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250l!�, . and. the.tlQise valu. i.s 1 dig.iti.z:e.rlJ.riit�·
.

..

:'*: :: .

. .....

.'

11.·'

12 .:

. 73"

·73

74'
1,·

79' .'
.0

12

85
8.5 ..

·87.
:" .

'88'
89· .

"

91

:111 .

'.

·'120 ..

.

121
.

122'

123 .

124 ..
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.' . .
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.
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1'b•• heatt hU. alva.ys. be.� one ot. �e most 4l_ftlg.·tic p.atts

of

.

t,be Oo4·Y' a..caLtse
.

<p1 its j.·iiace•••·abillty. .

Howe".:e, .: in' the

. .

. .

. . .
.

by ·nt.a.uri� the' electric fiel.d it. gen•..;,a·tt. wh.il..;·' qcnt:. ..<r�it:l<i •.
. Since th.ut,:. ·the •. ele¢ttQ�atdio(Jram " or _CG, has become Ofte. of·.

.

.'
.

. .

the most· ilftPoJ:.t'a·nt clinic:al:' tools'. foC'· the' dia,.n<u5i�I.· Q·f bea('t·
',. .

01•••$••.
.

.' . .� .

.
.

Thi$'" impor ta11e., . al.eng .. w·ii:h ." the" l'l�"'..xt.nsiV'e ..

'.
.

.. .

'. '.
. .

'

.

. at. automatintg. the e.CG ,diagno.tic: p;oe.$ $.
.

Wh'ile '. ttl_sa pt09rab
"

.

.
. '.

have be.� very· $uec:e.$sful in aome are'as, there remain m.any.
•

ECG

pC'()bl�tJn$
.

tbat �pp.ar qult·t;! diffioult.. to c:oi1lputer.J%e� This

.' tnesis .is conce;,ned 'ltith understanding' why scm;!" ECG>' features

A1:e mote dlffj.e.ul t to d iagno·se 'than others and how SOlJutio.�$ to' •.
'

tllese problems might be approached. First, hOWEver I. to' p:r:;cvi4e
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.• oo.a l;JaCkfJaot.lft.4;· �; b1'1'•• :bU�AoQ"(;:tiO.1't. tcl' t,b.' h••l't _.ad tl4t···

.... ori9·ia .ot the· el.<:tfQaardiQft••: • i. a.c.s·satY,,·

l.l •• •·.·.... t··
.: ..'. . ..

'

..

:. .

..
,

:'

< 'rbe h.ji'l. h.••r·t �.f.t•. :Of t'tio p-"., Qn.. i;o •••�4 �;r")lly
..

.

.

'

•o�"..nat" bl,.oo�f. f�o.·· tUle It.Ul9i: to �.: e•• t ol.· .
�.:. bQcI1.� .• ,,4:'· ....

one· .. t1o.' ••.,4 d.tt bL.0c4, .Cft 1',,, .. ;etutiil, b.<:J( .th�o� tt.· ·lUftts ..

hC:1t .'-' _li.i.,tt 0'( t,. •••l"., aM the a4�ion Of, th.· f..e ::

.. '

..

.

'.
.

. .

. . .

,en_let*. i.· ·�r.4it).. t.:d .by ••y,t••.of .p._t.li·?;ed eJ..c·u leaily'
.' 'con<lucUQ9 tia.�.�···· • A ba.i:<t ·cS••C=i.:pJi;OI\ of .�. lJ_r. ,c;ildh". '.'

. '.
.

'.' ••4. ®11._t:101l $YR.•• i .• ·· fiv.n. in.' this '.dU<tn�.··
"

." ..

"

'. . ,'
..

'

... 1.1 ..1.·:.....t.t. Jtuel•. ays_••
. "

.'

. '.
.

.

'.
.

.

. ,:,
.

'lb. iu�.:eu.'t" a.tt.t••y o� t;be. tie4.�t· is' .ilipl•. i4 :colle.pt: f •• '

.

. .'

••hewn.'. in 1·1g\ll:. l"itl.
.

.

.' '. .

.

)�b. ·twO input c:h4aer's of tn. h..,t .,e tbe· at�d.a·.. ·

'.'

BloOd
.

. flOWS-' trOll. the
.

b¢4y: through the.•up.�ior abd !l\let.i.or. ftaae .:
.

.

ca... into:. t.be ..�ight ... ttl' � ...... a·nd f·r0•. ,' the'
. llldq:S·. tftJ!'t;)uqb.·· tn•.

'

.
. ",

. p.u.o1.14"y·· ••. in . into th. l.·ft att i_. . 'fbe v.ntt lei... ate the
.'

. ,"

•
oU�P.lt �·b..mb.t$ wltb iihe" c19ht ...ntticie· PQIllPlng blcoa 1ttto.: tbe .

pul_nary artery a.n' :ihzQugh ·the l�•.·, ..nd the:: le.ft:·
:

"rtt1:iclJt '.

PUIlpin<J. into. th·••Qt. ta. .:ncr the '. rest o·f the. body•.
·

'. '.

'!he blOQd fli.cw. be-tween the heatt ehamber$. t·s· eonti:.olled �.y

fo.ur vCllve$� : The .1t..tal a.n,,· tricuspid valves; between the "le:t
.

atriWli· .:and: ventri<:le,' . and betwe�n . the right attj,um .aile!.
. .'

. :,. .'
:

",. '.' '.
'. .'

.

..

' "ntr iel. r.espectiv.J.y., pre:v.nt··· baekflow of blood" fJ!Q1tl t�e ..

'

ven�icl.s to the atria' .when
.

the ventricles aontractL 1'lle'

"'"
.

,
,'..



.. 3·_ ....

............... ...;....
J;.r...."""'�

. V.. c:a,...·

...Iit&'tj.

. 6�"""'"...
�� .'

'. "�-.I.!'....-��

V��··.
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.

..
.

.

.: P1gu"..: 1....1: 'l'be' Muaai_r Alta��y of tb.-e .Beatt •.

,alaoQary. '1_1". in the. tJilbt ""fitr iele ,. and. the _" tJ.c 'f'ti-
.

in.
".

t.he l-eft·pr.ev.n,t .·the bAckflcw. of
.

blo:C4 f�o.· ..

' th,. e.l�c:ulat:.ory

system into th. vent.t iele. wh'.n· th.y e.»pand (i ..e .. r re�a".l';··

.

,

.

"

.". ..,.....

1'1\. pumpinq' action of ·the beilrt Q¢CU($ .eacli i).a·t,. and I)_a

..

.
.

thr•• phase ... ·· A� the be9ia�in9 of the I)�at, the ,tria contt_at

tog. ther, puehin<g bloo4 tlu10�qli the • .itral.•nd tt icu.pid valVf!$

into .the t'W� vef)tr iel••·'- Ji·ben· .t·his C:().ftt�acti¢n is c:¢iRplete,
baCk pressure cl:.Oaes· ·tb. val.ves and the two ventr icles contract

tog_thet. this' foteea bl¢<iXl th.l'oug.h the pulmonary and aQr tic

va:lves into tn. pulmonary.' ar·tery' and aorta I

.

and then int.o

circulation. : In the final' phase, the heart muscle relaxes and

blood f.lQw$ from the vena cava and pulmo�ar:{. vein �nto. the

. att ia and venti'icles'.



'. .;. "... '

1.1.:2 .... Uec::UlcaJ. <%QftUol Syst•• , Of' tA�, ...ct·
.. .

.

. '1'J.1.' .yndttoAi.utiQ4 of tn. heart,.�ltau.r'. te<lu�red for th.·

$84ll..acing. a••ctibed .�_ 1$ a<:hia.d thtQlIth .:It .1••triQl:
. c:oa.t:tol· SysttUlf.

'

1!h.....'nt.ul.$ of tilt.· SyStell
.

4r:.. s_<*n" J.n·

tifQ'.; 1-2 .. :

·�je·r�.

,19u1'e ·1...2� Tlh,' l,l.c�ical 'CoatrQl S1$tam of the
2e..,i:t.

'the h••,tt lIu$cle I l.ike all Jl)u.c;1e in tbe bQdy, be9in.':to

C:Ont.r:ect wbert it receives' an . external· n.(ja 1!iva elect.ri�l

I.n a normal heat t , tbe

sinC1-atr'1a:l (SA) 'llC4e positio,ned on the suriace· of the r ignt .

atrium· s�C)ntaneou$ly: produces a reg:ul.ar series of action
.

potentials. '. All sPecialized heart tissue .has
.

this pacemale_r
.

propel: ty, ". with '. the natural. per ic;xl ' between potentials being •
. .

l()ncJest' iQr; the pu�kinje. fibr.s, then the bundle. ·Qf HIS, 'a.no



.

.
.

.

••t�st .. l<)c the ·$A. ftQ4•..•. Sec.".... ·the SA aode ha... ttl. f••.te.t

thyth., an4. pac•• Ic., :(:.'11" are
.

reset wbell �.Y ,,"etv. aft
'. .

.'

acUon •• 'ct..ntill,. the cat., of SA node action p.o.tentia.ls.. 1-8 the.

rate of 't,he he.tctlMat.·
.

Al..tboWJt1 the :1:.4t •. 'is
. tbu$ COn'ttOl.l.d

"itbio : the' h••rt, it·. �11
'.

t-..
'.
iru:tea..d O� d.cr••••d by tl'se .

�tiCXi' of the. a'u-tonoatiltc ner.ous.. .ys�•• ·. Ott· ·the ... SA . flOde.

221...£or•. ,
.

in· a nor-xaal h••C't; each,' beat be!in$ witb. an Rti4ft'

• po,ten·tlal ft,_ �.:, SA node•.

'th'. a-Ci:tion p_ential is ecu�l(!uc:ted awcy f'roal t;he, SA liQ4. by'

tb••a.d..: ti_u·. of �he . 41:#1•• ·

.

'!'h. " potenttia.1 ·cau.... �.

JlUserle tp 'coDtl:'a�'t afie' _, .._� of' a�t.!otl pO��U'lti.l .114 D",Ule,:

contr_ctio'" $·pc.ad,s ov.r· the . atria,. puoapil'l9. lI,lCQd . int� . the.

v.nt�ides.. 'on· t.,aobincj t.ne· bo.clary b.·.tweeft th.. a,tt'i_ aft(J'
. '.

.

..' .'
.

'letttt1c1e.,.
.

the action p4t.;nt.i.� St1QP&.J cverywbete" .lCcept.t a
. .' . .

bun41e. ;<11 tisi$U. called th•.•t1"i�l'lti'i4Ul4.r (:A«l, ....... ..t•
.

it is a.la� t<;) eJ.low COntpl.te ellpt.ytng :o,f ·tM· atr:i;.� ,

.

. .
.

.

ptom the �V node, the ac: tion pot.n t:1al tli."15 aJ..Qnc) tl'l.

Bundle of 115. $pI it.· along ·the left· and right l1uln41e b;alu:h•• ,

and . apreads'. over' the insice q.f! the 'tlenttic:les' �l()n'9 the

P\,Itkinj:. fibr... '!'his conduc:tiol'f is at h'igh ,sp;.e4., about six'
.

.

. '.

.

.

.

tim.s' f.stet thall a140nq oro inaty u.ua.c;le., ana reaeh.•.s the .ntit,e

thfu:;efOce C:Qntr�<:t as a. stt.ong. ul1it pwnpill9 blQod out of. the

�ear t; •.
.

.'

At· tilts po�nt; ,the ac:tiQ·n. potent'i�i, is •

exhausted .and there.'

is
.

a pau'se' £·Qr· th. heart muscle to re·la.x before the l'le-xt, SA



- 6.....
. .

.
.

.
.

ft04e: iJIi,ul� .t.,r.� another "at•..

" .: '.

The' IC$' is • r•.«)r(!'it'l<J,. ft\OlI ,•• su,faft ot tb. Dod·,., of

the· .iectrical .ct1vitty. o( the
.

1'1...rt. 'rh i. .Clivi�y is. the

.Qif� ,Qt· _t.ctti¢,aJ.· char,. 'j.:"' the lOU.Ole a. t·h.·, ac:t:ion

pot.nti.l, .mo�" 'tbJ:0Ufh .it. "'{'O \li\4et'.t.'l\� the' '-,•• tQt••. of.·. 'an'

leG w.•••tO'�.f'· it 1-- : titS', tt«c:.s:$aty to t••'i." ...
'

v..y ttl,is
.

•_<:1. e.leo'tt teal �'.nti.l t..ccr,4�nf is tIl,aci••.

.

.
.

.

.

1. 2.1 U"�ieal: _"at'Lals, f.to.allueClAs .:
.

. .
". .

'f:b" 'tQp�gati_ Qf Aft -=t1oil' po�.n�1al a'lioil4 a ,.�scl. I. alid .

'tb,•• e.lec.t'tic4l. .191'14:1' Jidau.rea f�,_ it ia $bOW<11 'in fi9\lr. 1-3.

DUe . to t;J1. b.i.�••iatry' .nel phy*;o1og-y Q,t the lO;uacle
. .

t1S,..... , .it 's polarJind ,ill the rua._ stat. havinCJ a pqsit1�e

,(+w..) cbat<J.O<�ft tb. outaia. and a nega,tive .' '(-") ,<*,a'9'· on �.

ins14. • If .1.·c1:ro<1.·$ 8;:re Plaeect rtear . tn" mU$Cle, 'as shown 1:ft

f igu�e 1,:",3., ". and. conn,acted
.

to
.

a d.viee
.

fot tec:ording tll.

poten.tial betW"fl' til•• , no vol tate w·ill. be r.9iste;�d. !n the

relaxed st.te ..

..
. If a "ve �ction' �o·tential

.

impal,se is. ap�lied .ee .. t.h.

outsj.de of the: muscl.e at one en4, it �ill depolar.ize .t th�t
.

"

point., :shifting cbarge $0 that 'it becomes ....ve ou tside and' +ve

inside.

t.o depolar i{ze as. well;. and, . in th'ls, way, the -VE;t ac:t.iQn

potential .. r14oW's It along the outside ·of: the musc Le , Due to tbe '

Charge shift., the DU$ele contracts. our irt9 this contraction.,
'.



... 7 �

"

·IL .

.. ,

"I'
'

. J"D,.·, '

,.
,

rigure 1..3: 'lhe Measured Electrical Pot.nt.ial of
Muac:le (ftC8 [24l)"!,

the .1ee'f!�oQes ',.$•• a,-v. c:harge flow tQwatds the +ve eleetrOde

_nd a posi title going w.v. is rfteo,dad If

A short tiine after the· action potential passes',' the

p�sioloqy of the muscle causes it ee repolari %e again. During

repoiari,%atton the .uadle, relaxes, and a +ve charge "f�O'Wt("

along the llH,usele., Ih ,this a.tage, therefore, a' negative going'



� ·s ....
.

..

.

.. .
. .

.

"ave- .i� b. t.cCJt:·4". a·t::. the ele.cttQde$ .•
··

.
. .

Th_. 4·."14:;ti;�.ti.Qn· ana: t.polat�rz.;ion waves ¢ari be

...ur.t<.l ..when
.

any.
'

.•acle. Q);I\·t:tac t., \II ith th. uplJ.eU4e .

••_41", on· �.·."wat ·.O'f lI.ua41e and ·the p.,,104 d.'M,tlCiin9.oft'

the .,� O� the .<:t:jOft p.o_atia1 p�O,paf.tion ..

l.z,.a I� :t.eacl' ..t...:

. tIM l'r4.t,¢ l.e. ,b•• ina tit. aco is o.t .. linc., h•• .,-t: .u,.dJ..

bena"" . :el.<:trical1.y as· ,4••Qrikd in.�. 1.'.t •..,1:.10&\;

.. e·l.c.Uode. . pJ;a0e4.
.

. azu!)\l1l4· the :lua4.tt·. will
" .

tflc::.,t4l
"

�.,
.: .

.
",

4epolaci.z'._iOft.· and, l:e'p014%'t9t100 of ttl•. at( 1a. ahd ••ntricl....

st,.ee the 81.c'tt icai 'pot.ltt!a1 tt,o.· h••rt de,,ol.ari,,«tion

.:pteaa.':
.

ea.s!i1.y tbroQfh. the $Ucro�ndif'lg: 'b04., t,1..8l1.:, it is
I

.

. �'i.bl. to· u·" ie_•• tta<;he.' to @. sk.in r�th.t than 'to the

bt.-tt
.

!.or. th£. t.cor4·i,ft9:;.
.

$C.r.1 systells· 4_ ;O.1t10nin9 iCC'

.1••4- . a.l!Q\tllQ: the· bQciY Ellt.ist.,' aepe:ftdi.n9 en. Erx.¢.UY:
'.

what

itlfol.'_·t:iOn
.
i. to be recorded.: 'the ·two .Dl()!St lS1p.ot.ta.nt -1St.lII.

are th.. rra.l'lk 3 1.ad or tboqonal' , $y.teni· used
. in
;

vec:\orearo'iqgt.aphy {4.6.]. .nd the 12 lead '.system used 'in *,st .

diagnostic .1ecte®.ardi09raphy. 'the ·latter system, beil1q:. the

Ofte'most eo_caly u4�ed·. by doctors,.' is .de.ctib� here ...

.....

.
'. �

'.
.

the position of the elec:ttOCies' used· in the 12 lead system

is. "hewn in fi9ute 1-4., These 1.,ads are u.$ua11y considered, itl

thr ... sets.

'the first set of· l.eads is �,nown, as the bipelar' 1.imb leads.

It. CCiu'ls·ists ;of 3 leads, I ill" and lIt I. m�uu�ur ing the potential

between the electt.oces mar.ked' L-R, g�R" and
.

�-F' tespe.ctively. �



·

J
�

/\ o
If

...

....

+C'
...

.

.vr
..

'l9eu:e' 1";4: -.ra.. U Lead Oiagno$tic: Uectrode
·syst·....

$ac:h I'eaca ttl11 ·s.·e- thai; e�_oftent of the heart' 4.pclar�%·ati()tl

along the.· li-a. jOin,iftg-' the .1ectr.cQ".. fhtil$, as .hOWlS tn ttl•..

diagram,. ·.thi$ l••d set records the beart· .ctian al.ort«i �t'ee

lines, 1;20 4e9r••• apart in tb� body front.l plane.

Tbe seoond set Qf leads is the 'unipolat limb l._ds: a·VI,·

a'lL, and aVB •.These leads use th.e electrOde.�. L, and P,.

r.espeet;i:ttel.y . as the �. tetminal and the 0 ther two frloDa the •• t

R,L�F connected toqether as the -ve tet:minal ...
·

These three

leads add.' infQcnuation along anothex:: three lines, in' the' f rcntal

plan. perpendic1.,ll.ar to those ·of the'bipolar limb l.ct.ds�

the. final set of leads is the pracotdial or chest' leads.

These s]:,x electrodes are plaeed at heart level· .ort the chest

appro"i1itately equally spaced f'rom the sternum to ·the left' Side



.. 10· ..

_ele't �t14t -flip and' a..te ·labelled 1 to , Oft the <li.grall. 'the·

l••,·s are kncwn as . vl to '16, and Use·· the c:otrespondiit�ly

n\Pllb.r.' .le;ct�od••••. ttl.' we te.rminal .114 tl;l. el·.ctrCd.s. l,t.

.ad p. .tm�ted t09.�:c •• the ....,. te�in.� ..

· A view... of ttl.

he.rt . i. t.tlu...c>&� ine(
.

a1049 st.x lin••. in a pl.lt. �h·to�gb ,.tI.

bodl*.•.
'

1.2•.3 !he: ·.ot.41 leu'

'flui . 12 .. <Ii.gnostic' l.ads give a

tht ...�4i••l'1siO·na:l view of tn. 4.polal'i%·ation of the h••tt •..�
. (!eacribe wn.. t is "s••n",· .•n4 therefore' what �iftforJla:tioD is

contaln" in the lea" it .i$ enlifhtenincJ t.o 41••s$ iit �:.t.il
. .

.1••4 II; tbe· 1.a4 w'bi�. d.i.plaYs th.. __1; ·C1.,1Q" EC:C:

w�Vef�t•• " .. Tbe ef.f.cti'le flo.iti�fts. of th. l.ad II
.

e1.ct.;.�e$

are ,ive.1i ·in figure .1-5 I an'" it, i$" useful � eo••". �j,s

artang...nt to that in ti9t!1re 1-3 •

.. tote t.he heart. b.a� begin., the' elet;'ttical pot_"t1"1· of

the he:aJ!'t: is 1;lncb:ang�n9' and the lead II EeG t.cQrcJs a va.l ts.

When. the· SA node p�odue.s an action pot..nt.i.al, tQQ weak to be

recora,d in its: own ·right., a potential wa.. aptea.:;!$ aver the

atr ia and. tbey contract. the d..pclaritation adcCullpanying the

¢ontrac:tion is tec:orde4 as the .....ave shown in figure l...S.

At the Av ncae, . the ae1don pote'nt ial pal.lses.· and then

rapidly ttlOve·$ "oWn to tbe PttJ;'kinje fibres and the intetior·of

the ventr.icular wall. Because the potential travel$ to the

ventt icl.es so quic.kly I their d_polar ization occurs in three

v..ry short stages. The le.ft bundle bra·nch· . allows the' action
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Pigure 1-5: The Effective Lead I.I
nect;oalrd j..Qgr am.

potential. to 'reach .. the septum between' the. ventriel'es first,

wbic:h depolari:es ,from the left to right ventricl·e, p.coducil19 a

small dowr'lWUQ Q-vaye in the ECG. The action potential then'

reacbes the·' bottom p.or ti.Qn of the ventr ieles simultanequsly,
and they p'olai:'�ze outward,. pnoducinq a large positive· R-wave,



ct.. to the tAieS( .u•.;l. iA.� "4. . ,itl·ally. the upper portion

of the ventr leula" wall contract., prC<luci� a �_ll <i¢wftw:.rd.·

s-......

oace the �••t is' C:OlllPl.,ttt. tll• .,..U1cull. iIlUcle· 1:•.1._.'."

. ,epolar*zi:tlcj:' .1OWly "fro•. (Jut..ide to in.i·d., P4.C4ucil'lf· tll.

'1....... ' in ,.s.gu.r. 1-'5 (note· thl. 4i.r..c1:ion ,l.$. <)pp¢sit.. to· tbat

of . tll. i$o�ted 11Ju4cl•. showa in i.i9�i•. 1....1). The .�tia 41$0
. .

prQ6u4:e a t.po4.�i�.t.ion wave e :
but It. is u$·ual1y· ...11 '. aM

.' . .

.
.

falls ·.on the Qas c::oaapl.. and i$ lost.

'iber.fore, • _t1Ial1y b•• ting heart p.l'O�·s... lead 1�1 leG

like th.at illutt£"ated in fi9uf. 1�6 •. Us(). shOw·n in that figure'

i$ the sa_' b_t. ••••.QClt -as. a••a bY. the' .lcwtl· athet
.

.
.

.

ele.choctes ·of tll.• a·i.,gnostiC:: icc ... '. th•. diffetent 4efl..ctiort
..

.
.

.

•bap.. and·. __ li,tude•.
'

are au' to tb. 4ilfe,tiU'lt .ct i.neatiOtl o,f

the le.ds with respect to the h�Ul'tt ..

1.3 '.rh." Alulor••l lleotrocar4iC9ra.·

ftOlJ U.·· last. sectton f
.

it
.

can 1:". seen tha t
.

the leG

m... tnes only' the depolarization and hene,. the c:ontraetio.n. of

the heart muacles •.. sowever·,.. by applying· the knC)wledqe of' heart

function from s.c�ion 1.1.· a. great deal· b.eyond mere mus.el.

contract'ion can .be deduce4 f�om' the ECG. In particular,

i.nformaticm is contained in both the position of each· w,ave· in

the ECG (rhythm) and in the shape of each wave. ,contqur).
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, Ptg,ace' 1-4: �e ICG of' the 12 Diagnostic Leads.

