correlation integral algorithm [5],[6]
is exactly the same as the Grassberger-Procaccia algorithm.

In spite of computational difficulties and some shortcomings
of the algorithm, the correlation integral and dimension are
useful for making relative comparisons of the complexity of
brain dynamics among groups of data [2]. The correlation di-
mension specifies the complexity of a deterministic nonlinear
dynamical system in terms of the active degrees of freedom of
the system on an attractor. Although easy to compute, major
drawback of the Grassberger-Procaccia algorithm is compu-
tational complexity. In this study, we introduce a modified
computational algorithm for computation of the Grassberger-
Procaccia correlation integral that is referred to as the partial
correlation integral. The primary advantage of the partial
correlation integral algorithm is its reduced computational
complexity and time. The partial correlation integral provides
a good approximation of the correlation integral, and the
exponent characterizing the slope of the partial correlation
integral according to a power law is an approximation of the
correlation dimension Dg. This exponent is referred to as the
dimensional exponent.

In this study, we examine the complexity of neonatal EEG
sleep data using the partial correlation integral. The dimen-
sional exponents (complexity) of the neonatal EEG sleep data
will be investigated into two aspects: subject groups and sleep
states. The dimensional exponents of twe different subject
groups (preterm and full-term) will be evaluated. Further, the
dimensional exponents of two different sleep states (active
sleep and quiet sleep) will be examined, From the compu-
tational experiments, the results show that the dimensional
exponent of the neonatal EEG sleep data of the full-term
subject tends to be higher than that of the preterm subject
even at the same postmenstrual age (PMA). Furthermore,
the dimensional exponent associated with the active sleep
state tends to be higher than that associated with the quiet
sleep state. This supports the results of previous studies using
the correlation integral and correlation dimension reported in
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{71.[8].
II. METHODS

A. Correlation Integral and Dimension

The estimation algorithm for computation of the correlation
dimension D3 can be divided into two basic steps. In the first
step, the attractor of the nonlinear system is reconstructed
from a univariate time series using time-delay embedding,
also referred to as the Takens reconstruction [9]. In step
2. the correlation dimension of the attractor is estimated
from the correlation integral. The commonly used method for
estimating the correlation dimension, such as in the nonlinear
analysis of EEG [2], is the Grassberger-Procaccia algorithm
(GPA) [1].

1) Atntractor Reconstruction: Given a univariate time series
{z[0],z[1],...,z[N — 1]} where each sample z[n] is a 1-
dimensional (observed) measurement of the nonlinear system
that is being analyzed. To provide a more complete description
of the higher dimensional nonlinear system, the time series z
needs to be unfolded into a higher dimension space called
the embedding space using a time-delay embedding scheme
as, for example, given in [10}. The n-dimensional embedding
vector x € R™ of the time series z is given by [6]

zfn+ (m=1r)T @

wheren =0,1,...,Ne—1, N, = N—{(m—1)r, and mand v
are the embedding parameters denoting the embedding dimen-
sion and the time-delay, respectively, and -T' denotes vector
transpose. This time-delay embedding technique unfolds the
observed time series into a m-dimensional embedding space
and provides a more comprehensive representation of the
behavior of the higher dimensional nonlinear system on the
attractor. There are a number of methods for determining
the time delay 7 such as the autocorrelation function {11},
mutual information [12], higher-otder correlation [13], average
displacement [14], etc. A sufficient embedding dimension
m can be determined by using the false nearest neighbor
technique [15], for example.

2) Correlation Integral and Dimension Calculation: The
correlation integral C(r} of the nonlinear time series z|n] is
defined by [1}

xn} = ( z[n} z[n +7]

Ne—1 N.—1

Z SN or-lx-xl) @
=0 j=i+l1

where N, = N (N, —1) and the Heaviside function ©(n) = 1
if n 2 0; 0 otherwise. A revised algorithm was introduced
by Theiler [5],[6] to correct for autocorrelation effects in the
time series by using the Theiler window w. Theiler’s modified
algorithm is defined by [5],{6]

Clr) = Nljin

Ne—1 No—1
C(r) = im N oY e —lx-xl) @
=0 j=i4+w
where N = (N, —w)}{N. —w+1) and w denotes the Theiler

window.

