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Abstract

(.’hil(>~theory provides a new paradigm in monitoring complexity cilangos

in barl rate Vilriabi]ity. Even in cases where the spectral analysis only

shows broad band characteristics estimations of dimensional complexity

parameters can show quantitative changes in the degree of chain present in

tlw ir. mrhmt intmval dynamics. We introduce the concept of dimcn~ional

cumplcxity as dynamical monitoring parameter and discuss its properties in

conrwrtion with m-mtrol data and data taken during cardiac arrcwt. Whmms

dimensional rmnplcxity provides a quantitative indicatol of overall chaotic

hohavior, rrcurrcnrc plots allow direct visualization of recurrcnccn in nrbi-

trnry big’] dinwnsional pattcrn+pace. In combination these two nmthmlR

from non-linear dynamics mmmplify a nrw approach in tlw problem of hcart-

rfitv monil(wing xnd identification of procurrmrs of Gtrliiiu arrest, I;ina,lly

wv Inontilm a now mdhod of chaotic conlrol, by which nelcctivc and highly
~,lr(~(”tivo p(lrturhatlons of nonlinear dynamical syntoms Could l-w Urwd for
imprrnwd pacing patterns.



A basic frature of rmx+nt methods in nonlinear dynamics is a gwnwt.ricill viw

of tmlp]ral promnm. From an ohscrved time serie9 of, say, intorlwat illlrrvills.

n scqIwIIr~ d multidimcnsiorml vectors is reconstructed. ‘Hlf!so vcctnrs ~illl l)c

intcrl)rcl d ns pfittcrns in the ohscrved time signals. With the methods frt)lll

(“]lilo~Ihrory it is possihlc to operate in this space of t[!mpornl pattmlls with
tr, t,)lll(. tri(-al all~ quantitdltivcmetllt~ds(= Cmg, [,s]).111thisContril][ltioll\VC \\”i~nt
m

10 discuss the concept of fractal dimension and also the concept of clotw recurrences

of pat terns, which might diagnostically indicate some significant regularity in the

lw:irt rill(?dynamics.

I h+]w wc give a brief overview of the concepts of dynamical (Iimension csf i-

IIIm m and then describe the methods we have used to obtain an unbiased mtimatc
of Ihm]innli:lg dimensional cxvnpkxity parameters am! .hc dctaikd strm”tur~! of

I II(’ N“illillg propmtim of rcccm~tructed attractors.

;tssunw wc arc mmsuring a single variable discrete lime-mrics r( t“, ) = #,n.

III I III* lhllrrrnt rontmxt .r~ would correspond to an intcrspikc intrrval or instant,a-

IIIW)IIS Iwart rate, ‘rhcmllwe can reconstruct vectors i,~ in a T1-(!iIll(mIINiolliL] Hlfihc

SINIIOP t Ilrollgh tinlc drlay coorrlinntt!s: & = (rm, zm-k, rm_~k,.. . ,r,,,..(,,_,,l:),

wl)f”rf’ III rllnH from (?1 – 1 )k + 1 to the numbm tld~(n of data poinls Mid k IS l.lw

I il]l[’ (lrl;iy. ‘1’lw successive srqucnw of points x~, z~-k, r~-zk, . . . . X,m_f,,-IJk~“ml
Iw vivwd a.. a tmnporal finite pattern o{ the ~igrml. The cmhmlding dinwnsi(m II

11(’lrrlllim!~ the Icnglh of tlw pattmn, the delay time k dt!tcrmimw th~! clrgrtv (If
(It’t.ilil or Iincs tructurr thnt i~ rrsolvrd in the pattrrn. I)mimiic hrhnvior in Lhtm

si~lliil rtaII lx idrntiflcd by closed loop in pattern spacn, which cm hc vlsmalizw I if

t III” t’llllmtltling dimension is not grtmtcr than three. (%aolic. solution~ nrr K(WSII~w

(J[lwtrically au structured, non-rrp~’sting orbitn in the rcumstr~lrtml pdtwn st;ltr

\l)il(”t*.