1.3.1 Coat-our

An e-xample of an £'CG with abnormal oontour is given in

figure 1-7., 'rhe clinical. dia9nOsis, for this ECG: is, right,

, bundl.' branch, bloc:Jc� -rb,is s.lf�xp14natory condition arises

either eoncgenitally or: when some, form of', cardiac trauma or

disease blo,:kS the, bundle, branch in the' right ventr icle from

CQn6uc:ting the action potential from the bundle df HIS", Its

existence is deduced with the follow.ing model.

AS' the, .c:ti(:m potential leaves, the, AV ncde , it traveis
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'19=. 1-7, 1t1ttlt a.Ul\41. Branch. llla..k:·.

al�� the bundle ·Qf IflS .nea down tll* left buncJl•. branch to the
." .' : .

le'f� �l1tr tel•.,' but. i. st:opp.e<l. ott the ri9bt .1:d.. and _�ftJ;O�

. ,

'1.l'ltt it;le c:1epolar.i%e ftor_lly prod�cinq a Q. an. a-wave. '. 111.·
'.

.

.
.

.

.ri4h.t �.ntri-Ql.,. hoWeVet:, .ua.t' walt 1$1:1l. ttle actio:n p'ot.nti.l

t.t.veu tb,eoqg'h.· �e. ••ptwa .114 :rea@eS th.· ,Utkin:le
.

fibr.... ·

.'
It

then �po.larJt.".,. pco4uciaq an-O.th'e:t, del.� a.wav., de. itl1a.ted

I." •. 'rh.e tte:.rt finally repQ1ar��e$, p.roducittt· a .T-wave an4 the·

BeG 111ust1".·te4 in t.he. f19u�••

,'lbi$. r.ight b\U1Qle branch block· i$ ;on1y ofte conait ion wbich

aisplays 'an' �CG' wave with· abnormal.contQur_ Othet notable

.�.1IlPlts ar·. Ventr icular aypet trophy a nd most forms Of Infarcts •

.
1.·3.2 Rhythll· a114. Ar.rhythaia.s

fitgllte. 1';"8' shOW$ an !:CG with abnormal rhythm. As w it.h. the

Contour example;· this. arrhythmia· can be diagnoseCl cUI 2,jt AV.

Block, using �deouction oaseq on a knowledeje of heart function.

In 2° AVlUock', the AV ,nQCie' itltermH�tently fails' to conduct art

action petential from the att 1a tQ the ventr i<:les. .That this
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is the CMC.ct diagMal•. fot the ICG in' figure 1-8 i••••1 to

a....

,rigur. 1-8: 2· A.ll BlOck ..

... ts 1 and 2 i.n the figur. are eond'ucte4 nor:l'ilal�y 'and

4pp••r
.

1\or_1.. . In Deat' 3, bowever,. the SA ned. tJ: i99.'$ a.

a.pol.t��.ti()n Qf the atr14,· p£oQQcin.9 a' rt«...1 ll-wave. At. the

AV ned.,· �. action poten.tial trOll the att·1.. stops. and lio

. QBS-C0DlPl.x . is elici ted.. 'rh.. next. �tat. 4. is ¢n<;e again

conducted nor_lly.

·,!hi. 1s a· fairly siaapl••xallPle of literally' �houunds. of

arrhythmiaa . de.CJ:ibed by $rdioloqists, .� ot which., like

Wenkeoac:h 51'114,.. and' J4 AV Slock ap.pear very ccmplex on'·· the

COG.

1.3.3 5__'ry

In practice. the lar.ge· number Qf patients involved enBlJt.es

. that, in a' clinical .envirorunent, a1m9s1: "Yery conceivable

problem with the heart will be .encountered. in some eCG· traee •

. '1'0 make, a" preper dia9nosis; the. ¢arciiologist must, 'in e'ach caae
.

from normal to complex' combinations of both contour' and rhythl1l

abnormalities, extract the useful information. from tbe ECG

trace and de'QUCe exactly w'hat is wrong with· the heart <I
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1.4 6.• .lItto_t�_ Off ICC: 01q.J1081s·
With . tbe 14t;. afUOWlt 'of infQr.ti(\)n� in an SCQ. ·ano l(ith •.

tb. telativ. e... and illexp.a8!wrteS$· ol obtainin9 one, i1; . hu'

;beco•• · ... ".., .
i"'Pot tatltt .and.. co..oft!y. 11••4 41.V·ft.dtic: ai4.· T,b.

'. irtQ'•••-ift9 u." of tb. act; qve.r ttl.• · las·t -a •.ntuu:y. it... bt�Uf:ftt
. pr.·...12:•. to.' aut.o_tie the· ·•••suremeat· and'· c!t�O$is Of �•

. W"�t')flll tt:an. Qbtt-a iM4 _.

With the.
......

.

..

very QOJaJDO'D' .gsa·· of the. leG at. the tiBie �f ·wt.j.t'iag, 'QP to Q�•.

h�b4red .re· tatteD: e.dh 4:ay at t.lle . aniveratt.y . cf' S.p.tchewan·

IJ()$pital.

d"iagllQsis of one ace pet 1I.ilt"te, tilat _·an. ·.�ry cJ.·f· ne.tly .:

.

,t:.1CC) . bc�r$ are taken. up' in tht$· very _dbanieal t-'•.k.. Another

proale•. is ttlat., in c-a.t4iac· c:.,•. unitS .
(eeTl) a.tl� emerge;n¢y.

r..OOIl., aJi)nC)tlllali ties in SOls can be OM,r look.•4 .b;.<:.u$.· (ioqtors .

are not''- and shoulcl .. not be, ava'Llable for. aonsta·nt DtQnitor:ing'
and diagnosis (55}.... Burthermore, to increase the usef'ulne$s'Qf·

leGs,' l1IOr. and. iDore . ma·asure'ments of wave Cflura.ticn, spadiflg,
.

.
..

.

.

.

.

.

.

eto ... lItust be ma-de for ·each ·a.iagnc)lais,· and car�'ioliogi$ts dQ no·t
,
'.'

, .

have the ti1\\e to incorporat:&
.

suCh compl.:d, ties 1tl' rOQt-in.

ra.din, .

_chine.s . can overcome ecu::h of these' problems. If a

mad·hilie' could b. made to d.Q most qr all r.outine !CG· (:Ua9nosis;

the .ski.lled· eardi¢lo.qist ).lould be free. for a consid.arable

portion· or .each. day to· deal w.i th more impol: tant
.

tas ks , In·'· the
. .

CCtJ' , the ma.chine .could be constantly monitor ing. for simple and
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<:f)-Pl.." '. atthythlltiaa. anc! contlOU� chAM•• ·.I- altd .could ttotify 1:h...
.

.

.

.

.

. .

.

. attendant nur••• i__ iately. "ita.'. a cIi'agncasi$; sho\Zl.:d.· they'

OI;C:U�.
.

A itacbin.., COw.d alao expa1\Q the .u.efuln•••. of 'be.
.

.

',' '. . ..".
.

.

.

. �
. .

.

•!i.agnesia .•a4. ,. 'by iacotpO.tatint lIOte meaa.uroent. with' 1•••
.

". hQJll.n:· ';��l.1)u'lty·tti.lt a c:.atdiologist·ca·n· affot'4 (39').

. " . .

·1 .... 1 outline 'of 'f.b•• is,
.

.

.

.,.,•. P�Q$•. of· thu th•• i. i.' tt> describe the, b.¢ntlittgs·

of .a syst..m .bei$J cons'tt\lc�.·d. at th•. Unj..er.tty of s.skat@.w&n
.

'The .'

. .

c••••reb b..Jti:nd ett.: ctuutis ba.· thJ:e. lIla!n goalsn
.

.

.1. 'JO .con.trUct ·a· useful. qualit'ative ·.del Q:f' h.·ft. teG
diaq.ri¢$is� S4) that it "¢lin. be. c:cttJpar:ed a,nd. eentra,sted
,,·ith ,ropo...a ••'Chine: algo;i tlUas.·

.

2.·TO re'vJ,ew tile c:ol'llli4erable lit�u:ature. e-xistlnq on
paat attempts at cOll$),uter sec; d1,a9nc•. is..

.

1. '1'0' b� in . imple••ntat.iO-il· ot an' actt.t.l. coatputer
ptoqra., aiae(j· at .. 4etel1ed seG. d..iaqnosi$.<

.

:The ot·g.nisa·.tiol'l .:

'

·of the thesis' is as follows;.· �h.pt.r � .

. deserib.,. an or i91nal model of
.

tll, .prCiceOure used by hwaatl

doctors to diaqnose an ECG. Chapter 3 gives a review C).f the
. .

.
. .

litfu:ature· .on c:otnputer tea �·iaqrt()$i$., w.ith emphasis placed' .Qtt

s'imi'lari'ties '•. and differe.nces to this human mQdel, and in'

.Cl'lapter 4, the. algor itbauii' for the imple�ntation· df· the' first'

two a.tagea·. of the· ECG program this thesis is. based on a�e

desctibed. Chapter' 5 concludes the theSis with a summary of
.

the work produC:ti!:d and a discussion of fu ture E!:l(tensions •.



n. .'$"" 'oNJI·�·tAit WlM4w.I"'...... toC'.""'I\tM. .

. .{..�nat••.·r.,. ..1'-. 1.1l .

When': . p·,tOduc;!nq a·n·· autOlile.tlc ICG·· dlatftOa1s .'Ylt•• ,,· t•

.

.

'

fi.cst step, i$ to have a til.oty ,01'." �d.l Q'�. �e w..Y· peq>l, . _lc.

c!iagnoAs.
.

Ixa81u..ti<>n of .

suCh a #104.1' 9iV'•• insigbt ;into the
..

'

. .'

way the autQlltatiOll.· may b. aocoatpl��.<l-' by .•·U99•• ti� an

�9,oritlua .of the Dl9st aueces.ful aetbcd of' ••king' a eliaquests:'

the hU#t,ail �tbcd� A JIlQdel al·$o giv•• a uMf:ul standard again.t.

. which pre ..,:1.01.1'$ ..� k 9" auto_ t ion. Ca'n be eOlllparecl •.
_.

Any 1104.1' of leG :d ia9nosis .' sbo\lld, fot . several" rela.ted

reasons, })e' of . the proce'ss most cOJalJlOnly' us..o 'by doctors." The.

most impoc'tant re·.son is tbat. alnto$t a.l1·· curtenUy avail.);:)l.·

aiaqnost.ii:c· info�at,iQ.n is baftd on long res$arch into the most
.

used p·�Qc.edu.res ..

·

Significant· deviat ...on.s from· the human' medel'

will therefo!;e require. that a good deal of research be'redone
.

in c!:,der toQ d.rive diagnostic .I;:riter ia for the new methoQ. For

almost th. same reason , it.' is impor tant that a' human-lik. model

be used,. so that doctors can easily appreciate. the syst;&m and
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hel,p 1t �o galA .c::c;eptarift.
.

fiG,,11Yt b�u.. a'diagnoaj.,$

ptog.ta:JIl which c:.l().s.iy follow.s: butilan ptQCJtol,l£e can', b. . .lCp..ct..d

to have, human f.ili�sf wA.en it does make JIlistake.s they w..l11 be'

easy. to t l·nd and· correee �

1t1is cD«pter 'pt••el\'. the key a_,eets, of .,n OJ: 1<}1n.1 1tCk!'.l

of hU18a.n ICC aftalySis alo� wit� a�c;... ftts see its.plausi))ilit:1 .

.

. frolil. ."ch diver .•e a:"ea:s a$ ".4 iei 1'1•. , .. '$yc:bol.ogy, e.(1'ucation .and

comp"tet $ci�nce.

. . .
.

.

at. way. to aeri1fe' the e.sse·ntial$· of th_ hUlllatl'lCG .naly$is
. ..

. ..
.

• process i's" bY' a' con.i,aeration of thQ'. things whic;b aust �cur

if.. a diagno.i$· is to. be' ••de •. This sect'iol1 discus_., t.ne.
, "

'the d.j..a�nos·ls proble. can I;M. ex.pres.d 11. a c:cprttiaUQus

·.aJ;lstract:.ion'· tt,OJll' the' original E�G, trace, to a' set: of waves, to.

a .et ,of clinicu. lab91s. (P,QaS"T,ete). and finally to .•

This view.

iAc::orporates' the human. aspeets . of ' tbe proeec(!ure while

introcit.1c:inq ..a
.

useful m,eebanic:al qua.lity •. Any division of, the .:

continuQus proc:e$S' of abstraction int.o· separate pi.c:e$ is

.

s()ftlewhat artificial, b�t· by taking cues from human behaviour

and the types of k·nowledge required at each level,' three

independent stages, emerge·:· redl;1:c.tion, labelling a'nd dia9nosi·s ..

Examples Of' the ou,tput of' eaeh stage ,are': 9iv�n �ri figure 2 ...1.

aefore
. any <>ther p'roc;:essing C!)f an .ECG t,race ean begin lit
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"
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,
'

Ii,u. 2-1.:. An .....1. of the stat•• ,of the
',' __n ..alys1s sao4el."

.
. .' .

'.Q$t be ;rQken �own into so.. set of low 1••,1 cor.aponents# .Qch
,

'

.S' COJ:Mts#, pok.,. WI__:,. ,plate.us,.' etc:. "fhis 1_.4-. ,to the

fit: st: stag:. of �he' hull.n aAuy.is UJOci.l in w.hich the leG ' tl'ae..e

is reduced ftOlll .. cont:t:tu.��s '"...fortl to a coll.c:'ti()n of kncwit

priaiti� 'sha'pe. or features,., tn, the f igute a, this reoQction is

Shown' I. .. $.:para'eion fto. t'h'. tree. oe o'nly, 'thos.' fe.at�res

(i ••• ,wave.) wbic:b are, n.ce,ss.ry ,to Ita'ke th. dlacgn�.is. In

peepl••. , t&ouetion
'

is: normally arr ·ul\con$eiou,sr· process although

Another import,ant character 1stie' of

this stage, is t;hat it require1i knowledge Of shape and size, ,but

no oirec:t knowledqe'Q! the ,functioning of the ,heart.

Aftet simple feat1.1res aee ex�aC't.d f'rom the trace, they

must b. grou,peel tQ<:jether and �,particular, meaning, i .e 4 a'

specific: heart act,ion, associate'd w.ith ea'ch feature or group.

'!'his as,signing of m,eaning leads to a a_cond d.ia'gnosis stage,

matching: e-;actly the human. aetien, of at tadling clinical 14 be-ls,

(i.e. I P,QR$,T", etc.) to the waveS in an leG' trace. As sE!en,in'
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..c.tion 1. �.3 � .•a.�h label cor: r••pol\U to a specific ·eoilttaet;ion .

.

in' the he:.rt auseJ..,s;· Uerefore, this $.tage lea4s n.1;u,ral·ly to

the type· of. �utput .""ll in th. figure.
.

ro', a 4.o<:tor:,. the

clinical. labelling is 41W.,8 the lowest left1 .: <l)f a·n·41ysis wtU;i;�

i. conaciously race,niae" ...

.
.

of' gr'oQPing the lab.�.· and acst:act!t19 the � ..s� tin.;.' s.tr il19 .of

h ....:rt &�!()ll.. into a 4iagnosis of any und•.tlying abnorn1itt.
'!hi.· is the. a��· in hu_n u.alysis. whi¢h reqtd.i:es tju� BlOat

.' knoWledge .. of . tAe '. wOr kin4j� 01 th,· heart. and. ia. tn_rlllo". 'be.

sUbject of the gr. •• ter P.t"·t of all textbooks. 'Oft leG r••ding

[13] ('141 ....

While the three s'ta9.la of the· htl_" !·CG •.nalysi$ model. a"e

aerive.Q from a: siDaPle oensla_ration of' the kitleS. of prQc_si.nq

lnd knowledt;e nee<led for eaCh,
.

it is' ccuapelling that al_.t··

14.n1:i081
.

staCJ_ ha�. been 4i$cerned in seve�al' other are. Qf

human expert!.. (73].:' rQr ...xallJPle.. the'. avidence . oale . pub'

forth On the proc�ss of 1_1'19u.9. le�rninq' in ehlldr.en [17]

$Uf.'gests the' tolllOtting taQdel

cU.•cover irJ9 sii\91e wo.t�$, i4entifyincJ an Qbject (meaning). with·

each' word, and filially learning to use the' words in abstract

sentenceS. The.. models· of BeG analysis
.

and language

'acquisition are:cQmpar,d stage by stage in table 2-1.

While t.his ¢orrespondence

apparently different'· .human prQ(:esses Ls not- complete' evidence··
for the ¢orrectness of the models, it: is persuasive •. In the

next. se.ctions of thi$ chapter, .mote, e.videnc. will be brought
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ICC tftce',
'

Sh�IUO'I�'
,t.�_., ..,••

�-'-... '

,With heart, acUooa

AJa�ttQc ,frOQl beatt
'_Uo.$, \0 $Ia.l ,

,�""'"

SlaCUrJc oq:t,
'

..... eI14_rd.

AaociaUJJc 1R)N'
'With physic*, objects

Ab.U-_t.tJ2.I hm,�j�
&Qflm� to, foIU

. ,,"t..oe..
'

�:'

,�.

,

�ah1. ,a-l; A <:oIilPa�i.()n of hu_it. leG an.ly�Ls
aod ld't»ge learl\itst.

forward ,frOll sj..Uar acute-e. tlQ elabotate th., th.tee 8t4:9-. of

ttl. BCG 1lQd.,l aM' tq �.1nf:o.rn thtair' plausi,bili ty .; ,,'
"

2.2 !be 'o.:tal1. of the _.,D ICG, ...1

the thr_ .tage model of' h__an ICG analy�ds intr04u.eed in

the pr.,vious sacti�n 'bas" the intere$ting propetty that e.ach

st�e is .,imilar i,l1 fWlQtioa; a •• t of input d.ta is pro<:$$sed

intc) an abstracted set \Qf output Qata. This sill'lilarity,

hiqhli<;bts .. ".ral, key concepts COllUllon to ,ach stage.

The most'ditec:t procedure for 94uteratitl9"outp\1t ft'c:m 'i.nput
"

is the ap.,licat'j"on of a se,t of tales which maps one into the

be thought of as a set of procedures which, go from tr.c:e to

primitive features, features to clinical labels and labels to'

diacgnOsis of the heart C:::dndition. The output from each, staCje
will oft.en be, �efered ,to in this thee is' as a set of tokens"
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whe,. a toiteD. rel'ce••ftts, In. an atusti: ac.t foe., sOlIe .".�·if ie

fe.,ture· ·in tlte input _. to.t .ex.-pl.• r the reduction sta98 lila:)'

idtUltify ••V.I.l i)iaees of· leG trace which tQgetb4itr form a w.ve
.

and· ,,·ill �as. this infotsaatiOtt. OIL as . a sing.le. wave tOken'·.
r.'t.s.nti�. all of the piaces at· <mc.'�

A set of rules used. in this w.1,. to abstract: �to.. input to

available in tAe input t!tat· the rules of' the st.,. can actually'

suff1.ciently e'XPres$,1v., it ."ust be' a'ble t!o
.

flxtract: .'VIety·
·

impOttant . ECG feature f·rom tb. input trace. !'or eQlQPle,' the

t irst stage of the' .Ica aaodel. IDU$t/. " capable Qf laen,t i#y.ing the
... .

cllaracteristics. of ••c;.tt t.ype of wave likely to be foQftd �n tn.
.

.

input�. .

. U·· it: can oftly ct•. tact whethat':' a wave' is pre.ent at a
. .... ." .

· par�1cular p.oint in a· trace' then,' clear·ly, n<:; 4iagno.sis base4'

on contotJt <ran.be aaade )l)y th� late,r .tages. SU'ch an ..�mple is.

illust�atecl in f19=e 2...2".

'!'his same fig'ute shows that the rules. for later stages in

the' lftC)d$l" must also b. suff iciently e'xpres.sive •. If the

labelling stage .is·riot capable of dealing.l(itb the shape of the

.

a" , .even an. expres;sive reduction' sta�e would allow an incorrect
. .'

· fin�l diagnosis •.

The otber imporbnt. eharacterist·!c.· of rules is theit

completeness. coapletenesa can.be defined in an intuitive way.

as the amount of input c!ata extracted whioh is ac:tually pas�ed
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P1.9UI'. 2-2:: 'l'!le probi._ o�, aft ins-uf! iaiently
e�t.$siv.· �ul. se·t.

on to, the Qutpgt. ifhetefore. a pecf.aUf ccmpl,.et·e BeG aRealys!.

system would not only p.tc:e ive �vety. illfpot tant '£CG ttace

featttte, b,Q.t'tiOU14 also re.pott ..very relevant feature in .it.

fi.nal d.i.9 1108 is .. FQr example� eve.n'· tor' a sQfficien,tly

expressi ve set of t·ules, if all instances of an' output choice'

ar. not'. pes,sed on, an incctteet alagna.sis can result. Pig.ure

2 ..3 sbows • clear' ..._le o.f· this problem in· the ).a0.11in'1

stage •

As. ,••n. in flgur:es 2;-2 ,and .2,....3. failure of a rule' set. to. .'

be either expressive or e:¢Dlplete results in a less of Uiportant

information in a model st.age and thE!!refore an incorreet

diacjfto$i$ based on incomple te information.' The reSt of this

section explores the implicat io.ns Of these . ceneep ts --rule.

sets; expres$ive�es's and co.mpleteness�- 'on the three stages of
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Pi9ure 2*-3;: A4.exaaple of dle prObl.eM with an

$nC;Oll\Plete."ule $et.

the huaan !CG' 4·�n.i. JIICl4el ..

;.2.1 ReductiOll

'�e rut.• set for the first·. stage. of the human. ECa �na11sis

lIlOdel takes as input the type of !.CG. trace Obtained using the

nor11l4l m4�UlSt,1r.e.ent proce4ure outlined in .••fI;ctlan '. 1.2.2. . AS

outpu.t,: the stage _lJet protuee a Siet of tokens representirtcJ the

clinically. lmpot.tant w.ves in the tra·ce. These output tokens

must express both the pOSition and tbe' shape of· each wlAve.,

sine. both of these .: properties are crueial to" a correct

c1iag1'lGs;ts (see sElction 1.3.3) •. !very wave must alao. be . f.oun,.d.,

as every heart acti.on is important.

The . type of knowledge. necessary in the rules' of the



. .

t.dU.t�Qn .t&"�· the', mc.d.l i� only to . a $iDall:·.,xt.•,ftt
.

.
.

��_1.4Cje· of the he:a.rt. . Whii. it. i$ t.t:ue· tba,' for tn•. Dul•• to .

b. .taU lei.ntly el(pcesaive r all possibl.'. shap.. of' we•• ·

�"ted i� the leC mus�. be-' known, the· a.ctual meth.cd' ¢if

. 4"__:t ing ,_is:, ".11eY8 and wa",fJ do nOt iA any "4y have' ·to

relate to ·th.. heart.. ORce tn. e�pre•• iven_•• of tbe r\i1l.•• ia.

4efined,. .dlei:' a,plJ.ca:t!ion i'$ essentiall.y· �te.t'-!r.e.

t�.iring �o knC*ledg. of w_at· _, .� wtCllq' with the Ice; trace •.

Dit..ct· t,,'i6eAee that tCG 41'luy$'is b�iftS wi:t.l't a coed·\lcti.On

8itaq. based Oft· .tules ··g.-�.tlJ'1f.. f·eetuJ'e. tOkens ft_. the !CG.

..

.

.

"

.' ..

hd.n· lPerc�un:iQft works: itt. this- w.Y i., J::e.d.f.ly· ••• il.�le.
.

. '.
"

.

'.
.'

.

.

..' ,'. .' .

.

.'