According to Grassberger and Procaccia 1], the correlation
integral C(r) behaves as a power law for small r, that is

@

The exponent v is defined as the correlation dimension D3
and can be calculated by

Clryer”.

log(C(r))
log(r)
B. Fartial Correlation Integral and Dimensional Exponent

The partial correlation integral is a modified computational
algorithm for calculation of the Grassberger-Procaccia corre-
lation integral. The correlation integral algorithm measures
all possible pairwise distances of points on the attractor in
the embedding space. In contrast to the correlation integral
algorithm, the partial correlation integral algorithm measures
only those pairwise distances of points within a specific time
window that is defined by the integral limit parameter of the
partial correlation integral.

The partial correlation integral of the nonlinear time series
z|[n] is defined by

v=lim

r—s0

&)

Np—lit(wtp—1)
Z Z O(r—|x—x5) (6
N, =0 j=itw

where p, the integral limit of the partial correlation integral, is
an arbitrary positive integer and N, = No = (w+p~-1) - L.
The partial correlation integral C,(r) is a good approximation
of the correlation integral C(r) and also exhibits a power law
behavior for small 7, i.e.,

Clr) ox v 0]

The exponent v, is defined as the dimensional exponent and
is an approximation to the correlation dimension D.

Obviously, the partial correlation integral algorithm has
less computational complexity than the Grassberger-Procaccia
correlation integral algorithm. The computational complexity
of the partial correlation integral algorithm is linear in the
length of the attractor N,, i.e. O(N,}, while the computational
complexity of the correlation integral algorithm is O(N2) if
the length of the attractor N, is large.

III. ANALYTIC FRAMEWORK
A. Data and Subjects

Electroencephalographic/polysomnographic studies were
performed in an environmentally controlled setting. Fourteen
channels of bipolar EEG recording consisting of Fp1-T3, T3-
01, Fp2-T4, T4-02, Fp1-C3, C3-0O1, Fp2-C4, C4-02, T3-C3,
C3-C7, Cz-C4, C4-T4, Fz-Cz and Cz-Pz were obtained using
the standard 10-20 EEG lead system. The neonatal EEG sleep
data were recorded with a 12-bit A/D converter and a sampling
rate of 64 Hz.

In this study, the subjects were categorized into two sub-
ject groups according to the gestational age of the subjects:
preterm (PT) and full-term (FT). The neonatal EEG sleep data
examined in this study were obtained from two subjects (one



TABLE 1
DIMENSIONAL EXPONENTS OF THE NEONATAL EEG SLEEP DATA

Subject Group  Sleep State  Mean of 14,  Std. of vp
FT AS 5.36 041
FT Qs 473 0.51
PT AS 4.92 0.58
PT Qs 4.69 0.39

for each subject group). The preterm subject is 29 weeks ges-
tational age while the full-term subject is 42 weeks gestational
age. The EEG data of both subjects were however obtained
when the subjects were both at 42 weeks postmenstrual age
(PMA).

Digitized neurophysiologic data for each minute of sleep
during the recording were compared with the contemporane-
ous minute of EEG sleep, and neonates were visually assigned
one of six sleep states according to conventional neonatal EEG
sleep criteria [16], i.e., two active sleep (AS) and two quiet
sleep (QS) states as well as indeterminate and waking states.

B. Computational Experiments

Only channel Fpl-C3 of the neonatal EEG sleep data is
analyzed in this work. The dimensional exponent of one-
minute epochs of the neonatal EEG time series is determined.
In the computation of the partial correlation integral and the
dimensional exponents, the parameters used are as follows:
the embedding dimension m = 14, the time delay r = 2, the
Theiler window w = 1 and the integral limit p = 800.