[at.l or. 'l.llis sltJl]o istllcn i[lt[`rllrett!({ astllci)~)illt\visc (lil1l(*1lsiorldrJ oftllcsysttvn

,If l,,,irit~[sccc.g. [.1]. [7]. [S], fi)), [n]).

l~rom theoretical arguments we know that the estimation of the dimension

value itself would require a much large data set, But we think that especially

in bio-nwdical applications it might be useful for diagnostic purposes to ccmpare

si~nilicant dative changes in the “dimensional cornplexit y parameter” ([8], [!3])

(Ivrn for rclatiwdy small data wts. Similar argumrmts arc also used in connection

wil. h sp(!ctral analysis. In order to minimize the bi(as in dinwnsion estimates, wc

il)t rwlmd nn algorithm which dctcrmincs the fit-rallgr, goodness of lit (GF’),

II 1111I Iw l’st imfitwl dimension imtomatically for mwh rrf{wmcr point an(l for rach

I’lllti(ul[lirlg (Iimcnsion [!1].

Dyna~nics of Dimensional Complexity

~illrc. ollr rofcrpnrr Imints are sainl)lc(i at rqual tinw inl,c’rvids, we obtain a s(’-

1111(’1)(’!’[If (Iilnwlsion values that r(’fltwts the temporal ordering on the attrn.ct(m

;~lthI)IIgh tlw dynamics itself is rhaotic and rcrurrcnrm arc quasi random. It is

]}~jssiljl(: through our nwthod to locali7fi the sprcific regions on a rm-xmstmctcrl

iLl t reactor rrsponsiblc for significant changcn in tlw Rplmrmlt ‘ocal dimcn:sio:mlitym



Recurrence Plots

“1’lw t imm’ drpemlcnt point.wisr dimension m crowding index give {w infornmt ion

;Ilmllt I IW w.alilig I)i”:lavior in a n dimensional ncighlmrhood of the rrconstrlwt~’d

sl.stmn ;11 ii ,givml point in time. As mmtioncd ahovt=, wc arc cmly illtermtl!{l

in Lhe nmtrilmtion of LhOse points of the system, which are not temporarily too

“1(. 0s(’. Illlt r(~visit the neighborhood after son-m elapsed recurrence time. l%mn the

ililnemitmal complexity alone we cannot deduce any information about the time

ill wllirh tlllw rwurrmwcs tfike place. It would be possible that a large numlwr

11[ rl’(llrr(*mx*s arr gmmratcd through some Iocalizcd small scale dyrmmit-s of tlw

>}”S1(’111, ‘I”IwvI it could t:dw the system a very long tinlc before it visits tlw sitmc

l)(~iglll)orl]oi)(l” ngain, III othrr, more rcgu]ar types of attractors, the nwurrcncr

l.{~lil!l (]i.t.llr in Imrioc!ic tilnc intervals. in distir,ction to random systmw w{’ call

II II* III ify lw[ll]it.iul]s of :1 chaotic attractor under which mlativcly short rwvlrrmcm

,111”frmllnwi, I;or smrw applications it might bc interesting to obtain quantitillivr

illfl)rlnfi~ ion A)ut the dynamics of b.hose recurrences. A very elegant way of

r(’llrvwmt in~ t his inhmmtion was introducml in [1]. WC have modifimi tlw originill

llwt 11(111slight Iy flm computational ~nd visualization ,mrposes.
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l;i~ll IX?2: AII S minute file of R-R intervals recorded from the standard heart IWUI
II( IIII’sam’ pig. “h data set represents test conditions of 100of the left autrrior
~Itwrtqllling artrry of the heart (LAD). Recording taken on the sanw day aR i II(*

t
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l:i~llrr 4: ‘rime series of pointwise dimension values fl)r the heart rate signal of

!ig, 1 (~ontrol state). From the n&~~ = 847 skalar data points we reconstruct a

v{’ctor time seri~ with a time May of k = 9. Under these conditions we obtain

II ,,p,. = 66!) vector data points ~~ in a 20- dimensional embedding space. Out of
III(W wc choose the first nr~f = 650 vectors u refcrcncr vectors ~. To avoid points

w-llicl] arc ~emporal]y very close we don’t count vectors Em in a neighborhood (Jf ~,

wlwnrvcr I m - j u I ~ 3, Iror this data file we have to reject ’264 refercncc vrct.ors

IIIW 10 insu ,fllcient scaling behavior.
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I;igllrc !i: Recurrence plot ~m,Tn(m,c) for thcdat aof fig, 1 (left) and 2 (right).

[l] Ilnrizontal direction we have the time index 771, ill vertical direction we have

I!l(’ time shift 1 between the two vectors, whose separation is computed. Prriodir

St rllf:t[lrf:s i;l the signal i5 represented by horizontal lines. J!ert. ical lines indiratc

..lll.+tming properties of the reconst rutted signal. !)iiigonal lines indicat.r relaxatinll
I }’])(* oscillations.