Subel' &,rid .1e_1 4:t.amatieall.y· 44itlllonsttated the exi$ten.�&

pt l.cw· .level. vi.ual ."0'1(8115 w"itll· their wOtk .. cat.s·in 1.62'

. 132}. '. 'they' !nv.uit4.9a�ed <:ells LA ·the· v1.u_l cor tn �'ith

e·l*ctrdde.,
.

and foun4 that complex CQ' tie.l �el1s exist.
.

iJ:h.:••

a;re activated by' a single well «efined :f.a·tur·e in a specifiC::

area of the vi.�l £i.1d. ror example, a particular ee11 ntjqht·

be a<:tivaeecf by a sing·i. line at a $pecific:: o� ientation, . but ..
,

will. remain inactive. for the same line at a slightly differeItt

. angle.. In fact i ·s-imfla.r work has shown. that a (lomplex layer ing'
.

of·tQkens is used' in the abstraction of the 'vissual field. The

r.. t.inai . gang 1 ion cells in t.he eye'are known to be grouped. in

such a way that ._eh responds· to a single .. ciz:cular spot of

light •.. In the visual . cortex: •.simple ,cortical eells' respond. to

small line se9Jl\ents :at specif ie o.rientation cccur r ing' anywhere

in a . larger .
area.,;. . ·There aven exist nhypencompl.ex cor tical
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.

cell..·· wilLett
.

t••"Ctld only wben two l1nes 11'1.••• a � a. partict!lac

.. anfle' (2{)1 (2$1 .'

In addition t:o th!$ avidene. foe to.kens,· thete •.re also

expetUlellts wbi.;.o.n 4._tu.t.... te that .thi .taIC.ns ate not hatdw.ititd

at Qltth, blilt frcW' to. a· most ••press!". for the ..ft.itotuaent at

hand. '. tn ae.tak· (521 ,. several relateq atudies in thiS ate .. are'

de..eribed ..

,

.%p tlla 1I0$t. z:.e�al.inq I i'u.wbOtn kittens wer, plraced

$trip" •..
.

Uter several lIonth.s, upon their tel••se, it ties: foun4 with

e1e<:1;rod__ that .the ··�rti�al ct:ts· lacked cOttj,c:al eells bO
.

.

respond to 110," izontal l!.nes, vbile t.he "hor J;;ofttal <lat.a" lacked
.

.

verti�l cells...
.

in tbe .crxpetill=ental caCles. tlle cells "l)leh 414

••ist· wer. Sufficiently .aptessive tQ�' the ertviro".nt and the·

eats bd no
.

trouble,.. but in the: .(Holt-side wo,rU·. t.t'lfty lacked.' . tile
.

low . l.�l express ive.nes s needeci and h.d ... i:icus �iff�cultles
. "ith th.• it: envit.onment; for ..xample, "hor i10ntal

.

cat.. ,,· Qften
.

.

walked. into table legs because' they ;cotlld not .. the wI.' tical

lineS of the legs.

wbile the evidence for tokens. art4
.
expre$$ivenes's exi·sts·

for lower arti_l$ O.l:11y; 'It can. rea;sonably b.e inferred in m.an as'

well. In fa-.ct i. another body of a·vidence exists wbich sU99�$·ts

th:at. the' building. of. t.okens cceu e s in .man .Erven at cognitive·

levels too abstract to meas\.1re in' single cells. In .1963,
. .

segall et a1. d1el a. stl.1dy· \.1.sin9 optical illusion.s·, drawn w.ith·

straight line.s [5i]� The. illusions were' �hown t·o members of

"Western- and wNon-Westerrf" cultural gr·oup.s, .
and· the number . of

tim·eS .aa individual was fooled was recorded. It was found that
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. "'It.tners wet. atote otten' :aoled. by i,ll.uaions Clontainin9 acute.

aftd obt�a. ang.le.i· while non-W•.tfu:ners were fooled bY. tight

ail91. il.lus·!-dn••.
·

the dqnclusion 1".4c:11.<1 was that We.tetners

intetprete-4' eM .cut*.�tu.e· 4l\91es.
.

as
.

tokens repr._nt.ing

ri9ht ·ant-l ••. "cau:_ ee tb_ . lat·,., ruulll_t::of r.c:_ntle.•
·

ia·. out

.n�i..tomn-.nt (i .....,· b\lUdil'l9s,. .in4ows, .4iOra, etc:.�.)., '. 'lb.'

.

I
. i

. ". .

non-W_te.rners' irttupret. ve�·tic:al <loin•• as toke'fts
.

".p·re.nt·int

�in.s ••ten4iq· away in tn. h()r iaontaJ. p,lane, l;;ik:. a p�tb in. a

fl.14.. !beie is. al.o . c�:rJ:ent researeb.· into th.or i.. of

.
l.arning vbic:h $�994st. thet .

tbis, ·ab$tracti.ng of. tok.n$ 1.4
. . .

�c;tucial to. a·tty explanation of b._1'1 ;.��niJ19 abUitie•. {54} •

. .

In.· at.11lQllary, tn.' firs� "ta,. of h,waat! rCG' an..lysis,

. re4uc:tion, con.1st.s 'of. a s,.t oE rule. to', absttact th. !leG trae:.
/

into a

expt'es.sive to .uPpo�t: .fQlther .4iagl'lC)si••. Altobough. evidenCf!: .for

ttl.it Erxisteft(:e at bighe� ¢ognitive levels is 1.s$ . ·c()pelu.iv.i�
evidence for the' eJdstenC:. of SUC:'h tOken$ in . low level hwaan'

vision is' quite strong .. The e.vidence also. expl.ains .an

'. interesti.ng .. phenoate�on '. that eeeura. in classes in which EeG

reading- is being ta.\lght.. Often a new· s tuaent wUl. make an.

in.correct· diafi'losis. be<;ause an inipQc.tant wave is overlooked,·
. .

and the wave· eannoz be Seen u�til. it, is physically pointe'a' out,

and a·ometilEres not even the�. Perhaps ·this occurs because. ·the

rules' fOr generating tokens' that the' student had b'efore ·the

cla.s are not. sufficiently expres·sive. or c01llplete' for �ECG'
.

I

reading, ahd therefore' the wave· in questicm can actua.lly not be:



2� 2. � :tA�llng

'!be �Ul. ·s.t '. for" t.he '. $.conQ: stag.' 1n
.

the. bU"'n e�G

analysl..s iiQdel -\1$.' take as input .tn. token list frOtlt tb. fi:t.�

St.a9.•...an4 pcoauc.e· as.: out'plut a· set 'of dl�n.i;.cal 14081•..

•__iatint .: speaific: beaf.t ac:i:iOfl to eac.b tQte'n or set· �o.f

token'. inpu·t. Jft
.

tIlL$ <;:4.•• ,
.
.the . Erxpr••sivene·s.. criterion·.

reqai.re. t.hat.. bo·tb 1:1'1•. type of hutt actio" a.i'1d tn, lJ.a.t:�1�ul.r
.

_nto'Q:r of each ey,.· of :wave I· if· ._re tban· one. ..�L*-e.·,·· bt

ac:C.Ounted . for. Aga in" in thi. stage, it is crucial that· _wr y.

.heart act,f.on. be cliacov.f::.a, ain"Qa each .lItusCle depol.rJt_:atiCI1, .

or laCk of. one, ta import.nt.:.

. .
.

.

.91.· .. Qatar. of this lac.lling .tag-e. dictates that Iltu.ch .,re.

direct .' kno.wled,e of. the' h.a,Ct be. k.n("N� th.n in .uge Oft••. 4n
. .

particular,.·· a kn_Ieage 0.1 tn.e way the h-eatt pr<r4UCfla 'a:n seG is'

requir.", so· that. each ty.pe·CI.f w:ave. 1n the il\pt:lt 'tokens <:an· be

.al.eeiated w.ith the action ptC>dueiri, it. SQ••.knowled9_· of
. .

possible heal:t abnot11lalit.i.e'$ is .also. ile:cess.ty,
.

as problems
.

.

.

. .
.

.

often prod uee irljeg..uar·ly sha�ed waves· in Junusual �cs·ltions.

P$ycholQiical .•vidence supPC)ttinq .the ac;tiv�ities in thiS.

s�a9.· is that given. in s.�tion a. 2�1 for a continuous layer ing

Qf 1llOre .batr.·ct toteM' (heart ac't'ional on less abs:ttaet 9ne.s·
.'

(the input w4vE!shape toke·ns).-
.

There is,' ho.w�ver, ..

more direct

evic1_n'C;e . tha·t lab.lling Occurs in' sec; diagnosis: e.veryone ·does
. . .

it. . The fun.damental teaching in tee 'reading i$ to first. label

each wave in the tra.ce a P,QRS.T,etc •. (13].(18.1[24] e. Talking to

a doetor aQout the con tent of an SeG tr.aee 1Mill also invar iaoly

br ing a 9iacu s$ion Qf the' vat ious waVes .displayed in it.
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. In. $\I••t1,· tbe ••40.....tatct,·· laQ.t.�ing� �n nUllan tee
.

". analysis. co.lisiilta :of a set: of· rul•• to aa.o.e.iate at .beatt .etion:
'.

l._f to ••eft tok•.n o¢ set. .;of tQk.ft$. ift. th. QU.,put froin·· tl14
.

.

tit. bo·tin4ary bet.." th.· first ··.n4 . s·econ4 $.1:&,.$ :of . �h. 110.4.,1'

sOlIe.hat . arbitrary,. the final la_.la the rUle' -.t p,co4t.loe. at
@is $·t·ag ..� .1'. <U.eta�d .

bY. the' actual.· prac:ttl·ce·· of
.

4�tor••
.

. .

1t1�s
.

"¥ist�Me .'
o,f ', .•u. cli.nical ·.l.�l.s sDcuild· b.lp· t.r' ta.ehll'ut .:

·

an«lY.i.s by SU9P1Y!ttg a '1'8&4111 aqilable set Qf' $u�fi4i.ntlY·.
expl'.... ive l:a·bel., f� U.. iA further cSiagnosis •

. 2'. 2�3. C1agnos,la,
..

L1.ke· the previctlS two .stage., the tinal .tate, 4i.9riO$i:s,
. .'

0.1 tl!. hum_n Bet',; al'lalysi.$.1IIQ4el eon.ists of .

a •• t of
.

rule;$.
·

�es,.· rules:' a••tract .

an outpu:t. diag1l9.1s of ttl. �tu�.�lyini
. .

.. "'''rt co�4iti·C)l.la fr_' the input, ·.s.� of· . c:lo·inl.:�l lab.a.i�·· '. In.,

this . .�a9.' . 'tU
. ·<>u.tput .lDdt first·. be . able. to si<jnai .v�u:y

· possible abnormallt.y of the heart, and second,
.

it must be'·· a'ble
. ...

...
.

to Ei'x,ress·.· it' in the' 'correct accepted m.ediCal.. terlllinology"
.

·'!h••e t.1oloprool_s may·.t·fi�st appea, tQ b,e the sa•• r > but .it··
.

.

\

.'

·

is .

ent.irely �cs:Sible
..

to create" a. MiL of r·ul ..s tba.t 4iac�v.¢s.

sp.eifid .probl.ms in th_. he.tt, fOt 8'xampl. Ita ,..wave wa'S ·nett.

cO.nouc.;:ted· through·· t.be· AV�Ode",· and then· al1othE!t set C)f· t u�e$ .

to transform' that statement.' of. heart function. into' the

diagnosis If 21fAV
.

BlacJ(" • The . c::ompleteness
.

cr iter ion also
.

applies to tbis . st·age· in whicb' it". is imp.ortant· to. find'

e�rything·· the' sec; trace holds, often «ven mul tiple untelated

diag ncses ,



.' . ".:
At· thi$..

·

•.t_ge .: in ...the d�a�no.is.,· the knovl.dc;e ,:equtre4 '.

.... �l - ..
,

.

...
.. ....

0.0_.· in two v.ti.·t.i•••.... rir.$,t, .tIs'i.·11 the' Itac;e wbie.h'.tau..t.

CQntaill a •. c:oaplete' ·knowleOge·· .. not only· of· the fUftC:�iOi\i�9 .Qf .:
heat.·t but·also of _3.,1 p4s.·.,ible· infl.uenc•. · on"· it, like. 41'�9�h

..
.

.

.

• which e4;'" ·aft�c.t .

h.art •.ct�vity..
al14 ·h.:�:.· th4it sec 't04W:�.

. . . .

.. sedOn4:, JU10wl.4ge is ,,"uited abOut DUId.icaJ. tet.inolfqy aJt4' th•.
, .

.
.

pto,er way. to. tepot:t ••c�. sP.tCi·tic ab-Qo�_lit1.

. .

. OCCU';s separately a$ a set Q� ".ues. in lU,liIian 4n_11.:1$ it. the.

fact that tn. la",ge$t p.ct of ._�y sec. ._:2ttbcok is 4.·tfted
.

'tc

d.$cr:f.bing·. tn.· rule .. 'uJSe1! ee ge·netate.
'

•. 4i4.;ft0815 f1"()iI cliili¢41.····
1·.bels

'. [141 (161. In fact,. at l.�ast· crt. ""P()tt .h•• be.n

...
ex.pressly written. b; d.Q:·tQ.ts ··as.. a 4.�ile4, 1' .. i9i4··

.

cQ4�.flQt'.io.ft
. .

.

'. of hUl'tdr·.4s . 0'£ ttl.a ", rule.' f<tJ. the u•• in macbi.n:e an41ysi.

1401., In' a<1d!t·ion to this' 4J;rect , eontirlhticn,. are ,.ne.tal
'

.• ,,14,n08 . "ists' ':1'11 c:ompu,ter· s¢t.nc.e. work on expert syst•• ,
.

. whic.h sU9ge'sts that' tasks going f�o. a well""Known :set of'lab-els' ..
.. .. .

. ..

to a. well-known set of: .c1iaq.tlC).se$··· through a·. clearly'· detined
. pr()bleRl' spac. at:•.. most naturally eo.xptesse4· as .. set of r ule$ .

. .. . .

nta,pii'l9·.�he.inpu..t to t'be outpu·t· (l4l.t30] (3�1 {45] [60) ...
·

.'
.

In summary I' the third' sta-qe of
.

the: hl,un.n eC:G. diagnosis:'

model,'
.

diag.nosis,. is .most clearly ·unc;lerstooQ as a' set of rules'

acstrac:tinq from elinic:allab.els to. a medical dia9nosis�" This

t.lrtdetstanding has" even· led· to. boo.ks en ECG ciag nos.Ls rules
.

whic:h shou.ld aid·computer analysisa·gt'.eat deal.
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The:. - fh.'tal J.mpor �n� - .ra. of di.CU$�iQ" .bQut hW.ltiln Ee$ ..

ana.Lysi. a.,. re_1n.4 illtPl.icit to
.. thi$ point:.:·· the . fl.ow Of

,
,

' "

.. i,n!QJ!1ia-e.i¢tt t ;0•. ane $1:a98 _-Qf tl\t iItOdel·· to tit... 11••1: • Witb the
H

- ,
- 't.vi.ou� <I••e; if.tf,on of �. t;lU:••• 1:.9•• ' Q-f tbe- Ja9del �(l' th.

tf8Pha.is
.

"on. =1918t_ne$.; it' .ClQ14 b�' .xp:flcte4 that the Be.a
.

,
'

'.. '

" t;ace b.. input: to the r.auction ,Ut. and ·coapletely. cttQk.n

40wn J,,ttto token.', '••$.d. to \he. lab.Uirtt.· .• 't.<;4J to _.

colllPl,e.l.y label1:e<! an<i - finally,
.

91".1\ to'. tne·. la$t.. steqe tot

"

.

bott�up: itt-fcJ:'itation flow 4�. net work be.use so.. features.

-�cannot:· .'. be_ lab.elle<J, ..

'

_or: .: ••" d.tect.dt�.· �til, put ita 4.11

Ql1_b19U.0U.S c;o'nt�Jl:t: w.ith a. .4iaq-tlo$ia •.. tor .•-lIPi.; consider.

the two tt�.•$ in' fi�u"•. 2.�4 •.

Figure 2..4: t,abellinc)- .an ambiguous wave ..

. 8oi;b . t-ra<;e$ .contain an identic:ally shaped' -large wa-ve with.'

a notch'in i1:..· _At the reduction 'sta9�, - thi;s shap.. would·

pr-QQuqe ide-ntica�. cutpt,lt . tokens.' However. at the labelling
, It.ge,

.

it is l-lDpor tant
.

to. make the distinction that the' first

is a T�-avEt·· with a notch , .. and the second· is. a 'r-wave with a

I.



. .
. . .

1» 1'1_1141.. th.!a·. ._ig�!u. situaticn; ancl othel's like it, '.

.

.

..... .

1:1'1. 'buman �oQ.l ad"-'.U: .·n .info�_tion· :.low
.

based'. 01\" holdi1)fJ
.

back' alib19uouS' data: at., the 'lower $ta�s of analys1" ana tben

cott�¢ti1\9' for" tl'Ut inc�l.e�ne$:s ·t,his i.ntr04'-1C88· '. t'hrouglt tbe.·

\l$.. 'Qf :.e4bat:k qu.:ri.•• ,Qft� • ·.nt...·t � .. b..:l'l .staOlishe4..
..

" .

. .'

'.

In the 'ha_l'e: a09ve ,;. f..or: i.n.�no.�. a '__an. woUlcS nor-ally ·jv.if

·.a·$.�e 'both notched wa.. wftr.· ! ...�••• at f,tl'.t. 1;n the . first.
. .....

.' '

...
",

ea.. tiis·· wou14·: lea4, .' to • Aor.l· diapo.i.s beeaun. a ncrhl .

howe vet-, the' ·4i"l\osis ·.t4P 1«)uld note· that no '.-we" had b�.n
.

!oW\d.:· bet:"...!l tne , atrd the QaS � u4 lIlOu.l.,d sufgest· po:••ibl. AV

Block ..

'

To coafitDi this.;. a,feedback q\lery wQul4, 'then be. U·...d t·o··
....

.

.

;', :' .' .' .' .'
.

.

'

.che.ck th•.. !�w.ve fot ., not.r:b b4u:auae in tile ,c:ortt.�t·· �.f AV ·llJ.9Ck .'..

·

such a f·�at�te w:C\lld dl�st prooA'bly; r ...11y be' a p..:�.ve.. tn.' tbj.s.•.

exa·.le, !.il1di1'.1CJ the not®. •• tabli_tles the· ·rxi.• tel\c. of' the·
....

p�a.. and the AV 'BlOCk dUg-nos!.s can be r.jec·te4.�
.

. ..
.

... .... '

..

'

".
.

.

.

'. AS·
.

ano.the� exampl. of �hi$ irtfQr:I1ati<m .fl..OW,. consld•.r

· figure 2�5·�.· A q.�i<:k lOOk will show that 'the '''waves· in this'

· trace are' difficult.' tc
. wtalbbi,uQusly diffete·ntiate from tbe ..

. .

baseline a:nd· bence. are' easily ·JlI.issed�
.

'tbe u�ual hUJIan. ptQ¢es$
.". .' "...

.

would. be 'to find the· QltS� and T-wa vas and, teadl the c:ol'l(:lu.ion
.

. .

. that the .diagtlosis. would, be' no·rmal . but for' the ..

'

miss.iAct ' ...waves.
· However, in order to .be sure,. the �pe!lte.d. ,os1ti.on .

for. tbe.

P'""!W'ave:s Cier ivea frQJIl" the labelling already d-one would be
.

.

examined ·more e10$e11 thrqugh a feedback qt:lery, and the mi$sing
. .

waves disCQvere<ir. 'giving. a 'correct: .dia9riosf�.
'. -.

'.

As. illustrated in these t\l10 examples,.' feedback has the



.

_'
..
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. '" '

. .

Pl,.a.re' ·2...5;. .�.•"4..1* Qf t:1Ut. U·.e· of :••qb.ck
.'
qwaries.. .' ...

"1\.1'41 '. p,:QP.rty '0.1 Q0JePet1... t.inq' :!Q1' . a .eek c;,. c:omplet;.n•••. in '.'
.

"

"

"

"
'

the loY.c .• t;.... Qf' the. ,analysi. _el _

.. tt . s:ho.ua be not.",.·.

bow."�, tha.t;· f••dback �an�qt .. eOl'rect for c:leticie:ncies' in.

...xpl'••• iq..u..... Clea.riy, �f (lutinq .... the' f.-dbac·".· qu.C)"1 •... tb.'

, '
. ,

wave as ·abC'I•. , th•.r. i. ftO �th.r way tQ f1·tid ·it.

.
.

lowest. p.(cepti.Qft· 1_•••. is lnca�.ble·o.f· 4etectiti9 ••.••all •
'.:

'

'D.1•. "•.. ef· fee·aback·· 4Uer iel,: therefore', 41.1¢-"$· fot.· •
.

'.

loo.aiM· .... o·�· tn. r••tri<:tion on' eolll)letene.$:. in t·he bUllan'
"

,

"

anair.is. mo4.1. AtflC"9 .s· the C)�tPVt df the.· r:edut;;t.ioll ..

' and
. .'

i.b.l1i�<f .• tages "Qqntai� enouqh Un·a_igu.eu$ data,· t:h..y n••d l\Qt

. be 100'
.

'complete' in
.

the.i.r treatment'. of amb.igUQJls data.·

Ebwev�u:, this loosening �nno·t· apply to the diagnosis staqe
.

4�

_11.i because. tbere i. 1'10 feedback' in.to it'.;

,
,

'

,

'1'h is
.

la.ck ot feutd_ck· to. the 4ia9.n<)·5i s stag.. l,ads to ·ott•.
.

'

final' adjustment to. the human ·ECG analysis model. A complete

set·' of. diagliosis
.

rules is extretaely unlikely, even among

dectors, because of the thousands of heart'. p robleltls, and

ther.fore the. Erxcessively
.

large . si�e of any st,lch set (4Q) .•
"

.

There • is, howe�r I a w.ay to avoicl tllis dif£ ieu1ty., artd it is .:

common prac.tice in .human analysis: '. the creation of attifieial



feedback
.'

�.t i••
·

through l.earning not only a. set of 1"\11•• to,

c.o_ott 4iagnQs.s i. b�t 41.0 a. 4etailed t:e"r.•••ntat iOri Qf·. ;he

b••�t .. z The "f"d�c:� is geneeated by. <he iving. a. trial diaqno.ls

usiug .the' incO$pl.et. rule I.·t, a:n4 .thea a�plyin9 that (U••9$818·

to ttl- il"lttt'ftl.l h••rt repte.entatiOft.. - tt,' \Ul4.t .... the'.

a,sWlption$ of �h.. t.ria� d1a9no.i., the q_eatt representatiOn

produces' .

a. by,pot:!1etical,.· lCG - trace w.ith feetQ-r•• that .et·cb.

tho•• o�' the ia'lolt- ICC; tr.c., the t.rial di�no.is 1$ C:C".t·e�t:;·

and is r,pct't64.·· . If 1Ute hypothetical tr.� d04ts not itlat.cb the

teal. one, then' tbe diaqnoaia i. incorrect•. mit, O(tly 40.a '. this·

u.s.. of fee4b.ack t.tUol, di.=_ r inaccurate Qi"noses, b\lt by
.'

.

_nipulating· the· heart· repre.entatiqll until., an ideJitiClll
.

hyp()th.tieal; tr.¢e ·is. P,t.Q4u.c:e«, 4. repor t '<)1\ w!.tat, is ,aotua!ly

wrong. wi,th' tJ'le heatt' can also be .••4.. tn ·fa�t, tbi. he•.rt
.

....

.

.'. .

.

.

.
.

tepresentat.ton· method .of 4iagfto41s is l're.eiM..ly tbat 'u.se,Q· in .

section 1.3.1. when the proble.iRs behind tigbt bundle or•.nch

block. and Z·AV block ··wet. <H;$CU4sed... tt is Ilvident as well .

that this is the way Uie: a.<:cepted· BCG· diaqllosis ruies' wee.

wQrked out in the· first .pl_ce Ill} [i8.) •.
'

p

I'igure 2-�: Arvexample of fe·edback from a hea;t
representation.



.. . .

.