In this study, the dimensional exponents of the neonatal
EEG sleep data were investigated in two aspects. In the
first aspect, the dimensional exponents of the neonatal EEG
sleep data of the full-term subjects are compared to that of
the preterm subjects associated with the same sleep state. In
another aspect, the dimensional exponents of the neonatal EEG
sleep data associated with the active sleep states are compared
to that associated with the quiet sleep states for both subjects.

IV. RESULTS

The dimensional exponents of the neonatal EEG sleep data
are summarized in Table 1.

A. Comparison between the PT and FT Subjects

First, the dimensional exponents of the neonatal EEG sleep
data of the full-term and preterm subjects associated with the
same sleep states are investigated. The dimensional exponents
of the neonatal EEG sleep data associated with the active
sleep state of both the preterm and full-term subjects are
compared in Fig. 1(a). Obviously, the dimensional exponent of
the neonatal EEG sleep data associated with the active sleep
state of the full-term subject tends to be higher than that of
the preterm subject. Further, from a two-tail, paired ¢-test, the
result suggests that there are statistically significant differences
in the dimensional exponents between these two full-term and
preterm subjects during the active sleep state (p <« 0.025).

Fig. 1(b) illustrates the dimensional exponents of the neona-
tal EEG sleep data associated with the quiet sleep state of both
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Fig. 1. Comparison of the dimensional exponents of the neonatal EEG sleep
data associated with: (a) the active sleep state; and (b) the quiet sleep state.

the preterm and full-term subjects. It is shown that during the
quiet sleep state the dimensional exponent of the neonatal EEG
sleep data of the preterm subject is not significantly different
from that of the full-term subject. However, the mean value
of the dimensional exponents corresponding to the full-term
subject is higher than that corresponding to the preterm subject
as shown in Table 1.

B. Comparison between Sleep States

The dimensional exponents of the neonatal EEG sleep data
associated with active and quiet sleep states for the preterm and
full-term subjects are investigated. The dimensional exponents
of neonatal EEG sleep data for the full-term subject in the
active and quiet sleep states are compared in Fig, 2(a) while
Fig. 2(b) compares the dimensional exponents of neonatal
EEG sleep data for the preterm subject in the active and quiet
sleep states.

The dimensional exponents of neonatal EEG sleep data
during active sleep tend to be higher than that associated with
quiet sleep state for both the full-term and preterm subjects.
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Fig. 2. Cemparison of the dimensional exponents of the neonatal EEG sleep
data oft (a) the full-term subject; and (b) the preterm subject.

Furthermore, the dimensional exponent of neonatal EEG sleep
data for the full-term subject in active sleep is significantly
higher than that associated with quiet sleep (p < 0.025).
The dimensional exponent of neonatal EEG sleep data for the
preterm subject during active sleep is also significantly higher
than during quiet sleep state (p < 0.025).

V. DISCUSSION

In this study, the modified computational algorithm referred
to as the partial correlation integral algorithm is introduced.
The partial correlation integral algorithm provides an ap-
proximation of the Grassberger-Procaccia correlation integral.
Further, the dimensional exponent obtained from the partial
correlation integral is an approximation of the correlation
dimension Dy, The computational complexity and time of the
partial correlation integral algorithm is much less than that
of the Grassberger-Procaccia algorithm. The computational
complexity of the partial correlation integral algorithm is
linear in the length of the attractor N, i.e. O(N,), while the

computational complexity of the carrelation integral algorithm
is O(N2) if the length of the attractor N, is large. The partial
correlation integral algorithm was applied to machine vibration
signal analysis in [17].

In this work, the partial correlation integral algorithm is
applied to neonatal EEG sleep data analysis to investigate
some aspects of neurodevelopment, From the computational
results, it is observed that the neonatal EEG sleep time series
of the full-term subject tends to be more complex than that of
the preterm subject even at the same postmenstrual age. Also
the computational results suggest that the neonatal EEG sleep
time series during active sleep is more complex than during
quiet sleep for both the full-term and preterm subjects. These
results support the previous findings reported in [7],[8].
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