'. BGwe .. r,
. if the fiSi.gne.is staqtt ,.' cOl1uias '. a .f_c;.ili�y for'

. . .

3 It. ". '.:' ..". .•.•. ..... .' ..
� ,�� . '. ..' .' "

fot· ,Z-AV 'blOCk, t.h� .i4".1$
.'

". tIl!g-b.t point to a .4iAgnosis ,o� ·'lor ...l t:b1th1a� . with< M f...(U,aC:k i· ..

this' would have to. be repcu:t.c1 .$. the
.

f.inal . ctiafru'!)8is�.

.

'

. tepe.'.beiAg b.eat:t· bebaviallt, this d1491l0sis' (:oulQ. be used. to

gea.t�t., a hypothetical set ot l'lfnol' 011·n1ca3. ·i•.o.1.410 '. tbe . a

a'be T-wa;ves missing' . ft·QJI .
the. Qtig!ftU. tt: ..-Qeti(juld .tlUUl be'

. . .. .

_e:d..i4tely·evidellt ttutOtJ9h teed�c:k que,!•• , .iJd··. .di&gn_*_ .. ·

ot •• P�." tailed . to.' p.as. throt.Jqh· the AV nod.e". ¢o·Qld • be..

tepa', ted ..

.

..

. ..

..
.

.

.

. ,.y�etiC.at· 1.i.tera1:tu:e eatr i.a
.

a· COft.'taJ\t «Jeba·,. oa.
.

$e

. nee_sitf .,M'· �•. Q·f. fee·dback ill' hullan c.$J.'l}itiv:t PtC4.•• '.s'··

and 4.iac:us$iQn. w,biCb eo.,l.im..ent th.�·9iv.tl here· c.� . b. "!o\Jnd
.

·j;.n III
. and {4�n (0. eomI\Hit.r:. sqience is .a.1$Q. d••liilf with the

prool..•• of fe�ck que!:1.. 126), as w�ll •• with' ptQju<:in�.

_!,s.t••a �1tic:b ·ult.qw.... t.p."e••nta·tio.Q. of .the· f.unc;tion.l astueeta of"

p1:oe....s: l.i,k. the. h•.a.l'� r 5'91 •

tn .. su,mmaty,'
.

the inform·ation· flow in the ·bQma.n 4nalysis
.

.

. .

.

11104.1, illusttate4 'itl" fi:gu.r.e 2""!'1, :allows ·fee4.baek que.ries. ftoltl
. ....

.

. .

the' c!iagflosis sta1e to·. c:cuapensate tot the' lack of<C;dmpletenet s
.

that' .• ambigu,Qu$ . information fOt.ces On' the, redu(!:tiQn·· and

. labellinq s.tag.e. te'edbaok can also occur within the third
.

sta<ge" diagnosis, if it. (;ontains a metl'l-od of prQduc:in9

hypQ.thetic:al E.CG traces using an internal representation' of the·
heart. The completeness. res·tric:tion on the diagnosis rule s'et

is then relaxed' as well� It· must be re1t!.embered i however, that
.

feedback' cannot' aompensate' for insufficient expressiveness at



any $tage, .1:n til. model. bec4us" 1'\0 •..,unt .:0:£' .xp.¢t�tioft :·_ill

allow· fundaJQent..l in148<i\ia.:ie. in pel.'ee,tioit tQ' be overcome.:·'

ECG·tra_
.' -

�
.

. ,

.

i r 1
..

'

.

. l1ttal. D1ap<tei.
.

,'igure' . 2�1!.. T.he l'U••-O leG analyst.s. lllOdel.
infor_t.on �lQW. .

2.3 sa.atyof the B.aa ICG Mod'el

In th. pr.vio"s sections; ot tbi. enapt.", the val.' tous

aape:cu. Qf" the· hwaan BCC analysis "robl_ wete 4iaCtJ;$sed, .

�lminatin9-' in .the three sta.c;e mod.el: red�ction;, labellin9 an4

.' diagno$i$;" • The reouctton at.age al:usttacts from· tbe input ICG

trace a set ·of. to I(en$ which lDUst ,capture the shape and pOSition

of each wave' in the trace., 'lbe labelling stag_ associates with

. each of the tokens. or set·of tokens, a $.p:ecific heart a.ction.

p'inally, . the aiaqnosis stage produc:e$ a
.

final description of.

the underlying . hear t abnormali t LEeS us ing pc ope I.' medlc:a 1

. te 1.'1'11 inol091 , .

Eacb stage con$ists Qf a se.t of· rules which map the input.

intc:::> the output •..These rules. must be suff iCiently e"xpressive



for the �tt)ut to. irtcLua. �l' the inforlla�i-On' teq1.liJ:e4 by' th.e

'. later st_;_. of the model ••To compen$ate fQJ: 'the clif�iculty' in

.. ..

'. info r...t io.l\;· . t'he.te
.

are.' :ee4J;)aek q·u.eti•• frOID 1.te�. stage. to

.. hu_'
.

eliDiinate" th. . ambi9'*itt.··· :pt '. Qr4." to. btinq illi•

.40mpen••tion' to the' tbird .ta._ iit the JIlO4.1, ttue cSia9rid.is
.

stag. Shcld.4. ¢ontain�- . in- .•edition to
.

the' �ul.· set... a·"
.

.. .. . '.'

t.el)",e.erl'�.tio,J'l ot the heart wnich �.. n b., ...n3..:,P...a..ted t�·· p.rCducce
a trial ICC' traee 'htcbinq th.. input $0 •. ai..iiosis an be

e'i the.r, cc>nfime4 <;>r wo..rked. out.

.

!

2l� A Set. of lab'!$ (P.QRS:t') A rule set t& 'CQ �1I1 tJ:t.e·
wb.tcJ:L Ul04i..te a heart iapt;tt tQkeo.s t.o ttl•

. &.cti�Q. to • ...:tl tQke�
.

clUUcal lap.�

A heart repre••tit.aUon to •.

�i:llp_e the trW. d.i-.gn�i$
t-Q tn.· i#pu.� the 'Sea.. ."

'1) "'cttoo.. . A ...t of tok".aapt�: A t"Ul. set to 10 tro.. tbA.t
the postttoa hap.· Input tt-.:e to til.··
�l ••ell i4.. t.tta tJoac.

'.

..' O\lt.put tokellot

� .tHapcxd.' Dtail1o••• ot the�etiytq A rul.·set t�r & trial
b•.rt problems 1Jl pl"oper d1a,no'Sis�
pr.opermedic.... termu"':*'1"1

4) 'eedback Puses Intort'aAt.iou about pOfsible proolettls at
one stage �ck.·to. the pt'�ous stage, tor more

'

.. cOillplete· eLabore.Uoa.

�ble
.

2-2: Sununary- of. th. Human RCG Analysis.

MC)del

With tne completion Q.f tJ:1e outline of the human analysis
.

.
.

model,
.

it' remains, in order to produce a workin9 automatic: ICG



.. 3$, �

aa41.Y$1. .yet•• , to suPply' the actu.l rule •• ta, in each st.....
'

,'#'ae rest Qt. ,tni. the.i. ¢ollcen'tt.:t•• c,n ;thB t '"r�bl.JD.



r..�.*".tMltI�..·� ..�......

. {IAIll.lt 'Ma'. tlOttac· .... lattl

Ttl_ . bwa.i1. lCG
.

a'ttalysls ",qd.l o\ltl,i,ne4 in ell. p:.v1<)u•.

c;:tl.,t• .r wo'-1la 1•.,· it·.U •••1,l.y t'o iapl•••ntation· as
.

a

coatputei: : autQ1lla:ti�· .·naly.is system :if' ttle rule sets for i;a'

three sta9•• were- knOwn. '!:he: tirat st.·p. in discover itl, ;,bat

these rul.e 'eta shOul" be is tq t ..�i.w the altor i thlllS behind.
'"

exlst.ing cSiA9nosis syst••s. Howe'ger, the lite.rature in the
.

.

autOiDatic ECG· diagnosis fi·eld pr"tUlt·S twe Problems •. Fir$·t.

the 11,14 is very diffict,llt
.

td' review' in .a. c:omprebensive:

JPartner, bec;aus'e of the large nwaber of prOgrams which ha ve been·

at t••pted,. tne 4iftering goals of each, and the mul tituae ot··

techniques
.

use-d.: A few attempt$ have be'en made in .this

direction, though, py considerin<J the Qverall structure ot.the

f ieid rather than particular p rog·ram . details' [41 (12] { 34} {371 •

The second' .problem is that. the suc:.ceisses of the vat lOUS

pro9 rams ate Erxtremely hard to compare, since the ir goals .often

differ and there is a lack of both meanin9f�1' st�nQau;ds' and

test restUts i{l the literature (3] [27] -.



.. 41 ..

.
. ... .

. . .

'to . o:v�u"C:Q.. tbe•• ·· ·p,robl."i the lit_rattl,e rev1••4 in

.'. this: 'c:ba9'ter is grouped' by'general t.chnt�. unde,r· the. *t.4.9'_·

of th·•. hq••n ."_lys-is model -. ·.1'hi8 approach w.s eho$en with. the

e••li:zat.ion . that· the.
.

PhilQ.Of.fty be�ind any rule s.,t· pt.oduce:d
.

.

.
.

fta pteVi,Qu.e: wOfk woqicl be 90"1'I14t4, getl.raJ.,.ly by tedlliii!ue.;
. .'

whil.: only the.' 4a'ta11. __14 'be inflJue�� �y pa,l'tic.u.ar ..

UtPl.,�tat:iOft. .Tb·_ gto.up.in9 un4.r. the hWlaA '1IlQ4.1 ',has" also.
. .

.
.

.

b••n c._re.,.tHtQ #.0.. tat.,. stages" to tw� o'..:ause th. 1"0'"'t_,,•.

of . f••4back· betwe'en the.:" first· stage:.··· 1'1.. a••nt �.t -Ill

eomputer proqralls fot analy•.i. of tC:C ..data
.

·ate· lcgic..lly,
divided into two

[;eouctJ,ono.'l..oelliJl91 ana· diagno.tic ..v..lua�iQft
.

(diag'ftosi$l··
[6�) •

3.·1 J.edllc::tiort-t.bellit19 A.l.goti tbIls
.

.
.

As outl'ined ,in.' sectio!t$' 2�2.1 �d 2.2.2#' the .reau<:tion

stage of the -. bu.n . leG-
'. analysiS .' model·· .�.traats fro#!· tn•.

iriiti4l leG t�ace tQ low...,la_l·. toll.ens,· anclthe labelling stag_

••ps the tokens intc) a set ·of clinical 1aoe·15.· 'l'h... tok.ns- an4

labels mus.t both retain· ttut peal. tion of the relevant wa"Yes. ·in.

t�. tra-ce,·· and code theJ.t shape' :or la.tat contotJ� diagnosis.

,The artificial nature of. the division between. the .stage$ and

the . i.pottan.ee ·Qf feedback· frolQ labellin9 to' reou�tion,·

however, h as m�ant that 1n most· cases, existing. an_lys·is

systems have de:vel.opea the two as a single unit .nd therefore

they will be re.viewed together •.

In the -l.iterat-\'u:e,. there are 1.1 tetally dozens 'O.f



.

41901:1; thlas .f<!Jr. t.b••.• two stag4. ".••ell' ·dL.ftet' �ft9 slightly ftc.

the n�t�
.

aow.:VU" .•_11 details .a• .td., the.! @ft fot 1;h. most

p.�t· b.e. di.via" .,f.nt.o·· ·t.� . s·.para·e. eat.q()r ,f..$: .. slo,. 4lld: .

.

•-pati.l veloc.ity t.eehn4..qu•• � .. an� t:oke.1\ techlliqu......
·

'l'bJ:$ .�t.i()ll re·9.i•.,.· the 1alportaftt f•• tute. ¢.f.· .th.... t.�

. t.c�niq.1M$.
.

_ad . relat... . tbe c::huactel: i_tics: ot·· each to" the

r••uir...n�. tOJ; :the: rule M.ts m.longinq· ee the' reQuctiQI1'· and

14"l1i119 $ta�� ..Qf tn., hwaal'i tea iD04.1 ..

$.1.1 Slope aa4 ..ttl•• ve�OC:lty·:.feChA1qu••
.

Slo;e·
. a114· spatial' "1001.t'1 teChnique.' fO( findinq _nc! ..

.

'.

. .
. .

l.ac.lling ,, in tho. ECC tr-=e 41". the. most w14.1y uae4 aJ'l4,

.1 though. ttl. UiPlemerstation details vary' frOll' pr09r_
.'

..
to

. ...

'

.•ectiQD gives an ouUine of that .190�ithm ..

. .: .
.

.

.. ..

th.e ·.,pat·ial velocity tecluet'ion.... l.ab.11 ing: teQlud.que br••ks· .'

.

dcwn easily. into. a. set of rilles ba.fad on tb. sJ.qpe of the .. leG

tr'ace:

- 0l1c.1.1l4t.e the' slope or spatial· v.J.oc·ity of the t�ace

- rind' the . posit.i9ri . of the. Q:a.�con\p.le�· using a $:lope
.

thli.sbold

-. rind the ·P9.itions of the P and �-\vave$ USing anothel'.
slope' threshold

.'.
For E!xamp1es. of the . spatial ve 10<: ity reduction-labelling'

techniques " see [lQ1 (211 [2a] (29) {.38] {4lJ (SO] [53 r r S6}
{62] [641 [7(1} �



.'� 4·3.'·'"

. .

!he' s:pati:al" vel£Qcity,. . Viis aefined tor, the tbte.e· lead
I'tank el_troae. sY*Jt..·, ltitb' $itil\llUftecu$ traces. s,y, t.· .....1.<1

at tUie int.rval .. , .,.: fG2) ,

ao".vet" , .·tntle. t;a-ce·,. X#.·' fr·olll tn. 12 le" di.9n�ultic a1st,.

is oft.... �.d instead, .: wbe.re �uatj.Qn 3:0.,\ .re4t.iCes .. ee the

absolute value of' the slope of th.. trace •.
'

" .
.

�e 8.pat1a1· vel",c;lty to a. tnteabQld' valu.-; if" it 1$.' ().e� .' the

thrubold,,' a on' 1'1. pre$en.t.
.

(••• fi.g.tare 3-1). This' .iaple .

. •• thod of extracting. �he 'lJ IS work,.' bee.�se the' rapid

depolar ization of the ventJ;'.i.cles proouc... a steep slope in ·the

ICQ tt:&c:e,. evtft �h.n the amplitude is .·r1 J..ow. QItS detect.ion

using a tl'l'reshol,d is univers'.l amone;, prO<jrams u81"n9 the s,atial

velocity, blJt.· the m4Cbanj.slll for deteraJ.llinq· the thre.$l'1Qld .

varies.. 'rot·. ·_'xample, it is fixe" at 3 .15 VIms in [101 ,. but is

a flC)ati� 1/6 of the maximum ·trace slope in (501.

AftEtr the QllS...cclu:npl.:rxes. have be,en found, the trace betw.�n

.. adj_cent QR.$ i$ 'is se.rch,ed to; P and 'I-waves.. The usual method
.

used here is to apply another, lOwet threshold to the spatial

velocity which will eatcn all waves, as shown in fi9u�e 3-1 •.

'!'be T-wave is then labelle� as the first wave found after each

Q.RS. and the re.maininno waves bet.·ween QRS"'s . a"e':J .. labelled p



{ 3a1 (641 ("ta) • " "

Ait.$ql\l.q
, Vat. of' ,

Det1v.Uve '

.... _'

,

.
, Qts thruao14

Pilate 1-1: Uslt\C3 s�tial V4l1ocity a ltd tthreslu:)la,
technique. to i�eftt:i£y the wave. ift an SeQ
tr.ce .. ,

.

Ttlefinal .tep in thl.reduction-labeiling technique is 1:;0

,ecG. the ali.g. of t,he QiS-c:ompl..x for later contour diagnosis ..
'

At:. th�s
'

pottlt,' the' ina.,rty', p'rQCJr ams "
q iffet, , eacb

'

ha ving' •
,

,

ditfe;ent ,�:Qdi$J achelM., TwO r.p�esentative "xamp,les,. though;.
are ,�3a] and t �1]. In the, foc_r, shown in figure 3, ...a. the

shape of .ach gaS is de� ined by four va]ue.: A, • tne a.. litude

of
'

the f'1r$t' +ve pea'k in tbe QRS; A2, the ,amplitude .of the

following -ve geakt 0 f the tiIne between these two peak$; ..n� S,

the average slope of the rising'side of, the ..;ove peak. , In the

othei e-xample; figure 1 ....28, the shape is rep resented with a

point by' point coding scheme representing eacb sampled point

within the QRS as I. +ve. -ve , o� zero slope., However, shape



·,fh.··

. .

the .c.�al shape.ofta. waV9,:and tt.J.ls·often fail to.be; UMe\l.l·

·
In 911Usual. CftS' c...... An()tb�U' lUtoe.lem i' that the.e at. Bot

sh..,e of ttle .• .: and
. �-w..ve... ' is .'.'14_ •••j�e4." 1n tbe ..

P""t••..

.

. ,&j.

.

l) ..

.

. ..
.

.

". 'to •

. \

"'" .

'.
. ...

:t r f'· r () ."." 0.. , 0 1 ....
Shape C4)cie B. .

. ( At 4s. i). $ 1
.Shap.· Coo A.··.

: .. L_

. 'i90�.·�.tl ,•.,1«1& of sbape � tng scheiles,.
. mia,!:.. A 1•. f r01'8

.

'38] afta B l. frOill (:1).
'ot detail. Me text.

While the Q.lI· threshold'· 4.·te·c:�iQn st.ep· o.'� : this· a.1901:1. :

'. is. well. t.st.d ami ap;iears very ,u�dessfUl (36].(67]" th. (est

()f. the techntque. haa '. seriQu$ drawo.ackS which h.w. be'en

re=gn!.ze4: . in the. literature. '. The first and $Qat iiupottant

. i'rooleltl .is that since P and T-wave deteeti.on 1s bas_d on

tbre.;holds.; very small waves are' diff.icult. to' d·ete¢t. unless the

· th�e$holQ is so' low as' to falsely. aete<:t noiSY f1ue.tu.tiol\$ of

the trac:::e. . Fdr th.·. same' re.son, p�waV$s.· superijn�o$ed on

'It-waves, as shown in figure 3-3 are almost impossible to detect

· w.i th s impl. tht,sholds � sinc:e tn.e· P-wave is unlikel.Y to c::hartge
. I

.

the ��sl�pe a signifi'eant amount.· Furthermore, since p. and

T-W;aves. mtlst be e:xtraeted toge theI (b�¢a use of similar slopes)
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ud the fir-tit found is label'led If. a R..w4-V4i which OCCtlrs 1n .'ft,

laa(f'xpeCtlt4 pl.ace" slace •• between the gaS and, Ti wil.}; often. ,b•

•is.ad ot .i.'],,40_11_4 ...

lbaolute,
Value of'
n.n.va-tive

t1911(e.3-3: A lti.s.4· '-wave s\Jperimpo••,d Qn a­
,

t-wave;.
,

'

,

!ven, wi�h tJIese probleaus the spat.ial v.locit1 alCjor,ithlll

<loe$ fit very w.11 il'lto tUltt human' leG artalysis tAOdel, how.Wi:.

..... sll1"'n'\e,.10'. -v and

se t of la-level tokens which ean inuaediately b,e labelle4 as

clinically important wa'vaS., :Peedback queries are also e.vident

in the teChnique I since the '1''''wav� is, Iaoelleci' as the, ! ir$t

lower threshold way. found after tbe QRS, which Itlust therefore

, be previOusly labelled. ',',the problems with this technique can

be phrased, in terms of 'the human moael too. Since p-waves .can

often slip Qnaeteeted bel.ow ,the thresholds, 'it is clear that

the thresnolc1s do not define a suff ic:tently ErlJpressive, se t of
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tokens." 't'h�. is also t('\1. of �e shape ceed·ing f!u�l.s which

fot a. 4i"qno.is· is" ft()t .Vf.Uable· for . 14�t

ptoc·••iltt • :
.

3 .1.1 �Ct_••.�td;qu.4 '.'

.i1. not in �. ..'otLey I. a f." leG pr·dg.i:_ d_$�gtt.t.

h .." �uCPlicttly r.e�ni.�e4 the ••patate .xia.:t.e.nC:. of.' :both tbe

re4uctiQA and 1."",.11J."9· st.ges.· in eeG 4if;9ttoa.1s lZ:) t 51 t 61116.6) .'

Of th... .1st... , t!l·. ..c l\_an-li lee � and theta tor. •• t

relevant in· ttli•..coatex1:, . is: • rettn....nt. o( the, spatjai
.

.

v.locity t:ficlU'tt�. whl.· ...... the .lo� of' the ttace aLong wi1:h

.••ve�al thtesholds ·to· divide:' the 'ICa into a •• '1: of $L�e
.

••,c1:101\·. tok.ns· ,ll151.· 'l'be slc.p•. toleens are. 9·touP� 1n110

segm.ttts whieb' are th'en labellea as p, gas, and 1'-waves.

- calc:ul·ate the· a."iv.tive of the leG tra.c::e·

..... Est.ablish
.

tWo -+ve and tw<,) -ve clipPin<g l.ev.ls well
s_,•.t.te-d' from the no.i.e (see figure 3...4A)

� !st_o.l;ish· one -tva �nd one ·ve clipping level to f�oat
jUst. abOve the noise leve·l of the der iva tive
.: .

� Flag a point. on' the I(:G trace as signifiCant if the
deri".tive. at that point erQ$ses a elippir19 lev�l irt
any direction (a•.a figure 3-411)

.

once tbis method has been used to flag significant points

on the BeG
.

trace I the pC!)ints are joined' t09'eth.�r by straight
lines I eaCh. line being a slope token. The rest of' the
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·� ..(.u

B

P1.9U... · �-4:- 'laggin9 tn.· end pc�nt$ of .1Q,.
'

.

. tot.as; ftol'lllil. DtaqraUl A _mows the ¢lippift9
le.1$ tot· the leG. 4e1:1va1:.1ve and· B s.how. the

. Point. nagfed bY \h.o.. c;lJippint 1 "l1e1$..
.

pt..o<:e$.Utq t�n .,••8 .' ..ail ICC 4ivi4ed
.

j.nt<) sl.O!M· tokeM f.. as .in .

f i<J�.r.. '1-5 .•

'

ali'. '

..

' "'
..

�.
: J .'

r- l\· r-\
'Ji.�::.· '. ·.l· g'\ .•... ./ \ -:»: \

I 21 ..

·· ...•.

\.j.l 'r . \\.

...._ ...,.;.i*'. .., . .

t· '\"'j" /" �

.1: ·'·V
•

'19". 3..5 s An !CG trace divided' into s'lope
toke.n.,· £,rQJil . {51. .

'.

'1be nitxt step in' this techrtique . is ee
:

group the· slope

tok-e.ns .Inee
:

Se9Jlfeu'1ts or ... bumpS''', ea<;:h ha vi I'l(J 51 ope 'sections

with opposite sign at either end, as shown ill figure 1-6. .t'he
.

.
.

..

segments that reprelSent QRS-comple7i:es' are id·entified· by. using ·a
.

·
.' dynatllic: derivative threshold, like tho.se f!'xamined· in· eAe

spatial v.locity algorithm in section 3.1.1, and 'matching tbe
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,
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positiQll' of aet.cted' 'O-S-<:o.,l.x•• "ith, the POS,itiod of a

ft9Otent.' Each QR'S s....nt is, then exa•.ined 'w.it.b a c:c;unp-l•• 'Set

of �:w..$ to se. vh.thet the • ._.,.t next' to 1t alac> ,b.�,on9$ to

the ,aas. ta" tllt. W.YI',Q!lS�O..,l.�.s ,at,. 14�titj..4, end "gr..U·

',to their p.to,er .xt.,ct. ' The tul." 9�••Ctltnq- the gr:'owth, CCll.tst

of •••r.l, tests to S�U� i� t1'1. n.'Xt, "�ftt' to add' 1s
'

tOQ

s_ll.� too 'Iat'g., a . 17-".- � etc. ,an ""1191. of ,.;t Of, the

'lo9:i,e ittvolveCl is allQw,. j,Jt flture 3"",'.,

., ... "" �.

-,-,
,

,

Q.

1:....�..{

,1."r. 1-': �QU,in9 slope' tokens into s.q!i\ertt:$
" 0," ,bumps, fro., (51,' e' '

Afte.r' all QRS-<;ompl'.,Ds have been. iaeneilied,' and
'

th.ir '

.
:

. .

.
. .

onset' a,nd ',()ffs,et p051t.1:on$ d.te.cmin.a, a .eal:eh i,s mad. for P

ano 1:-wave-s� , 'This searqh cOllsists of 'Ef'xam,intng each, segment"

1M tween adj acent OaS:-c:oiitplexes and using a set Gf rules to

a.aid. whether it rep,resents • p ot T�wave .. ,The f in_l tesul t
.

... ....

,

.

of the complete p�oe.dur,e is a set,' of clinical label's

deac'ri.binq ,the trace, as sbown in fi9u:re ,1-8.

This slope token algor i thIn app�ars very sitl ilar to' the

spat.i,a.l 'velocity technique discussed in section 3,.l.1 and, _

while it does retain some of the problems' of that metbQd, it,
,

' '

ineorpo'rates se.veral important iInprovenients. The low. ....level



.... so ..

.i••,re, 1�7: so•• of' the 109 ic tor a4di�' a
' .•,,<pIlent �o tbe ,. side of a QRS"'cotaplex, ftOID

(51 •

.

". PI QJ n . It ,. '* QI n Ol 1l Pt· Qtn n n pi QI

"".',

r1gur. 3-8: Tne final set of clinieal labels for
�h. slq2. tQken teebtJ!qula, 'from [5).

$lo'pe . section.s· are si!llilar t.o the s.pa.tial vel.ocity toke·ns"

since thresho14s are used, but the labelling rules use· m.uch'

mot' e of the il'1forma tion a vailable in the e;CG tra.ce an.d thus 'are

far mo�e e-xpre:ssive. A�ot.ner im�ortant distinction is that:. .. the

al.ope se.9Jtuilnts or ·"bumps'" by their nature, im1't.ediat�ly eode.



in .el,l with

.: Sl ....

tu sha,e Qf tn.' QRS' 'in, �Jl t.eu·iti1/e ma.ntt.r. tinally, howe.:,

the u:... of tht'esh.ola. to ·".lineae. the slo,., token••eans' thete ,

• till r,eN.1n.$ tbe' p 1:001" ·of ._11 'J,,,,,,,aves, sl1.lppi1'19 .pa$1:

Lttld.t.ote·Q. :rtt\$ '1... 4t in�o.t_tion' ••¢tlt the' t·e.e., !At

.v14,ent in the '''fll'tn••• It of' the p�c.$$ed iCG traee in ti9uZ'e

ttac••to..sl0,p.. section ' 4.,d
'

.lop ....ec:t:1on-tQ...$.hJ'.nt '4tIP$ in

t:h·e ptocedu;., a.re att ....1. 0:; l·a·Y"te4 ab..traeti� f·rolil on.

set of toke:I1$' too a-nother a��dt.n, to a fixed set 'ot rul••• ,

.'!he method' use4 to· grQW QR.S<ontplexu an4 test 9 .....·.,0 't'"",.w.

are ••1;.' of rule. to a:l:1sttact the �clintc:.l laa.11int; 'ftolll the
,

,

',final token ',' _t.,
.

�h. c:081$tl8''xity of, the JDe·thod s�4l!'ly: ' reflects

the ef:f,ott. c._a' ee make tb. la:bellinq ttlle·. as COdip.le·t.· and .

•xtressive as pel.1b1...

O_tall. then" thi.s· tOken technique is more �XPl!.ssive and·

more colllPle�e than, til••p..tial v.1Q�ity, t.;;hnique and therefore.

is, a be'ttet set 0,£ t'u_1es, to use a$ a simUlat.ion, of t'he' hWitan

ECC; an.lysis pi.'Gce4ure" , '1'h is intt.lition is, supper ted. with the
.

. .
.

.

fact ,that the li ttle e:"'Iilp.atati·ve te6l1:itl9 of the two·' techniques

showS" the, tQken te,chnique to be S\1pet ior

(3]' [12'1( 1%).' HOwever I the fact that sUlall P-waves arE! missed

at the lowest 1&v.l suggests that, 'while this set .of slope

tokens is better than the spatial ve1¢city set, it is still not

suffiei&ntly �xpressi ve for ttt11y gene.(al ECG d iag nos i,a.
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3 .. 2' D.aflios·is A1,ori'thU
In tn.' hUBian leG analysis model, a.,'teu:. the tr&. is

.. .

red.uced .to· a ,·et of cl�nic:al laoels,. the tbitd dUqnb.is stl,.

atult;ac:t;s . fro. 't,be lab.1. 4. -die.al 4i.�Q$is of' the u.n_�lyint
h_rt d.i.C)i:cte·�. '!'his di4f.nO$is st. .-g:. is universally ;:EtQOgl'lue4

as a· separ.t. ptable. in' th. a.ut_aeiQ leG an.Ifsi. lite�at\l�e •..

.
'

.

.
.

many di49ftOsis cQIllOut.r prOftams., each .li9htly c.ti.ffer.nt t1:QIl

the ·.othe.r.."" 4n.a onee again .the Uueratute .41v14•••'asily itfto .'.

t\llC majQr. aJ:,.as:
.

d.ct.iotl:·· trees and $�ti$·t.i<:.l 4i.9n�.is

methods ..

. ,

4149 n04is 5'1$11:"'8 t and relates the it chara.cteri$tlds·· to tbe

diagnosis .'tag. of tn. h�,·tl. leG an·aIf.is model.

3.2.1 Decision ':1:e••

Of the . d.iagno1,Jtic: algor i thas wbich have appeared in the
*

. literatJ,lte, the most popular. b·y. far i$' the dec:is.ion t�.e. The

deQision. tree al9'or i:tbm is ver.y simple in concept, ·ana works

.

the 'Same way in all prQ9rams •.

TO buila a ae<:ision tree, heart knowled<je required for all

the different <1ia9n9ses possible is' .ssembled. 1l,\to a set ot·

Por·· exalllples Qf progra1'lls using dec ision . trees i see r 6] (7]
[23] [.311 (431 [44'] [4'21 [.501 (63] (681.(69] (10]'and [71].
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rul....

re••ul,. in ¢ha,.c::te�. that <>f a tree !n· q,taph t:,beolry, A

4il9n<).L.� �. mad. by trjftlling Q¢W,1'l the tree and I at ·eacb

b�.ncb,
. choosing a dir.-c:t!Qn: Qa.ad on the inforMt,iQri c:orttaille:a

'. .

'.
.

in the irttut c4.iaic::al 1&..1.• e , �e ortJ.,y. place. the q.Ci·sion
.

.

.
..

rul... the•• differ.nOes ar. tttc::essary b.Qu$. ea.d-1 alg<Jt tUlill

h.. a . d.iffetent sbape 0:>41n9 ac:b••• and thetefore clifttttttt

input l.bels _ad caec.isicns to be. made. TWO exoellent ....Iit,les

of
.
decisiOn. tte.· are showtl in. t igutri 3-10 and 1�9 •.

·A:�"''''''.J';''
.!� .. ,._..,.
c:� .. s. .....
0:"'....... ·"' .. ,.

Pigure 1-9: The decision tree used in t.he·
Qi2lgnosis section of the program in [70].
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Figure 3-10: The decision tree used in the
di�9nQsis program of (63).

The �on¢ept of a deeis'ion tree. again fits smoothly. into

_� "'r.
,""AlICTtGlt
,.,;"a..!1
" .....
""'�ItTI
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· the 4i.,·ito$.1. aute of the hUltl4n ieC •.oa1.1s1s mod·.l. %n:.

· i)a;ttj..¢Ula.r., it is a· .e.t: of'�41.$·
.

t¢ .'., the'· elil'iic:a� label

i.npUt . set into' a 4149ftOsis., However i: all the 4isac1va·ntage. �of

using. only a rl.lle· a.�t .at··. tn!$ stage .1$0. apply, as d.i$Q\Z$sed in.
sect101'S 2 •.2.3 .I'd 2.2.4 .•. 1!1. �i.t.t of th.·.. i$. the '�le. ot·

· p·roci1ii.cing a QOQlPlete •. Euept••• ive ...:t of: t�•• , with: tb. large
.

.
.

nWlber: . of pos.U)l.•.
·

heart pl:�le"t' ·and hene.· d.i.a9tlos•••

in;;rcl "-4.. An .....1. 0.1 this ptool•• 'is sttQWft in tt.9U�e '3""lt),

in wbich.· . the' only arr:by�m.ia di.g.ftos.is avail.cle . 1$
.. . .

· ilari."hyttua.ia.··. '. .�e ,othet' .ajor problem .
is that of pre6ucinq

aiagno'.' frCil. 'illc01tIPlete" itt�O:r:iBation at14 not �ing able to

, verify the. b.fot., reporti.lt9 _. tf'4 0.<:1.10ft . in '. th. tr••. is

based· .

Orl at lIlissing 'eli'Ale_1 labttl o.r a bQtd� litul ttlre·shc14·, .

. the natqre of the alg.or itb.lll is such that the·' (.$t ·of. tll.

diaqnosls carr ies ott. w.ltb. lit tle or no 4bility to rec(09ntz. or

algorithm <:anl'1ot. comPensate fot· a lack of �u:ptes·siveries$. in .

.

earlier stages of ana].ysis •.

·

3.2.2 Statistical Methods

Sta tis. tical methods: of· abstract·ing a dlatnosis from a se t
.

. . .

.of . clinical. ·I·abels are· used by
. .

fewer'
.

syateAl designers at

present than is the techllique of' decision
.'

trees •. but they

appear ee be.· ga in ing popt.tlatity in· tbe literature·

{22] (23] [.361{ 49]. Of. the few progra,nts which .do exis,t, tpe mO$ t

influential use·s the theQry of . Bayesian .classifiers ee make

ORS-c:omplex contour diagnoses f49].



1'b•. ',ir.t .•t.p· til the laye.1.11 ¢.l.ssi·fi.r tedlnique i. '1:Q

'c:hoQse ... refeJre'ft4e PQ1nt. in each: QIS�eontp1ex tba t . appea't$' in,

th•. <:1inl.<:.1 l.abel 1nput. 'fAis point is u$ua.ll-y cho.en '.s- th.

point of m.a-s,i$qm "''1e sl:o,.-. as that: .ppe.r$ to b. t,be. DIOst
. .

The, ate t.c&ce is .a"'le4, at,
.

fixed ',positiotta; Qil each siae Of th'l. ,;.�.r.ru::. to pt.()(J\Je. ". a .

. so-called "featu�e vector" I r,ept...nting tl1. Q•.S"'td�l.� as

shown in figu. j"l.l.'. ..'

[ 0 0 3 1 2 .10 ]
,..tv.. Vac:t-Ol'

r-iguz., 1-11: A' featul'e. Vector. fot Bayes,ian'
classi,fication of the, (lRs c:ontOLJt •

.

'til is . fea ture vee,tor is compared to pre·v 1ous1y" cletermine<i.

, dia<Jt'tO$�$ ffiatute, vectQrs using a,ayesian clasaifieation JllethoOs
. ,

[ill I aad the, closest match t,,:¢Qmes the 4ia9nosis.,

'l'bis diagnosis methoa has been shQWn t.O be ver:y suc:eeS$f\ll

lintited. cases £ 341 , bu t, in general" shows. s,ev.te

1 im! tati.oR$ � 2ay�si4n 'classification, . whet.' tb'e featlJte

vectors for many disease$ are quite. similar, is 'very sensitive

to the .priQr probabilities of each knowl'l disease v.'c:'tor,· i.e.

the probability of the disease 0.'<:cu1'ri09 in the general !£CG
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" .

,opula�io�� .. Assembling 1:11.... «eta accur.tely,.· a�ol'l9 w!tb

pt�Qc:inq the' knC)wn diagft'Qsis feat�te· ··vect.o:s> for: hundred.· or:

._A thousa·n4s· of' .eontQQr and arrhyttuaia diegno.... is a v.�y

difficult and,· at ,resent,: UA:ini511.0: t.••It., stati*.ti�l

•• th04·$ at aiagilcs" ..
' a�. th.r• .eo�..

·

gene"11y limited to .only ..

Q...Q)l1lpl.� COl)tQU' •.!a,gnc,hs ..

Although. s�ti$ti.l 1.'le.ian classifiQtion '40.$ n¢:t at.

fir$t appear td b.e puticu14tly. hU••n .... like·, it is possibl.e ·taet

a aim ilar. �YP. of
.

pr·QC'.$1ng lice. ·�ur at. ¢ognitive. i.tltls

above the ""$1;: ba..1e Q,n" ·diac:us.ec:J in section
.

2.2.1. 1'he

4iaqnQstie feat·ure·· 'le()tors,. . aloft<1 ..

·

w;ji;b.· the saye.ian

cla�usification ·t.w.es'.j .e.�.n also .be eons1-det.ed:. as for.•,irtg... 4fl

implicit rul.·· .et �ot elia9ne$is sia.Uar. in tla.tl.l".· to decis'ion

trees. This· similari'ty. is' $:uppc>rted by the. fict· that th.

statistic.l 'iDe,th,cd' s:hare.· t.he SaiD. proble.s of eemp1etel'te$s: and

expressive.ness as ·the aeeision. tre.: diff i=l ty in p;odl,l<:imj'.a

set -of rQI.es (4iaqnosis" vectors) for all. p()$:sible h••.rt
. '.'

abnormaJ.itit$·, and s.ensitivity of the 4'1a9nQ$i5 to
.

m,j;Ssinq Qr
• >' •

in4fXptessive loWer level· proc.ssin.g (i.e •.�. an i.nsuffieiently·

de�iled featur. ve4tQrl).

3.l·SlQIUDaty·

The hUman E:CG a·nalysis mo4.1 divides· Edt process�n9 in·to

three stAges but, as seen abeve , the lite.�atute intertwines tbe

f irs1: . two, forming the re.ou¢tic:m.-1.�bellin9 $1:49 e and
.

the
.

diagnos.is staq e •. The reductiQn"'!'labelling. algorithmS break the
.

.

....
..

ECG. 1n1:.0· tokens ·and then ab'straet from . the' .results a' set of



thfu:e'for� '. -Ore
. CQatpl.•�, ..

'

/

- sa· -

..elj.l\i�l . lacfls'. '.the 4i.�noai.· S�.ge .abstracts fur thtt ·:t(_·

the. �lini¢al lab.l$ ·to· an tl.nde·.r:standing Qf the unde.tlying he·art

di$�rder.·
.

A rev,ew·. of the literat.ure .,hQws· that the iJlrPOJ:�t1t

.
a19ctitbals �$.4 for the r:.duc.tion--labellinq $t.,. fit. very well'

int<:J. the' f'rameW()r k of the huatart mod,el. '. r 11'$1: i a filC ..d set of

t\.lle$,is applied to tu�· ••k'· th. tra�.e· up itlt.o. tokells, i ••.

$"tia1 ... .,.l.C)<:ity tAtesholds and .lope sections; then anoth.,

se� ot t:ulea·· is c.l$.ed to abst.r�ct th. ': toke,flS into. a li..t o.f.

clinical . l"bel$.
.

.!he liter_ttlre also �'nc:lud.$ that. as \be

as
.

.

leaves -.••'n tbe b.est: algocitnms insufficientl)" .'. ,-.pte.sive.· •.t

. .

.

.' '. . ..,'
.

the .•_. h.uman ... like qualiti.es' Qf the' reduetiQt1'-1.belling ,Qnes·. • .

. '!'he. concepts of bOth decisi.on trees and statistical
.

<l:1a.41f j,catio" .eaa. be theu'ght of u set$. of t.ule$ to' map the'

e.linieal 14bels .. into'
.

the . fipal medj.·eal diagnosis.�· Soth·

diagnosis' Cllg.orithms also sha,re' the defeQt of being urtwieldly f

hatd to as ••mble r'ule set$. for any truly ree-listie" number· of .

d i,a9 noses. .'

In genetal., then, it. can . be. conc1�'ded that the' best·
.

�mbinat:io�s of algorithms in the literature. improv'e . by uSing·

more . comple� a-itd. .. complete labelling and diagJilostic rule sets'



or devel'oping
,

one frotll th.', repr••enta:ticn�.

,-"Sot -

,(34] [12].:.' 'SoWev.rf, all tb. alqorit:h1t.. are li.ite<l in ",n.t.l
, by a l�C;k �f .liPt:e•• i ven... at' tbe lowest s�ages 'of 'analysis',"

whicb alldw� '�nfor18atiQn too slip :bt un�(,a(z.s8e4 � .This defee.t.,
'"

. .....
,

is flOe"' by One r••••rab.r who stat,. i# a 'r.view, a"tiel. that
,

, '

cute O,! th:. _jot 1t4iffi�l.ti.$ encountered· irtclud.� lack of

celiu'il.ity df,,'-v." te<:o9.nition·' J12). Thi .. la.:ck Qf '-waft'
,

,

recoqnition 1...... the' infotftl,a.tion �t, tbft' lal;Mlli't\9 .nd:

4ia9nC$tic l"vel. iru:c;uupl... te, So th,at «'wn ,the mos,t .¢cuapl.t*

tul" set. c-aruiot. make frcper ltl'iyth. ciiat rt¢se$ ..
,

:. .

...
.. .

that 'n'o sy$t-em nas' ye t b-.ll put for,watd, for 'simulat in9 '. heat t
'

rept••eat..tioD, alLowing ,�rificatiQn Qf a' su"pected ' di�no,'is

.. .
.'

diaqnoa�s, i. ctl.lci.l. f,or the pr:Qduction: of a 'esmpl.t.. , rtili-.bi.

'analysis Of', a�l ,os.ible'leG t.r.ac:es., t t aCes, ap,pe.x- 1;b4t
,

1Il4rk'
heal be<}un, in ,this area; however, it is not at pteMnt (:omplete

(59] ..

'!he swrunaty. of the literature in t.ble l�l suggests that

,to 'imprQve, on tbe' alg.orithms that' have already appeated, :and to'

adbere
'

mote elQ,sely to the hunlan tCG analysis mad•a, the first,

wOJ:'k 'ott, art automatic dIagnosis sY$te'm should be on increasing

the Erx'pressiveness of ehe, reduction stage tokens. The ne-xt

chapter' describes new algorithms ,for the red��tion 'and

lab,lling stAges" whiCh, put emphas is on increa s in9 the,"

expre:ss�veness of these lowest level tokens, allowing tAore'
,

,
1

,
'

,

inf'otmation to be available tor the late'r, diag,no.sis stage.
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,1) JedUc;tt.. :

a) X....uiQI ;
Sp.tlal Veloctt.y �Ci.ttt.ly e](pre••". Wi� .'

"

iaoo..ple� 'la4>e� rules,

"

,

, a.u.uc41
, Clu.t4caUotl '

"
,

",�I."'be��r .. 'th.,rule••"i'
Qlon cQGlp«tte b\t:t�.r !rOm. ,

ciitDeUlty il:L aheJabUCg a

cOlZlplete �•••t
'

,NQ .cn'l( "... 4oc2:plete Ja. tbiJ .,..

1iore'.�pl.t.. la� ttJ1q,
",

,
bUt ,.un ta.c�s eUra_Oll ,,',

"

ceQliOlo.W
.

'"

'.

_Ole 1�1: A $wasaa;y of the .aj()+ ,!eG «nely'.!.
, alqCtitblQ$ f1:.oa' tbe liteJ'atu,te" .f7.C thei�
'illpott.ant eneJiacteristiC$.

'
'



.

.

.

'. .

.'

IllPRol$i) REDUCTION AND LASEt�tJNG ALGORI11D.lS··
. .

.'
.

.

.
.

c..• ·_quil·liIF....,.,_,· "'"c_.·
[1btt;; .u·� l'783.l

. .1'be ult.ililat.. puc-pose of the work b.aind this tlle$ i. is to

.
d.�lop a:ft automatic: c:omputer-baae. sys.t:•• ··· tor· ICG

intet'Pretatioft
. whi�' UprQve$ on tit. earlJ.e� .ystU$ 4is�s$.ed

in the .litet·ature r.e:view of cha,ter 3.. AS sU·ted there.l this

improwilent· .' m�s·t s1;_1't bY, increasing the f"r�t••,alv.n.ss of. the

.•arlie:tt S.ta9� of prQces$it19. end .ust keeP' the detaile.d

inlormatioon so o.bta.ined available for: later stages. TO' aqbie� .

t.b is improvement,. the a190r ith.s·· for. autontat ie: .

leG' analysis .

given in this c:.�ap.t.r al;. designed to ea.ptUl'.'e· the eahntial

feature. of' the buman model put forward in chapter 2.

Q'sin9 a. system design which inc:orpQrates �e human' BeG

analysis mode:l hae- resul ted· in t\o(o impor tan t design decision·s.

!' it5t "

.

the' algor i thms are' both' lQ9icall}'" and, in

i1l1plement.ation,
.

physi:eally divided into the. three stages of the

h�man modelJ: reduction, labelling and diagnos.is. Second,

basing the· algoritbnts ·on th� human model has influenced·the



.'
.

. .

1.pol'tlant f.•• tua•• Qt the. ·I1'O••n 11t04.1 is 111" v.ry lat,.· .task.

!b·erefot.e r-: th.· W41:k. benin.a _1s, thesis. ill\Pl.en·t1l .on.J;.y .tbe

: ..
,

.

. '.' '" ....

tYPe 4nd: 1:.-1 . of. . inloc_:tion flo.. ·b.tw.ett stag••• · Xn :the

4iac:.g••ion of the _4.1 J,n section 1 •.3, it was $u9!.ste� . th'ai: .

. .'

initially ". onlt <:l..c,··· unaJbb19"uQQa infor_tian··is p.saed: fro.·

. one stac,;e �. tll. n...·t, wit.h " JIlOre a.taile.d- pict,:,re of th'e' ICC ..

ttace beirtg solJ.ci�.4 lat,er tbtougft f'••c1ba¢k qu.t"le.s .nce some

illitial dia9ncais pos.ibiliti•• bav., be.,. fQt�t;e4.· USin, .' ..

thia inloraatl4ft .flew· has re$�lte4 iii the. a.e¢i.siO.,· .to h.. ve tlJ.·

te4ucti.pn' aDd ··l.btili� stege, fir.t. o\Jtput· Oftly .:
'

t)to.. wavea

which have' a reasonable pro__ tll11ty
.

of' be.ing ct$C're�t, hQldiny

back .lIbig\lO:tJ$ d.ta: \lnt!l ·f.e4baeJc q·uetie. froJll. tb.· �i�l'lo.i.·
,tage. t.quests· tit.... 'l'b-. lttfl"ern::. 'ot th•• ·d•• i9ti.4kl$i�ft$ ...

will be seen t:hro1JCjhout .this: chaptat •

. ' '.
.

. . .

Achieving a: complete: dia9f1O.is $yst•• ·b.se<t. en the· de419ft

. . .'
. .

reduction a114 lab�lin9' .ta� .•lgot'ithm:s·. Tbi$ ·li.ite.d
.

i.pl....ntation· 'can�Qt,
.

of course".' make'· d 1a,·n05.s,· .

'cut �t$ .

iDlpJiove_nt.s in expr·essi.venes.s can be illustrat�d. r
' fOJ:.min9· a

firm basis for' future.•apen.ioll •.
.

".
.'. .

. '.

1'bi$ aha'pter ·discusses a "ove·l reduction state algor1 tam'

based on thre� layers of tokerts ",1th fixed rules for .der lVing

tb.m from the !CG' trace •. , The' n�w approach. des�:'r.ibed .is ntOr.··
.

expressive. than the systems in .the. literature, and sUP.pIi.es.

information '. to .
the later sta9�$ at. three levels. o� abstraction,

cerr'espending to the three layers of tokens.
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',fte la1)ell1tlf', al9Qt ithlal. 'a••.Q:tibed is l.ess novel" 1ft

«:onc...t '-. dtawinCj' be••11y froll the � Ii t·.1:.atur., but. it is
.

.

.
.

.

.

l\onetbele.s, uttiqu.e, sil'l� it Hat wQrk· en th. aiff.�.nt to.lceo$
.

..'.
.

the1'8 is •• 1_·t. ftC:> ne.d f<rt ·it to aeal. 1It.itb £ ••64<:1( qt.t.,tLe.·.. .

....

Alao· 9iven ift this ch4lptet· at. the results of applying the

illpleillel'ltaticn ot til. t.auct.ion and la�lling' $·ta9e:$ to _"ral
": "0

•

•asple' ICC traces.. QnfOl' tQnately,.. while adequate., this t•• t·.j..;ftCJ
.

. . ...

. .

.

has not beeti .¥t.ns iv...
. Th� P 1:,•••n1: dill ieu! tl..·. in . (1),. inin9

•
• "0

• inter.st.ing·- (1 .4h t -abnormal} teG <Sat. in machine: r�.dable .

.
tora, bowe.r,.a�e b.;i.nq� tectifiec!;,· an4 farther testing.' is . an

..

ar•• 0..1 fu.ture .-xtensiotl.

. .. ..

only· ·outline·. �.i,a:Cussion·s of th.• algGtith.. use'd .1'. 9 iven

ttl tfti$ enap te .. ,. w-ith· th'e ct•• ils of the ·a�tual .. illipl_4lntatio·n

.

en :, the Oniversity·.of Saskatchewan College of Engine.ring VAX

11-180 in Appendix C •.

. .

.
. ..

.

4.1 �e Ite�ue1:ion Algoritbl

When desi9-ning a machine .algorithm for the red�(:ti.on stage'

Of automatic: leG analysis, there at. se.veral
.
imp.qrtane desiql'1 .

. (:olluSiderations.

Fi,rst,· on a 'general level, the algor ithm m.us.t· be both

tr.:xpressive and aomplete. As discussed in seetion 2� 2.1,.. this
.

.

.
.

means.· that the' algor.ithm Dust identity every whole wave,. er
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Ih,tt of wa•• , i. tll. d...... Of �ov.e.�tap, wtt�ch' app.·ars in th. EeG
'

.. tr.ac:e.lSO·th the pos·ition· and the shape �f each of these' w;aws
.

. .

. .'

.•st· be c04ed. for turthe·r processing·.. rrQ.JI tbi. "xp.ressive

·at'.: ttl. .re4·Q¢t,1on lUge' .

must" pa·.a
.

to' the- l.abelling· ·eta,. all

i4eti1:ifltd _ole wav.. fet. iAiti.l analysis, ho14iJlC,J IN.•• the

pactial wav., unt.U f.eedb-ac:k ,q...eri•• requ.,at th.JIl�·

'fQ: ach'i�w the i4ent.ification and shape ooain9' Qf t.lte Wa"

ift ebe ttaCtt·, the ·�u _',el Of iCG.· an.aly.i.· swg'9'... t� bre.·k1;t14J

the ttaee. iJ'lto tokens, ,e·ach ·rept"enti.ng· a' way·•. '�.' p.r·tial
.

.

_" •.
'

':tit.. 1s 4en.e by. tl.i_ftCJ a: •• t of fii-e" J:.-Ul.ea a8.1g1Md fCJt

tb. �= eont••t � .1th· the liter.tu.r.. :.view· of .Qftapter. -.3

su:gpst.1aq '. "'e- turtber rest,ralnt.'s Oft ·thtt f·o;1lt 'of th••• r�e.·.

·.1'he: JIlQs:t isfqttut r••·tralat: is' �hae .
·the·. rul._. sbQw.d· avol4

applia ticn
.

of .' �llte.tu)ldS.· .when•• t possible ..
· ·',t'b.ia is 6t.le· te'

. .'
.

.
.'

.

two �el. t!!t4· phett!;).utna ..
· rlt.t, tb., "i'Uiabili t1 t.n the .$.,11 tu4*

·

and shaP.· of.ECC: waves" . tro.· person' to. 'per$otl:
.'

_ke•.
·

..
usefQl

·

thteshold:s
.: very clifiicul,t to set, and s.cond, the vaud.at;on of

.

.

·

wave,s frQDl' beat to tu�at. in a' sintle ...trace. mean.. that . so..

fe.t�. in a beat v.;.1 tle-ar Ii thresho14 ._y '9tOdu�e differe·nt

tokens and diacjnQs�uf as it varies 'slightly abov, an4 below. the

thr e'shold.

Anotber' il'llPortant·. restraint on·, the.' rules tor producing.·

tokens.;' and on the tokens themael ves. is that· there' shou:td be

no artifiqial coding sebemes invc.lved such as those. for· shape
.

.'
.

.' .

.

discussed ·in· se.ction 3.1.1. That is, all' rule. and'. coding

sQneme.$
,

should prOduce tokens· which are' intuitively' meaningful'

to human observers. This tra it insures that the algor ithm

"



. . . .. .

oe:cj.dincg.· .en .a. p.�t.tculat algor itnllt t:o incd.opcra·te·· aJ.�· �'f
.

.

;he.e· 4...19D gOals' is. difficult., but the algQr ithllt··pr�ui.ntea 1n

tbl. ..etion· adbiev•• the �.oals using t�r ... 1.y�u:s Qf tokeba,

. each <1_1'1v.4 iro. the. one' below: .:

11t 'l1\e !CG' tla¢*· and 1•.• aeriv.tive in digiti�e. fora

2.� puttal.. weve .. $l1a,•.
·

'ft).k.,ns··

3•.WhOle.Weve $.ba,. TOkelul'

'tbe firS.:t. layer. Qf ·token'·" .be ing·· the leG �a(:e,.· derives

froat' 1;:he need 'to retain the trace; tn tbe c:c.,utet as a. tinal .

. . .. .. .

.. .
.

..

.
.....

�c:ond . layet.
.

ot' tokens aaU.tains ·expressivenea., but 1$Olate$ .

each wave and part.ial w�". in tn. trace for late",>. proassi·ng,
. .

aile! the. tbird lay.r� Of tokens Elxtract. fro.. the pa;ti.i· t.Qkens...

only whole' waves to pas a , Oft to the. labelling stage •.

. The rest of tlli's section des.crities the' properties of each

layer of tolt.ns in detail, and sh<>ws examples of their use.

.

.

.
.

...
: ..

.

4.1 •.1 leG TrKe and Deri.Ciltive:·

The fit.t· step. in' implementing an· automatic' e.CG

interpretation sys�.11l is to put the SCG tra.ce into a form which.

c.·a be understood' by th. �ac::hin.e. 1n past .$·Y$tems,
.

$e. ve 1'al

analog data' 'compression techniques have been .useq to. aid data.

input· [l1 [15] (IS} (o2}, but because a. cQMp'uter is used in. this

s.ystem and' computer' memory and speea are no 1.0nge1' serious



. .

I, ==
1.."..,.2 - 8/ft.;"t + .81"+1 - Ir'I-+2

. ft; 12Af

...., ....

lialtation." strai9bt 4iq�tl;.AtiQn ot the trace is used.'
. . .

'. An. leG ��c.. is 4igiti.ae4 by instantaneous,ly sampl'j,ng: it

at _ f ix.iS t.iIl_ inter.l 4l.t � anet 1ft the !.ccmputer the trace is ·.a .'

.,ul", Of ft_.".· r.,t.•s.nt,inf· tb•..trace .. _plitude. at· .•.ell
.

. ....
.

84.1.· t.iJlft. B., utual lletttoCt of. di.9itJt*.u:ioa 1. a••«1040
'fhe data·

.
. .

'. .

liI'"
.

�. N1IP1. �&c;e. 11\ 1;111.. thesi·' were r.eel.vea., alt.·e4y in ' ..

4Lgit·iled·
.

tornl,.: tr=" th.: ..aod1ft_ic$ Ld-Q"et,ory. ·.·ot '. the .

. 'ttl. 4"11:1.1'. 4.riva�i"·· 'of, tb. t·rae. is .1.$0 cal;cuJ;at.4 ..ftC! .

storea' in tb. <=lp;utet· fQt .... in detininq the ·J.a:te.r ·tQketts .'. in

t.he teduc·tioft. altc.t'lt:lui and' to' be . aval."labl•. fQ(. f.e.c:U:t.eJc

qaut•••.
'

t_ de.tivative I' f!. r 1s, da:l<:u1.a.te-d .at eadl .'.8•.,1.
.

.

.' ."

"oint.,· '

lit ..•saWill19 . ·t:J)e tl:ace,. s, "•• sataple4:' at i�terv.al· 4.1;,
Q.1n9 equa1:i�n 4 .1.:,

.

. ;.�is aerivative forJlula is siillilat to th•.$tanda·tcS ce'l)ttaJ.

difference fQl'm�a, b�\Jt i$ sligbtl.y more acclJl'ate ... {91 (for a

JilOre . d·etailed. disc\J$sion, of the signal p,rece$sing aspects of
.

the "",auction alg<:>tith11l ·see.· Appettdix A).' It: may' a.t:$() b.
.

.'

.
recalled

.

that the del' iva tive is., often u$e.d as a one .·lead

s.patial velocity in the systems d.iscu$sed in 3.1.1..

Rlltaininq·the wh·o,1.e E.CG. trace and. derivative in. the

cQmputer as t�e f1r$.t layer of' reduction stage tokens has· the·



tbre,$bo14 'tfa.ues' (i .e.; ,

,
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,a(!vant&ge' 'Of Qlntainitt9' l'xpr-eSsiven,:e,ss ,by'" r.�i'n�9 '-.11'"
" i,nformation in .: the trace.,' Iowc'YeE,: di9iti�ation has the

. . . .

••JllPl,lnt ,interval 4th up1itu4•• ',.e.sute11l.nt resQ»ution" "etct)

.te, bltegr,.l" t� the 'n.;t.ute,', of! ':the ,rQCeS$ al'14' can,. i.,t cot

'properly se�, up�, lu.i.t tl\e b.a,sic,�.'r_siv.n.ss ;'Q,f ", ,t,lle :.ftt�l:.

B*aatpl.. of 'the.' 4191t1%.4 ICG' trace$ used to test this,'
, syste-m �U:e .hown in' figu,,te 4-1,,' alonq,' wi,th. 'their c:a.lculate4

c:ler iv_ti"•••

ri9Qt,e 4-1: Examples of digitized. ECG traces, and
their: derivatives.
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4 ..1.2 ItU'tiel ...�. Sh.p. ,.tens,

1he : "COile!, '�.y.t 'qf re4Uctio.it ,St.lg. tokert. is 4.�i9n�d to
"

,;

o_�cne'the ptQblfiUD t�.t e.,ch w�ve in the ,c:1iqitized SeG' tr ..c:e,

i. .'1'••4" ovet. a tar", l'l-.et: of ••jipl.' �oints. 'rO° .1�cW' the

l..tet �U."ll().i••t.gt. to aeal only' with w ..... ' Qf patt. of

wave." it' i. ,a<f_llta9,eQ�. to redt,Jee each to a single toke'n
"

r.th.t than a: ,qriable "rifts of.' •.,.111:1Id':' .-.1... ,;'!be

r'-etion" to 'r.aa'� 'expresslv., lIlust' firi<l: every pattia! ".1ft

itl the trac:e and' ,Uo retain in'fo�tion a.bo.\tt .ach w," .�.p.e.
'

,
'

"

., ifh� i<1. of a· ',et of tc:Uce.ns at, .. is '. at.g•• to reprea•.nt

each' SeQ'" "-",, is, almoa,� "nknown in, the tCG llt.ratJ.U:e. �1:ll''''
,

It•• r,eSt .pprQacb ,i. tile' token" tec1lniqu. '4�'_$s.4', .ttl se.<;::ti_

3�1.2.,. ,Wbicb introduces �. conc:le:pt of breaki,rlg ,the tta" int,o

,
s.9!*el,1ts, �.d' '()n- slope tht••hQld,$ie.' 'f.b...... __.nts.. hOW.,we',

"

, eSo 'n.ot ' <4i;e<ttly. " tty' tQ, c:Ode ,wave pi.e•• and" b.caus. of the,

ttxe4 thl'e$ho14$,. are not p.rti,Clala'.r:ly ..xpt:.e's$iv� ($1.

..
.

.

alq(llr,itl:ua; howeVer, baw been, ch'Qsen to e¢,d-e d1t�tlY 'pattial'
", .av.s a, Oi'1� of the seven 110$'si1;)le Sh�P4U!l lllu$trat;e4 in figute

4-2.
.

.
. .

tokens w,il1, sh()W , that ,no"
,

,partial wave can' appear in an EeC; tt'aee wi'thO\lt causing a,t

lea.st one of, the: tokens :1:0 appear e. E.'o'r example, (!onsi4er the"

three' ca.es, in £ 19u1'e 4-:3., In"t'he fir'st e4se, two waves are

�ite c:�o$e to<j:etl},er' and are separated by a rounded' valleY1 ,,'

how'ever; each ge,tierat". "a 'type 3 ", 11oken.' In the other two

cases" a snort',wave overlap$ a larg�r one on either the l,eft or
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'.
2

4'

'.

3

ngur:e' ...�: 'fh-e. ae_ft ,art.l.al wave shape· "tOkens.

the ri9ht.,· 'rhe laJ:ger wave generat•• a' t1l- a token. w.hile t.he

.lIaUel: w·ev.� if vi.ib�e· at .11,. Ji)ust. g�,n.t:ate tither a type 2

or. type:.', 5 tolclH'l �
."

� w w·w w W

FigQre 4""!3: Over,lapping partial waves and tne
te.ul tiJ'19 '\01. ft shape tokens •

.

This set .of. ·Seven pattial .. 'wave
.

shape. ·tokeft$ is quite..
,

.eu;iiy derived from a di9iti%ed traQ. and it. der iva tive •. The

reason fot· thi,s is. the· lnter;esting property tbat each token

beqins, 'and ends.. at &: ma�ima or minima, of either the· trace or

the derivative ,. and t�e token type. is 1,1ntq1,1e1y defined· by .: the
..

p.roperties. of these endpoints.' 'Therefore, the algor'ithm for.

.

generating the. tokens eaa be briefly stated in two steps:
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<ill' rind. a3.1· local ftlaxil'lla. anca mini..a in beth the ·tta.�
. and ae,r iv.atlv•. (1' •.• � ,. fi1\4 th·.. el'ldpoints of

.

each
toteelt)·

.'

... 't() each· p.·il:·. of eadpoin1;s' found, apply one. of 13
rute.· t.cr W"$\tify. vbi. t.o.ken type they de.ein.�

.

ttUt token type rul••·

at'. giVen in 4et;ail in A,ppen<1z3' (,

but as· an. .�._l.,: tiber. ar:. t;wo rule•. fo·r type 5 toke·u·:
.

.

.
.

.

. .
.

.

1. %f
.

tne' flr-st Poi,tlt of the tOken is a lIaailD_ in tl;t.
a.rivat.;1:v·e wller:e the 44ft iv.tiv. is "e9.ti�e ana "he
eA4p.i)�ftt:· o·t the tOk.n ts a ainuu.uI\ in tn.• 4et l.v_ti",.
wh_•. the ct.r: iva· tift: is negative I. tb.n the £CG' :tra.a .:

'

is slopin<i downwer<i. w.ith an inc:reasin91y: neCJ.tive .

sl<>pe for:.' dle aut.tlan of th·. tokea. and h•.flea it is
a·. tl'P. $ (:••• th'. �itd'.;Ie 1ft fifuJ:e "'3) •

. . . .

.
. '.' .

i. If· ttl., first: pO'ir,tt ift. ttl,. tQken i$ • lIuiJUtUII in the
tr&c:e . an4' the endpeint i$ a. A\iniDtum . in· the
de.tivatiw It then' the ICG ttac:•.• lopes, cldwnw.�4 �ith
u<:te•• i·ngly· 1'14••1:1'" .$109., an. hjnce is :. ty,'� s.

.

.

.
.

.

. .
. .

.

'fh. aQva.��es. of this •• t;hQd for q�u't.. i.'.t:i.t19 pa"t.i�].. 'of·a••. '

.

"
.

·

involved; so ae �v.a i� the trace 'can slip by ui.lnQtd;(:ed tfor.

teal. t1'a,<*$, 'howaver, the t·lecttieal noiae ul,tt.-tely' 11.1t.··

the eX9.ressiveness t)os$ible �t this $tage. . See Ap�.n4.ix A for.
. .

� . .

a d,tsQ.uIsten ,of this} �
. Second, be<*u.s& __ty wave in ell.. trace

.1,l8t generate at least one .token that: alsO (:Qoe. lts end peint.
.

.

· ahd orientation, th.!s layet: of tokens remains both suff icient.�y·.

·

e.xpress'ive for:' fur ther cJ i�nc$is and ,.C()mplete. P illally I· a.no

perhaps most importanUy, each of the s�ven wave shape' tokens

is intuitlvely meaningful to hU$an ob·servers. Therefore, the

different eombienations of tOk"ns that .mi9h t occur in any E;CG

trace can be accOauncdate·d . in
..
later c1 iag nO.$tic s ta·ges using

easily �nderstood criteria.
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fb.te ate 41.$C) t..CD lIitlor' ai$ad:v.anta9�s wh�dh are .Q�ely

".,iated.· ,'the genet.tioll O.f the. tokens· depends C)·G "l.OC$il"·

proPett.ies of t,ne e.CG trace", such •••axima:.-ana minima, and

'. thet.lo�e, t;he 4cttaal totten. wbich a Wave genetates· Diay """1

£,. beat;. to b..... in the same t;-..·ce, •• : ahowl'1 in f�9Ut.. 4-4 •.

4 S '3
'.

4 7.· S3 l 6. l '

riCJ\U'e 4-4.: Va.tioQ$ pa.rtial· way. '-1-.,. token$
fot vet? silUUar BeG tra-c....

.

·.1'h.is va"ia,tio.l'l in
.
labelling is not as seriQus.· as that wbieb' lIay

occur
.

with, tbresh:old$ �'.. '. howc_t, ..as . � wefts are act\lally.

Bl.i.sed·,. but it·· '99�avat..$ t�e o.ther Jlljno� disaevantage·: ct th.

proc:.duret· mal1y token$ ·are genetatecl, su¢l'l. a$ the 4,6,7 in tbe

fiqure, wbich de" not. necess.rily represent wav.s or partial
. waves.' on�ortunately, this aisadvantage.· eannee .be over conte ,

-.

since it' is' po.sible that in the first exallple i.n f.igure 4-4,

the ovetlapping. partial. wave i$: a-etually '&. dcwnwa�d.· one ,. a'no is
. .' .

. in fact properly repre.sented by the type 4 toxen. ra.ther than

the 5 •

.The de�.ails of the implementation Of this to.k.n generation

algoritb;m are . given in Appendtx C, and examples of' actual

outp�t are show.n in figure 4.-5.
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PI9'#......5:- .Ttl. i)a�tt·U wa�e· ahap·e. 1:0_"$
ge1'ler:ate:4· by a·c:t1;lal sec traces •.

... •1:. 3' whole.· we". Gt.oup .1'O·tells

'1'be: tbir4' an«
.

fin'411a�r of: t.auc;tion algor itbm tOkeu' is

9a·tt1a1 way. a,hap. token listi. In. this way, only whole· waves

"ill·· be reta:ine�' fer: .output. to the lab.lling· a .. gar ith$ in.

ac:c:or4anc:e wi-tn the initial <1e$i90 <1"i$ion to u.. the. hu••n

leG aaalysis lllQ:del i.nfOr_t10ft flow.
.

.

.

.

.

Consideration of: the __n partial wave sha"e tokens shows

.

that- the only one.$ whi.c:h unamQi9:uQusly' define whole waves are

types j and 6 •. Thereto,re � generating a new list �o.f tokens for

t.be. ECG' trace wllidl c:onta ins .only whole waves .redtJ.ces tQ the

task of keeping all type 3. and type 6 partial wave tokens. In

reali ty, . it is more' compllea ted than this, because there are

two other cases similar to type. 3· and 6 which Clefine peaks that

tnay be whole wav.es. These two cases are il.Lustrated in figure'
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..�6.

or

,igure 4.�:. cases of partial wave .hape .tokens
.

wbiC;R define w.lola ".ve ,ro�p. toxens.
.

- The detail.· of· the .�go... i tbDl fot fen.t'at.iA9' w·llel. wave·

shape tokens is given in A'Pertd1x C, bqt ·in g.ne�al it· finds

_
all. cases·· of the· four . d.fining se�s . of· figure 4",,6 in the

part!.-l wave ana!>. tok..... ,.· and- e-xpand,s tne .rt�'()j;nt.
-

of each

. toke:n outward unt-!l they ••t {sa. figui. 4-1}.

4 -;S . 3

Figure 4-1:: aemoving ambiguou-s information with
. whol e wa ve· gr oup tokens.

.

'the· advantages
.

of generating· this layer of< tokens are

twofold .. First,.it codes.directly only those waves in the tce;

trace which . have a- reasonably unambiguous labelling,

immediately enfoJ;cirtg the des.igrt goal - of initially passincg

alOI19 only· good data. Second,·· as with the partial Wa ve shape.



'.
tok•.n., Ib_. tQken" '''91 an ·easi).y tU\�.l'st� intrinsic

•••1'11.1\9 w!i¢h·.· allow.' latttr interpretation tQ·. b. ·based· on'.

wel.1... known ¢ld tet ia .'. •

.the .••jot.· 41Sf,4va.n�g.: o·f this· alg<>r:it·b1l·· i. that it.: �.:
.'

.

1nco.,1_., sine. pArtial wa'Oes' are· n.ot 1'.'''•••1'1••0.''
.

a*.·_�,
'.

.

1.' only' ...bOl� w."..· ate. to 1;)4. passe4 on to elte' 1.0_111119: sta�,
.

.
.

t·his 4isadvaJ\tag. ee.lU1Ot be' aV$icl�.· ·In .44.ttiQn e : th•..

e..r••$ive.l'u�e. '. Qf the .whol. 1'ed\1Qticn· _1-94:( i.tbll\ . i. .

n.(!ft

cO_1'omised� bee_use th:... ,attial WAve ah_p. tote.lis .·nc! the"

.. in;Hllt. BeG, ttaee are'. both avai�.abl.e· .to eee4baelt (iU'.it......
'

. Ac tual.. whole wa ve g�CQP lab.lll,ng$. of ••.pl.· iCG' traees'

.•'re
. sbew n in ti.gut. 4....8.

.

.

'. PigU1'.e 4-8: !xa�le.s of wnole wa.ve 9.ro,UP tokens.

4.1.4 $uzamary

In st,UlUftaJ:Y,
.

the automatic reduction. algor ithm devel.oped

for the .wotk behind. this thesis ce>nsists of rules to' gene.rate'



. .

'. til(.. ·· l..�"$ �f tOk.n8: :the. let; trace and Q.r:1vative, pattial

wave' sh.p� tot.•ns, ana. wfi()le wa've group tQk.ens •. ·

.!he eCG tra¢e. an. its. derivative fOB' an .ucpre$$!ve and

eO.mpl.he token'. set . ., a:Ad the'yare k.i\t·ava'ilable as the ·low•• t

level of i�fot_tiOh for f••dl)acl( :que�i.s. Ir<>$. the'. l.ab.lli_

.. and <U.Blin<)s!s .tages.

Th. seeonc1 lay�r of pa;'tial' wave shape tpk.n$ is agairi' an

exptessive, 4Oatple.te· ••t,· bu·t in it; ....ea.: toJUtl1 r.ept••·.nts .•

single.' w·ave ..O.r �artial wave.: fhe se'Jan tokens. \J$e ca· also code

every' .. pqssjJ:)le BeG w.�· in· a '. w�y wh�= is' . ilituitiftly
, ..

.

•.al\i1igfU.l .' to h_an ob••1:· � • .,
.

loW.ft1:., so..·. ambiguou:$. tcke�$

ar.e. generated at each wa" bQQndary ..

. .'

gr'Qup algor: itllm
.

se.ar@e$ .. throu9b �.• ,..(tia1. to..k.ft$ to fi.nd
'. .

otUy thQ.se· which. represent whOle w.eves , : '!'his' set of tok.ns

: thus
.

<;cDdes (\)nly' thos. features in the t�ac:e·· which· are $q�.e to

be individ�al waves�

. The
.

l.abeling . and diagnosis' . alqorith,us sh¢H.tld. work

in.it�ally . with
.

tbi$
.

incomple.te . whole· wAve token. layet to'

.. for11iulate possil'lle d'iagno$es fot· the !CG' tracer: .J)etails
.

to

.confirm OJ: reject these pOSSible diag.nose. can then be· obtained'

from' the lower level· tokens thro.ugh feedbaCk queries •

. 4�·2 The Labelling Al.gor itbm

The Qverall design decision to pattern" the automatic:

intetpretation alqor ithm On ·the 'human ECG analysis mOdel. means
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.

the'
.

f: ••".lJ:)l�j.ty. Qt· t1\e l.a�llif1'. algor itU'ua is 1n·1 ti·.11y to

(P ,QRS,T,eeQ.) .. only.' to

._U11)19·\l0..... waveS in the leG trac..; .• Further cQnaidet.tion Qt

th·. 11...,. iao4e1 alae .lOwS tbat to. all.ow· p·topet
.

c1 .tat:nQ.d s

later',' tbe laQ41li-n.. a:19*1t.·· tllust '. be both .xp:t'.$.i� .•0"

,�atPle te.. Sy basi.ft9 the .. algo.ri tbm. o.n the tlu:ee l.a:yers of'
.

. .'

token.-' ge.,.1'at.4 at the red1.lct,iOn st49., ••pte.$i·veru.as'$ i •

•Lft,t.i.necil, b\Jt by initt.lly labe�lin9· only utt,qif�s
.

waves;,

..e�r, this lack of init:i41

c:QaPleterie"$ is aesigned t.O. be ove'r<:01l•. "itb' t••�N.ck �qtl.t les

'frOm the ·4i4gnos'i" $t'ge� Only the initial labelling algor ltUUa .'

is c1_cribe4 in. this _et10n. beeau_ no.4i-.gno$�' algo,"it;b1a
.

.
.. .'

.

.' '. .' '.

h,as ye t b...n i,.��e••n�.4 'to $'upply the feedba�k :qUeri.s.
.

.

.
.

.

'.� p.rfotta ttle·· US.k of a.1$ ign1n,·
.

fJtiti.l . heart' acti,q,n$,

the lab.elJ,inq. algOtitlntl first '�ccePt:" 4$ input' the w·llole w�v..·

group:;, to�ens. from· 1:11e -re6u<;t:i()ft S1::4,9'$ •. • th.e$. tQken�
.

�epr,:s •.nt

. th�. IIIOSt. unambiguous whole wa.ves··. in
.

th•.. eCG t;r.ce •.n4

theretC)re� the labelling sbould be able to, assign a s,teific:'
. .

ll.art· a<;ticm to" each•. However, careful' eort$idera tion' of the'

derivation of these tokens \1lill sh(lW that each . represent·.

either a wave Qir a �pa¢e .betwe.en waves, as i� f 19ute 4"",9•.

one way to overcome this problem is" t9 est'abliah a

refer:ence of' 'eith.r
.

a wa,ve or .' a s"ac:e, tt1 which the .oth.u:

tokens· oan be compared.
.

.

It happens that the ea.$iest referenee

.
.

the labell�n9 algor i thnr implemented in this 'MOl.' k breaks down

naturall� into fout steps:
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'igue.·, 4...9,- An' .x...1.· to show that ••• whQl.
w._t tOkens r'ep.re'eilt waves while. Qthers'

.

repce'.ent . the .pac;e between waves.
.

.

.

'.' .

.
.

1. rind. th.·ap,ro.�te Locat��n of eacb·ORS�l:..�.

2. ase. a. f1x.4 set. of tul:es
.

to find th. ex:tent .: of .ech .

Q!lS.
.

.

.

.

".
.

. .' .

3 e . <:l.asaify the· ORS-c_,lexe.s·, ittte -group...ccoccting tC)
s_p ....

4. Use the .�tended QRa�apl.xe.· as. a refetence- aAd
f·ind wbole P and T�ves t)etwee.rs·.·

. '" .

I'.c-h of the•• fo-.ar stepa is dl.�$sed· in' t1'1:1a afAction,

4.2.1 QBS Positiot1
. : .

.

.

. ?:h. f1r$.t step in the·' 1a"e11:1119 alg-a.r! t.hm· is. to

. unambiguously, 1alM! aome· of the whole wav. group tok.1'1.$ for"

reference.' A h�art balm] lo<)king at an tee: traCe is regulatly

drawn initial.ly. �o' the QRS";complexes, anQ luse$' these 'as a

rel .• renee fot further analysiS; t.nerefore, it: w.ould 'be' mO$.t

useful'lf the' computer did the ·same. In fact � prev'lous .work on

�<:G diagnosis,' a:S' di4cuss.d .Ln section.3.1, has shown tl:lat

QRS.-eomplexes can be easily and reliably located by examining .

.

the der lV. tiv$ of the ECG trace' f 21] [381 •



.. !he a.1got· ittult: \lod·· in' this'" 1.iOfk
.

follows '11tu�h of. the

li t.erat.ure by u.$ia�· a dyi\a1ili� thr-eshold
'.

teebni:que'. to .•xamin.·

the deriv-ative.. 'i�.t.· t�e entiJ:e t'�ace is ,ea(cb.c for the

lUfe$t .,so�u" v:4,bue 0·£
.

th. deri'lative amplitude.' and .a

thl:•• ·hol4 . is .

.et at 50" of that "1.1.,... : A QJt$�o.'l..lt. is tb.n:
.

.'
. .

.

ausp.c'tea' at ...·err ·point in the tr�ce: where, the a:b.olu te' valQ'e

Qf th. 4e!iva,tivt <:1'0.". the t1),••11014 •..

'tb.is.
. ug:ot itlnit

.

has ,..ny ad"'.l"ta�;s., "ita the· _at

i1.1lpOrtant· b'eitl9 it. ea.. of i.pl.m�ntatiQft ai'l4 it.s higQ
.

. .'
.

·r.eliuil1ty. . in .: .aoat . ca.... CG7l.· '!be·St.ps., inVOlject in t,he

PtOeess: can ,&·1.$0 b•. tbOQ9ht; of ..•$ a' !.ed�ck que.ry t'O the

de t i va�t.ve 1.9-.). ol ".ouctj.o 1'1 t:.oken$, IIyttas. in! tit. ·w·hol. weve'

91' QliJP
.

toke n•• ·

. flafor·tuaatelyl' the d9�ri�' re1i.. Oft ·a th�esnold aad'

th.ref�t'e c·a·ftMt: b.e coJuiidued to. be pet·fectly eOl1lP�"te; $0_

fO'r:' the'
.

..

.

sa_ reasen, the· algcrit;hll( is nQt completely' unambiguOt,ul, as.

. .

PrQblems· . OCCUJ: only in UDIJ.$tlal cas.", &114 Can b� .c:orteeted ..Oy
. feedback que�.ie$ ftoll: tne diagnosis stage.

The detai�s of. the al.�().rithl1l are· given in APpen<}±x C, and

the res�l ts of a.pply·inq tlle' algorithm to actual 'traces are·

·.hown ii\ figure 4-10 ..

TO test the reliabilitYi five lQ�secortd' long .ECG. traces

were analysed and 100' of' the QRS...complexes were corre.etly·
identified with no false indications recorded.
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Tr..·S:

4.• 2. 2. Q� axt.at

Once. the. �sition� of
. the QRS-eOl'ltplex:es have been

identified in'the' tra.ce, it rentains to discover precisely which

whole· wave 9 r·ol.1p tokens are. members . Qf eae.tr QRS •

. 14entific:ati.on. not only gives a reference . for· furthe£"

proces.$inq I b.,i·t. a1.so 9i ves· the .ecneeue Qf the QRS . by 4efin.iri9'
'. '. . .

the w·i4th and orient;ation of eae.h wave t�iithin it.

'lbe al.gorithm used to find the extent of the QRS-complcrxes

within .the· whole wave group' toklil1S is simil�r to the ·(211S

'''growing'' technique discussed in section 3.1.2 [51. However,
.

this' implementation can. use a much smaller rule set as the'

w.hole wave 9 roup tokens' hold more natural· meaning. The

.
essential features of the technique are:

.. find' the f1rs.t whole wave group token in. the QRS I

i. e •. ,
. the' one which contains tpe QRS detectio.n pOint.



- APply.· _ .•et of rules to ,t.he tokens en eithe� side of .' .

this inlt·lal O.-wave 1:0.8ee· ",,·hether tney t:�<:):. snould
be part of tbe·. QRS •

.,_' When the whole w. ve. group token. on both •. i08.S sboatel·
.

no. longer Ge .added" the QltS is c:o.,le� •.

only an outli.'lle of: tlte' fiatple_nt.tion. Qf tel. algO.rlthta·. is

given he.re;: the details can be found ift �ppenc1jdt C ...

Afte·r i"he fi:st wa". in tb. Qas�olipl.x is ident·lfied by

.,tellin,· itt. to •. Qa� l;ocatio.l'l, it is exa.in_a with. a f••dbACk

q\te:ry .

to deter.in. whe·ther it should Q.f .x,al'«i�.·. This :quety
.

.

is e.�led the '�QUM�o,..ty· Cl4e�y,. .ad' 'it .:o"sist$ ot·. �CQki.ng ..

in the trace ...fo� the.· foll�in,.. features w11:01.11. tl't·. wave' (s•• ·

...

f.igure ·4,.,.11}:

.
....

.

..' ':"
.

2� !itl1er .4 f�lat· pla�eau of 2'$ _. d,ura·t·ioil �r at. e.:OC�1"·
where the •• l� ·ehattf..s by. dlOJ;e tba'n 30' witbin 2·5

.

J8S to. the le·ft of the p.ak: called th. ·l.tt stOp� .

.

3� A sUtlil.a·r pl..te.u 0.1' Qor'net on the right· side· <)f the
peak: called the right. stop •.

iSms.

peak' ri,.ght stop '.'
left StOp ..

Piguz:e 4-1.1: Featur�s sought. by the.
g.toup�propetty feedback query.

If 8ith.er a
.:
l..ft or right stop. is found withir'i' the initi�il

O� wh91e wave group .tokenl the QRS is assumed to end at·' the·



stc)p'� If. Qa. siele Of· :t!1. dth..e is. nee stQPP4fdi. the wa·" n.xt: to"

it . is
. e'�alllin.·cS.. to ••

'

.h.the�
. it shodd. be adeied to. the QIlS.

'. t·t both si4es oar•. fr.e fo�·. addition; . tn. smallest' wave .ort th.•. ·

ti-9.h� Or lett is e�...1ned fir$t�, ThE! :d.eisiQn o't wbethet the

wave shoql·4· be .cd_d· is 1)....4. 'O'fi .,.•• t of'
.

ral�ul whleb. 4i·tfer

slightly. Oft' •.as si4.... Tl'1. rule. t.o� addil'l9 a way. to. tb. ·l.tt· '.

s·ide. are gi'ten b.a.6w�
.

Note that tAe ·.ixth step···u.ss•• anot1'l.t·

t."�Ck .query.

- Us. t}1e g·:toup...property fe.4bac:k ;que.ry on the. va va
beit19 C;QMi:Q4U:.•d� ,

...
. .',.. ','

,: '. ..'

.. .1)0. not a4d it it it:. has a :right. h4ft4 sto,.: .None of
it bel.Ofl9$f the gas ends: at the stop•.

'

.

- rla, it as the: end if a44in<§" i� will' ••11:." the eo tal
QJS width greatet -. �an

.

22:0111s., .

. . .' '.
.

.

- p.lag it as th. end i£ 'it is wider···tha.n 115 �'.

- Always ad.d it if it l. narrower' than. SO .. �

- If ·the· av�r.ge. slope of' the wave und.� coftsiderat.i"cn·
1s less than 401 of the average: for the $t."pest wav. .

of the ;r.9&, flag it as the end.' This wave ·is too
shallow to be .part of' the QR! •.

,-... I.f t.he waVe 1$ fl�99.d a$ t.he ··ettd,. keep. it. only to
.

its peak. .This tOken represents a spiloe between ..

wav.s •

.... If the. waVe 1$ to be added, adel only to the left stop'
if there .l.s· on.�· Otherwise add the. whole' wave arid.
consider..·.a� ing- . the �.x·t one ove�<

When nO more wave' tokens can be added to. either side,. the·

extent·of the QRS"'CQmpl,x has been determined ..

This QRS:' growth algor i thIn has t:wo impor tant proper ties"
.

First, only complete wa ves are .considered .' for addition; so. the

ORS .must. end in reasoriab.le places' in the t.ra·ce. Second, each of
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1:1,. we....d4iti()n. (ul•• has. '••Artinqfu.1 inteopr_ta tion ft�Qll 4n.

ou.:tsi4.· PQ�at . of -. view;. Sowever,· the" algor ithlit ala.Q has. the·

..

4i.acW.ntage· that: it is, base<!' ()A s:e:.veral
..
fixed threshQ14

"lu... . .fte$e
.
th.ra._olds . o<:ea�ionally result 1-n' siailat

QU-C01ipl••• having . (U.i�etent ••t.nts, if' tJl... significen't·
.

.

.pla'teau ,'. oJt:···cQ."tter$ a.r•. very near the..

' �raerline'* .' £xaql'. �f
.. '

. tbi,iJ, pt:o:trl:elft·. <:an be seen in figure .....U •

. : . ..." '. .

·the- ·iapleme.�.. t·ion of this a'lgorith1!l h.1$ beel", testet!,· .,itl)

.!tnt . 1Q-$.•·Cc'nCl ICC:. "4C.S and, whi.�. 1QC)$t QRs-eompl«x•• ate

.extended cOti-cUy, as' .bdwn 'itl .' t 1911t.· 4.. 12,. ..... ..t:•. aee •

.�e.e ;8$\J·1ta cao llot�. howe_t., tIlean . that· th.·· labe,tli.ng
.

. .

alg«it.lua i.s, untella·bl.e,: since th. algorithm dlULQtribed.· in' .the

next ._t.j.on cO.trect$ fOt.· _st .xt...ns ion. e·rtors e·

Tree 5

Figure 4....12: Resul es of the Q.RS�<;omplex
exten$iQn·. al9()r i thm.
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.

.

...
..

..

. .: .

. ·

•• 2.�·O. eu..ili�tiOO.

'!'be '1'ltrxt ..step in the ·lab.lling· algor ithm, c;las$ ifiC!a tJ.on".

- 83 �.

..

. .....

.

. is.· ft4<:e.•s.�y for. tW9 r•••OJl$ � .: rirst,··· it. oft.Eur· c:ccU·r·s ttt.t·· in·

abfto:�.al ICQ·· tr••• ,. th�te' a(. __cal Q iff.rently . sh.ape4

.
. .

ae.poia:ti.�.tions·.·· ..This i.s· a'n important. diaq.ftost'1<; dis�incti()n.,

'&n-4 since, it' is o.s_·.,rimer·i.ly on Sbap4l, it .'Call �. 4etEu:'sined·

'. .

"re . otten .4. : 1n the eA�int$·. of t,he> QlS�.pl.x.s .•... The•.
.

erl'o�, q.n Uso be aetec"Q' at this staq_. by ...xall:ininq
.

ORS

.hape •..

.

··'the. .hil-pe 'Qf a Qas<omplS'x at. this SU,.· in .the dU<jl')Qsis
.:

. syst•• "�n, 'be aefined by ·th. nl,Ul�r and type U •• � t,
.. � ()J: .5.) .... of

..

whol.e., wave' itoap.. tokens w11:11'1n it;. the' widt.h of· EHlCh t:oken:,. aftcl

the 4Pprox_te "Peak.4nassr- of·· each represented by average'

. slope· over 'the' token •.. Therefore, the sol tltio.r1s to the problems .

of' labelling
.

and e'xte·nsion·. both start 'with grouping the.

O ....e·o1!lfl.xes .'. in teras· ot these var.i._,bles.·, Tn. 'g'roUp, ..or

.'

.. e1as.•.;· with the·' most me�be:r'$' is then· assuined to be. of cot·rect .

'.
. ... .

extent and. to raptesa nt
.

the domi.nant Q'S type in the!' tr.a.ce.

Each other class of QRS· is compared to· the dom�l'iant class. If

it is. suff iaiently sim:ilar -: it' is as.sUlRed t.o be .the same class,
.

.

.
.

and· its extension is' corrected accordingly. Any ,classes which.
.

.
. . ... .

.

.
.

.
. ..

.

.

....

are not similar' are assumed to be abnormal' b.atts, arid: .

eaeb is

labelleq separ�tely.· ..The ·details of tne algorithm outlined,
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: .:'.. .... '.' ..... : :

....
. beJ.ow. ate g1ven in. Appenciix.c.

.:._ : .

. .

Q'__�.. lex.•• ·"
'

1,nto ·e1�sses ••. 'rhis<·· ela$$.ificatiOit:· ..1..'. .

.
. .

.. ..
.

. .

_co....li.nea with th., t'o�lQwin9 alfoti�•. <see: figure .":·l�r::·

- Choo.. - tl\e
-.

�.xt QRS�tap�e .••. · .Calcula 1:8. the ·

..ve·1;.age
slQPe Qf e.cb w.ve in th. QRS. an.d d ••1gnatit·. t'ho"e,

.

'. waf.. with '4ft' .verage g.t••tet thall 4·0\ .of the .axiln:•.
....t:J9e'· ••.. es·•• tit l.al. ' .

.

.
.

•
'

O.O�at. .: eAi.· �llS--eo"l..x t·Q eae'b: class ·«I'rea4y.
de·finecS uS'i,ng the: f�llow ing' c;ri t. ti4 � ..

• ;r·f
_

th. n...:r·: ClAd ty� o:t wav..:·· do· not •• toh f .it·
is itt.:. a. 4i:fferejl·t �l•• s� ....

.

.

",' ...

.. .. . .. .
'

.

.. If ••••atial wa:ve$ dO:'Mt :' .atch, it( is � in a.
Idl,ff.�en;t clas '. .

..

'.
. .. .

..

..

... .. .

.. If, . with till.' ORS;. added t() the <;1'21$, t:.be.·
Variation of the aver'age w14;th ·of.. .any W", Ve .

iit .

.

the cl•• s i. grealet than 25 .$".. ttl!$. OSS is, in ....
.. 4 iller ertt: <=1.••••

. .

- If this QllS 4.o.s. not match.: uy . pr. viQ\ul clas$.,.· it·
a.lin••. a. ,...W class ..

' . '.

once. the classification Qf the. QIt$-<:c.mplftxes is comple·te.,

11; ,.·.ins to look t.or·.. "sil'lilat- .' claSses •.nd· eorteet· th�,i.r
'.

'; Et3ten$i<>ns. 'the' silDUaJ:ity· of two <:.la$ses is bas.a.. on: the

". width· atlQ shape of tne.· e$sential' waves within, th.. cJ..s·s.s,· as

s'pecified below. (see figure. 4-1t}.;.

- Choose. the. next Q!S class to examine.

- Compare· .this ORS ·class to each class with a greater
" nlunber·

.

of meJabers according
.

to t.he follow.ing
c:riteri.:

* If
.
the. type ·of essential waves does not match,

they a·re not simil·ar·. cl as ses , .They· have



.;,;.. °S" ......
.. w.

... ".' .

. .
.

Class A_tage'
." . �

.

'.$. ClaSs'

Toke. l' 6 3 6.

Shape: 15. i] 72 6S· .

3 .6
15 60

. 1)1lf.eP11t. Clu8' '.'
.

3 6
70' : 25

DU·:.ft\'1t Cl....: ..

. f'ga.-e. 4-13:. elassifyiM Ol�S�O$ple.x.s •.
'

. ba$ical..iy
.

4itter e'n·t ...ha.pe•. <!
.

·

•. If tn. va�iat:ien$. o.f the average width· of atty
", _..1l1:.1a1. wave e#e"1:' the Outs·.i4:.· �c· <llo nee:

ov.r.lap, tbey' are·' 1\ot s iailal: .c1••$••• · .ft.
outaW'e two wa..s at$' not in¢lud.a as they may
he .. incottect ._ten.tQris.

. .

· * t�· the . v.ria·tio�
.

in' .�ra�·,�iope of • the' two
. outsic!.· waves 'does not' mateh, tbey. ate not
similar. elas·ses.. Even' with ntension- :e('·rors· ,:
the· average slop.es shol,lld be silllilar •.

.... !f tht·s :(iRS class is similat· to the.' ¢.l�us•..be: 1ng
eompat'ea; eorz:.e<:t the Erxtension of eae!t' of its
members to' the average extension Qf the. larger class
aftd .asign them to' tha·t c:lass."

- If' this QRS class is no:t similar to any larger· clas$.,·
it. fe.rlll.• a class by itself.

Corl'eete4 �xteJlt.

I'

I
.

I

Similar Cl.s s Dl.tfe't'en� Class

· Piqute 4-14: Comparing. QRS classes.



....

.. ;
.

'with e._letion.· of. thi.s class co.pari.on ana c9rrec1;ion.' ..

'

the< .algotit;hli 'is left "it'h' 01\. . or ItOr. : cIas'ses .'
: of·

QltS�40iDP.l..X•• , ud· ea(:b Q.as .hoa14 be·· ·coc rected to it·s prO$)'er

_tent::., Ifhes.·.· <:1••••• · ate lJUmb..r:.e4 ac¢ordin<g to, tn. n:wac4tr <)f··

<tepo�""izat:ion ·event. ·-tU·. be' l.b.l.l�: 1,. the mrxt Iloat ,CO_Oft
.'

· 2,. etc.

.. . .

·

r.14t.4 t9 th. iteq.uenc:y 0'£ its .contdUr ·ltf tll. leG t�.ee, ttll.
. .. . .

Q.L c.l.aas�f�e.ti_n al.gQ.tithm bas '''<1.oth.r aQv';nt:age.;o. fi,-.,t.
ia eorrects .·.tlulSlion err'ora made'· in . the, ,r.vi:qu$· labelli� .

tu:e·p fo�' .-1.1l.r oas wa� fotom., bl,lt. l.a-ve. vecy 41f�.r:·-el\t OJ! .

type.s al<mClt.. $e�n4·" the alg,otitu. us.' only W.bole. waVe' gtouP.·
· t;o'i(ens', $9 't· is tol.eratlt .1:0 minor variation. in C()ilstitt!,·n.t·

wave sbap... ·

'l'b'ere ate
-

st.ill a tew dindvan·taq.s �i�h . the praqess ,.

however. . This a19Qtith� � Ii'x, ·the QRS extent; relies on $.o:me
. '.

threshol.a.; Ii.nce, it may still have p rcble$s 'iit $081. unusual'··

caSH ana eennot. be ;co:nside.red complete�
.

In .dditj,on t· I:)y
.

.. .

.

'.
. ... .

a$suming' the SlOat co_on �elass is· correcti· a
. commQn" extertsion

ei:ro� :. m·ay be." fo.r:ced
.
'Oilto :

.

all' 0'5 typ'es in" the trace ..

·· An'

· e.JCample of this is the re,trQ'Jrade' P.-wave Shown in figure 4-15.

,'Blis problem
'

.. be <:Or tected. with feedbs'ck quer ies from the

diagnQsis stage.

In the s.mall sample. of' f.ive 10�.second normal ECG traces

available tor testing , .. this algor i th:m properly classified and

corrected 100% 6f the QaS�comp.lErxes.. Examples' ar'e shown in
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.

.. r19qi":e: 4-1'·, A iX>$sibl. oas extensj.Qn· e,ftot·-.
... fi,qr_, 4-1�.·

.

• ig�re 4-16: EXamptes of actual: QltS,;"qomplek.
icieritifleation •

. .. • 2.4 a� Waft Det.ect.iOn

.

With . tlu� . OR$-C.omplflxes. to US·e a$ a reference I ttui: f1na1
.. ....

.

.

.

.

.' :

step .io the initial labelling of the EeG U'a.ea· is· to. identif.y

any P Gr T-wave,s. The. basis of the solution to this p·roblem ·i$

.

ver¥ si,mple, and is uSed repeated.y in the literature discussed.

in sec:tion ·3.1: find· each significant wave betwee n .the .

QRs�comple'xes I then lacel the·f irst found T. and tbe rest 11.



.. ,$8 ...

_pl...nutlcQ of �bis
.

stet,: MOUld. be straighf:forw.i:ci ·i,f
••h whole v.... 9t0.u9 tokeit betwe·en tbe· QRS�eo$pt.x••.•etually

r.pr••• ltt·...Ci .. einqle wave, but,· ... previou.ly .tat".' some of.

the tot.. 1
.

t'.Pte�.·rit
.

4,.••8 •.

·
. To 0".·£,00•• · tbis problem in moat·

. .

'

'.
.

..... :, . th:, .ft)llcwiiVi .algocithat has b..tr ae.e.L.<t ff($� a.tails

s.. AppeMi�· C) ;.
.. .

.
..

- "u�w·een each two· QR.S·",,<:Oraplex•• , .d·.in. each ·eo.·plet.· .

·�'Q.l. w.av.· ftO\lP token •

. ... If the acsolute valtl4l of .tb:e p... k .·mplJ..tuo.e o.f the
wave is larger· than that ct· �e ·W4V. 0Ii· ·eadl s14. o.f.
it·, it 1. s·i(lni�ic:.tlt.. Other "aves r.'r....nt· s·P.c....
,••• : t·j.9U:e: 4-17}. .

.

- 'l'lt•.. f it·st signi.fic.nt wave �Ci· the. riqbt of· a
:

.

O_�1;Jmpl.•x is: a· �-wa" r ahe -.11 other sifniti�ftt
waves. at-.· F..1.V8.:..

.

QIS t(;j. QIS
'.

.
.

jkig·ure 4-�7: S<ignif-icant whole wave 9 r:oup
.

tokens •.

·Although tbi$·· algorithm is: very sililple, it has· one
. ..'

It p·asses on only. larg. ·eompl.t.e wa 'YeS for'

initial diagnosis, $0' that st.1je c:;a:n· be·. :(:QilfidEint that eac::h

wave. " teeeived· aetu·al.ly represents a heart aetiQn: .. This Same

featlJr'e is also a disadvantage, howe�i:, beeause· all· partial

wa"es and some loW atOp 1 i tude whole .waves· ate not passed ea (s.ee·

figure 4:",,18). Tbis
.

incon:ple tenes s. cannot. be unalUoiguou.sly
.

Ove.t¢o.tne however, so the diasnosis s1;:age lnQ.,st correct for it by

using feedback que.ries •. Another. disadvantage is that. in some



..
,
...

abnorqlit;i•• , 4 ;-·wave .ay be found �.tween a QRS .n4. the.

following. 'l!-wave. Ai_in. ,: . this. proble•. cannot be ,.correc·eed·
'.

w·ithout·· an· �"4•• of wb4t �.Y b. wrong. with .
the h••�t., a.4 IDYS1:'�

th•.r:ef�t:.... b. e�ensatH for in the cU.acjftOsis· .stq••

tl,ul:•. 4"18t, A nti$..d. p-wave.

'J!e.tiAg tbi$ algcrit:b1l Ott actu.l ICG tJ:&� f'.vea�•.
· th•.

expected t .. only .. w.l.t-sQat. ted '. COlllPlete wav.. were detected ..

EXample••,. shOW" in' figure 4��':·belQW.

Tree.. 3.

r T
.

..

T T.

. rrece 4

T '.
p. .

" T .p. ·.T. P T.

ttture 4-19: Examples of· adt1Jal in�tial P and
'1' ..wave detection.

4.2.5 $WlJllary

To' summarize, the labelling algorithm used in this
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'

.
. . .

. .'.
.'

aU�OlIatlQ $0:;' inc.rp t.eta.tton. .ystem '. eons·is,t. of fot,iJ: step':'
, fJ.ll4in9'Q,-s-.mpl'fix.s; elisco'wring th•.•xtent. of' each, QRS#

.

. clusifying' ttl. QJ·S . types -, "according to' contour" and finally
'.. .

locatu,g, atl:y sig:ni.fic:ant· if' anc ''''w.ves which fall' be�w"li· tbe'

QS "8",. 'l'tut.re.fcur.• ,. the irtfotilation '. pas ...d' on .to the .xt

ai�t:lo$L. $t-.ge conalsta c.t! a li.t .of all QJS..compl..xe..· til . �e

leG trac.·� .�h �vint :•. class. nUJlib:et .�t) l(!e!t.t,.tty 1t· a.s _.
,

oaaina"t or. «:bt.tQ:�..1 b•• t.,· .net a list of ,,11. •• i1i' 1;4eftt1�i;.4

p &1'14 ,�"'wave .=.aftdi4'at.$ �

-

A •• jor prof'4r ty
.

0f
.

these' OU tP.�t 11 $ ts i $ tlIa t t7hey. are
.
'.

.

i,·n(;Ompl .• te l' that i:s' ,.. the, do not· t1�s$ar 111 con·ta in eve;y QRI.

P, aad �1t-wav. itt the tr&o8." aftc! those that ate lit�ll,lQ"Q ••y.' ·b4! ...

1;hat tbe. majorit:y of'. the in:fot.matioa pas..s en to' tn•• 41a9nos1s
Rage. is 'r_11_01., th4U'.,f.QCe; the 4ia9lJOsis 4ltotJ.tl'lia shOtiJ.4 be

'.

able to formulau reason'able possible' diag"�'$es", .v.n
..

·w.ith: •
. .

:

.
.

inoQmpleteness of. the la_llinq algot'i thm can :b� �otrec:tecl w itb

.feedbae:K queries •

.

'1'0 illustrate' the way t.his _feedbaek <:orrecti()n can. wor k, a

single diagnosis.query is include(l·j,n·ttle ·syst_ implemented in

thls work •.This feedba�k q\;ery is:

- tf only one sigl'li£ icant wave is fou.nd· ahead of' a
. dominant QRS.oo(!omp.le"x, then assume it is a T'-'\oIave and'
lOQ.k for··a pa,r tia1 wave shape token. between i t5 peak
a·no the OIS ..

; This,
.

if found, should be a Fi-wave.
(seEe Appendi:x C fat details) .

By employing this siInple dl.agnosis rule. the five
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lQ�"cot1d ·leG test tt�.$· can all b� correct.ly ·la�.lle4,

·i,n�l1.ldift9 the ua(;$., w·itb ",w.v.. Which overlap T·-wav.s. and 40·

not· .: a.-ppear· as whole. wave. 9ro1l{) tokeft$. t()l!" an e.·.ple, $ee·.·

fig\lt. 4-20·.'

'.

T:r.ece 3

.' .

rigu,re 4-20.;' Ac:tua�' �CG t:a¢•• ·la_.U." aft.! r . a"
.

'. 81n91'7 ,di�9no.is feedba.ck: que,ry- •.

. 0..
.

.. ',
.

".. .
'. .:'

.

.... 4.3 S._.ry· Of" f\educ;tiQn anel Labelling' Algotithilts··
.'

.

,

,'the' r.4uction and laQ�lin9' a·lcgot itl-nits impl.meiltea· in,
.

the
o

•
•

• •

•

. .,utOmati.c leG
.

anal.ys1·s, $Ystem' des.¢r·Untd' in tbis thesis. at.•

tnOdellea .after.· the hwnan analysis mOdel put forth in. <:haptec .'

2·�··

.1't1erefore, both algorithms cQnssist. Qf rule. sets that e.'xtrac:.t'
. .

the significant information from the input· ECG trace.

The teouQtion algot ithm .' has th;oee steps, ea�h Qf. which

generates at·mQre>abstrac:t laye'r of outpl,tt tokens. The .first

layer' consists . of the digitized ECG· trace and its derivative I

while tbe $e�ond 1ay.r is l'Pade:up of partial.wave shape tokens,.



..... '2 '"".

each· ,.presenting ..an ..x1:en484 889$.4t: of the trace. a�th of

tll.... �ok.l1 lc1�tS a'f•. _¥pres,iva .arid complete,.·· r.ta�tliiiq· all

. of t.:b.f! ·.1afor''''ton originally in the leG trace. .The fi.nal. set

of
.

whol. : ·W_."··. group tQkfUlS' �.p.te.entin9 only the lllost

.i9tliI.1�nt:·. p.rt�aJ. weve
.

$��e.· tOkens·, .�w.binci. a.•�'lJQtl$

.

pat tial .v...
.

.

disftinishe. t�. ·"OUlit· .of .exttane<1U$ <ietai.l· ",hil.. tetaini", the

most UtP.Qt'tant w.ve:s for later art:ely.i••.

. The labeili.ng
-.
al.gorith. wot�s to ••• ifn a. $p.cit�e butt.

ac,t;ioft to. each of the whole -wa..e fr.oup tokens � this 1a"11,,, .

is «cm.e in leur steps: f'Jrt4il'l9 -each OR$��omplex ib ••. tr.-C.,.·
. .

>

•
• •

discov.ring the exte.nt of .4<:h ORS, 'cl.js'sifyi1t9 the QItS. t�e.

·accordinq . to con,tg,'_.,,· and �heti lcu:atinq 'pot'fu\,tial; anq t""w.".·

l,ftcompl.t., since tbe:yate based ,ritilat'ily '()ft the' iricosplete

li-S1; of. whQle .wa"e grou.p tole.as. .thi$ in.�pletenea$ ,is the

reSul t of.·a collscious de$i9n de.4ision . to follow th_·· .. ·h·u_at·an ICG

analysis model of informatiqn flow.' In ordet to in<:r-eUe th_.

e••• and reliability Qf the
.

init.i.� �oJ:lDulation of possible
.

. ..

ciiAgooses ,.' the diagnosis alg.or itbm sb.oula tu�:gin witb only those

ICG "a".s wbic:h Call· :unamil igu¢.usly be assigned a heart action.

OnCe 1;.bese possible diagnoses haft .be.·n worked out,. the

in<!Qrnpleten.ess Qf the' inp,ut . label set is eliminated t,hrQugh

feedbac:k qU4r ies to the lower tQken le ve ls.

final Qutput af the labelling algorithm consists ·of a list of

QRS�Qmplexes grouped· according to .¢ontour ana a" list �of the

u.nambiquQU$ T and !-wave.s be tween' them.
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'. j.mple••J1tatt.n of the ;eiiucti.ons and labellintJ. algor ithllis is of .

tb.. a.ctuu t•• t;i1\9 of th.i�. p.tf�.r1ilan.ee and.' reliability ...

"11.ili�y . tdting Of syst••s suell' a. the. on. illlpleaul·nte4. ,in
. .

.

this' w-<U'k COUles in·.·tw<) phases •. 'i'rat, the ·.a¢'tual lo;l� .ot each

.algor !ttl- lD·Q8.t. be teste4 to. Me vbethe':: it ".tlat•• a$' .,l.nn,.d·•
.

.

.1be

.

"%8Jilp1••.of' 'retr- Qu1;put indou4ed' �n. this .chapter a,·e

fro•. this .. type. of . t••t·lri9· and, in the 11111·.1t.4 tive' tra'ce

examples Of' eli,· 4n41y5'.$ of t.hese' fiv. t1'.c••, a:re given ill

.. A9pendiz a..:

. �••'e<:ond ifP.·of "eliahil,i.y testit19 required is c.ne of

detertainincg, tbe . \11 t.iat�.t. �$.fultf.s$ of the tQkells a",a in! tia�l
.

.

'labelling algQrittu. in' fot.1lulatit1f·· f'irst pQ$sib:le· and '. tben"
.

final eCG.ciia(jnc.... ilis te·at.leg' tequ!r•• bo� a 1a1',. sa..,le
of . 'ab'no�lIal data' ana _, 4i49no$i$ a190ri�' to sup�ly fe.·dback

q'ual' ies. . A.$·
.

the· iJIIP1.m.entation of the syste.m .. has .
not

P.t09tessed tQ. that e-xtent', $\!lch testi1'l9 haS noti· as yet,. been

possible.
. .

. Ott. final m.easut'e of algor·itb. ·pe·rforu.anCf!: ,w�ieh ean. b,

measuree!,·. how.ver, is �.lCecution· time, or the �ii1\e to. product·

the f ina1 output from the labelling: algo'1'i thm. OntoI' tunately,

while.. it Can be ateasured for each trace t tb:e results are only a

guid_line, because.'. t·ne· e-xe�u tion . time depends on machine'

eela.ted factorS such as internal speed·, .real m�orY. available�'

ete, . and· also on input trace· factors.. s.uch <as data sa11tJ?ling

rate, heart rate, lenqth of trace, etc. However, as a



.

relet.ftc., the ...•veraf.· e-x.c�t,iQn. times .on the VAX 11...780 fox:

-. ·tlt4t tift ie- ..eond \:8'$1: ICG traees are gi�t!n in table (-l� .

1 100
.• 100·.
a. 150
.. 210'

.

" $ ..

10
10
lQ
10
.10. :

?2
11-4-
130
84
8+

··lU··
&I:
...
42.5
440.

. Heart.··
".(bp�}

AD.1ysts: TtrI;ie '

.

(C'-U�) ..

.

,..1. 4-1:. $....le al<jQti�' .�.c.ut.ion t�••• �

Witb this ae$¢tiptLoD qf �. r.d�ucti�A and. lab.elllft9

algotitbtll:a'_;· ·tis_· work behind thiS· the.is is coaple1;-e.· .1'!\. ne-xt

cbapter C:d�t"i.ns, .. a
.'

4is:�•• iOft of' the' wot k tl'tus·. far, . ana

iAe;l.\.Jd"s tec-omIiend.t;!c:un.. fot the ditection. f�tl,l�·. worJ� on this.
.

"

. aqtCQtatic aeG i,aterpre:••tiC)n. $.YSt•• mi9�t. ·t;$.:ke.
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.

tau.,..,..n. t;Ccpestl
•...

With th•. woik' . beltind'. t.b.i." tlu•• i$ �pl..ain.4 in. (Jetail In

the pre.louS' :en.pter"
.

it.· is.'. tra:aiti.onjl at th·1. poin.,,·: to

s.ullUlUltize
.

its· :key as,_ts:... Perhaps the bd·t way to ....a.-1z.

1rt th;ts <:.«8. is to outline the· e�p..f:·ifutCe vhich. led .. to· . th.

algorit!ul$. an(J' iJlPl·e••ntati9n describe••

.

Wl'lett' initially ejiV4Ul a' prcd'�.e.· stui%h as p.r;oc!ucin9 an.

automatic: BCC analyst:s system, the first step towai;� a solution

untortu.nately. . the'

li tf.ttatQ;e on. ECG analysis is filled w..ith dot.ns of syst.e"$,
I .

••ch slightly. different, with very lit tlff�=n.$ensus as' to 'lillie!

systems are bet ttl!: ·and why •.. TO make .'sense of this mul ti,liC:i ty
of view., a standard of comparison is required: and; for t·h.is

work, the human EeG a'nalysis procedure. was ello.-en. to be that'

standard. this choice.was based on the grounds tbat· human

doctors' . indisputably have- the best rate of s ueceas in.

interpretin9 diagno.stiC:: EC�' s,



In .

chapter '. 2., at. ... nove·1 model of th.. hUlllah EeG analysis
.

. .

....

':flt•• is sU9g•• ted� with argulIlents sopporting its 'plausibility
c:o.. int.. from '. suCh

'

..•••·mi.Dgly di1rerse .'. ateas ' .S . Erxper.iaent.l.

payc:'hologl, comPuter.•eiene.. , �Ucatiori, medicine, and per.�n..l

experieCCe.. S.veral features of tnt. l\ulIlan �.1 play ·ettnt·tal
'.

. 1

roles in the' WOt.'1t deacrib-ed' in ·Ch.pters 3 ana· 4·. fte most.

1.091c..11y·. Sepa..ra,te ". str.age'. s
.:

d1.,·1\081..
.

.

I.ft· the .. reduction IiItage,. tbe eCG t:t.ce is. brc>ken

down· into p.iece., or tokens,·' .•ach representing . a
. l8eallingtUl

.

.

.

. .

'.

wave in' tb.e traC&� .ft. I ,belling· stage -tcbe. each Qf these'

waves. with. a' SP4lcific heart' action,
.

and .finally··· fro.. this

. string of heart· .·cti<:>ns, the· 4iagl1Osis
"

.•tat. fQl'lDtAates a.
.

.

.

.

.

'.
"

di�nosi$ .of tbe·uDd.r�yirtg heart·prObl'•• v
: .'

.

.

. ':. .."..... '.
.

.

..
"

'.
�e sec_d: ilaj Of f••ture of the h�aa ICG tn.lysis model

is. the' way infQtMtion.is P•••4 be1;weenst;ag:es. .�. simple'
.' '.' -

.

divisiQtt of 'the -pi'Oc••s intC;; tnr:ee: steps would su9g:e.t th.t the

sea ·trace first .be. accepted into 'the reduction algo.r,ithlil and
.

. .

.all waVe. Ln it: ident1�i.d.
.

�eni every' ·�ave would· b. a$�i9�ed ..

..

. . '"

a beart $ation and. finally, the diaqnosi.· stage .ou1d need only
.', . .

"

. thQse. aCtions to.· prodUce a diagnosis •.

' In the caSe of actual

EeG trsc.es,· howe�er, this Simple' bottOm-up' data. : flow: is not
.

.

.

possible .. bec.\tse,·· until' put into context by a re·a.onable
.

. diagnosis, . the labelling'·of many waves, and. even the existence

. of sOme, is· ambiguous._:. Therefore, in the buman model, mo.$t 'of .:

the _biguous information'.' is held back at t,he. reduction. and
. .' ,

labelling stages to permit possible initial diagnoses to be
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worked out' using' only the most teliable data. l'bese potential··

dlagna••s ean the.n be corifir.med by e�tra<;ttn9 �nd pl,acing the

aab'!:gu... io£or••tion ,into oontext' by ••an•. Qf
.

f:eedba¢k

q\let.i.e$. :',

the third' and
.

1I0,.t iJaportant feature Lot, the h...n.' ,

an_lysis DlOdel is th:at it .•ugg.sts the QOl'lcept$ of

.xpre$s,iveness .aM· <::O!llPletene.ss •. Each stagEt of the model _U8t

be e-xp(essive.. in the sense' ttia,t i t e�t·tact· all signif'ican't

infor..t.ion, frc:)at it$' input; it".ust .1.0 1). cC)IIlplete 1.n pass.ing·
, .

, that infot.'tion, on to th'e next stage.; A lack of �o.lIIPlet.ft••$·

lc-.n be ove"r(:OlIIe by. using' feedback queries. to rettieve JIlQre

infotmation and, in .. fact the intormatiOl'l ·f1.ow. model above

. requires .

' th..t '.' the redu¢,tioft· and . labelling . a190r1tblll$ . be:
.

iAitially incomplete. HoWever,' a lack Qf expt.essiveness at· any ·

. ..'
.

stage. i$plies a basic inability to per�eive important pieces o·f

information, anq' w·111· unavoidably lead to incorrect di.gftQlut:s

in so. ease ••

.

'
.

.
With-

.

the adq,tion, o.f this model as a reference,. reading
the li t(frature on automatic leG anal.ysis dia�ased in chapter 3'

proO�C'$ .everal important :observatiQDs. ti·rst, 'Wllil� nQ real

effort·· saelUS
.

to have beEu� made to at.tem]pt an under'standing of·
.

.

.

.

the bu_n analysis process, virtually all p'�OCJrams'
.

developed .'

inc:::lude reduetion�labelling and diagnosis sections. Second,

the trend toward impr.()ving systems· has been merely to· add more

rules for 'labelling· and ,diagnosis", hence inere,asing. their

.CX)mplete.ness� but leaving the basic reduction' s.tag.e unchanged

from program t(') program. As can be seen in section 3.1, this

,



teduc:tion algorith.·. is nQt sQffic:i.l'ltly expressive, to permit

identificatiOn o.f all P-waves in all traces,
. and therefore,

I
.

.

sOille inQ()trect diagnoses I&ust be exPec.ted.. Wbile the tlllPro�d ..

•coatplete,ne••. of t.be later stages QQe. alJ..ow lllQre . COJ:i:ect.

. diagno$.e., thiS laek of .xprea.siv.ene'$ creates' tn. iJllPre.·s.ion

in the literat�e .,t a fixed le�l of' aC¢u:iacy whiqh cannot.· b.
"

,

iJIP·rolled,
.

Ulplyill9 that certain "waves are ai�ply ll.1Possib.l.·

.
to f inc [12}' ( 38J. 'lb. buaan leG' analysi. diOdel sug,•• t:s that

tl1i a . barr ier. to '...waft detection is .rtille,iel, and. ¢a'D be

t'_'ved w.ith a JDOre .xpresaive t.eduction algor lthar •..

.

._nCe a neW ."t()JD.tle BeQ.. int�u:'Ptetat1O.n ay:atel\, .•••
des i9ne4 . based

.

heavt.ly on the bu_an BeG analysis' model, lCith
"

partie.ular· fUllpbasis placed on the reQuction stage.· As

described in chapter. 4, ·the reduction algorithm is deSigned to

produce· as OQtput three l-yets Qf. t.okena.. The first layel'

ClOnai.t$. of tl'1. digiti.ed .BCG trage and its cier: ivative. thus

ultimately' ret'aining &-xpressiveness by keeping ." .11 the data

available.. '. �h.e next layer 0.£ partial wave shap. tokens is.

carefully cho.en tQ· J;epresent intuitively meaningful pieces of

BCG. . trace.. Special ..
'

care was' taken to ensure. that. the rules '.

wbich form the. tokens find e_ry wave in the trace." so that the·
.

..

outpat set remains both expressive and ,complete. 'lbe third and

final· layer of w.hole wave group. tokens represents. unambiguous

waves only, and'· thus .passfis on only reliable waves for initial

labelling. . The. lac k of. \comple tenes s in this layer is offset by

the ability to make .: feedback qu.ries to the: more det'ailed

partial' wave shape tokens be1.ow �
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me !nit!al labelling a.190ri� desi'gfted for this. syat••.

ha. four steps t f1.n4 tbe location of· each QRS"'"COJlll)leX in
.

the'
. . ..

·tr.a<:e, discover the ..nent of each 01$, classify the ORS type$
.

aC:CQrding to' c:Ot\.tout� . and ide,ntify definite �. anG ',-wave

ean4tda.�s . betW4len
.

eacb pat,t of 'ORB ",. . with th.... step$.

ope".ting prilnarl1y on the - tt.h<;)le "·ave group tokens· of, t.he·

r-eduction algotitblil, the re...ulting 'output fr01ll the labelling

stage is a r.li�le list of "'ll�.fln" waV:$$ f.-ot 11\1ti.1.··

dia�J'nosis,. a.s required by' the bUiaan ECC analysis. model. At tho•

.

.time.of wtlti!t9, no diacgnosis. algorithm ha..· been i.J.IIPleaented.

Tbe reduction and 1,.b.111n9 algot.:ltbms haVe been tested otl

. a VAX '11-78.0' using a 11mite:4 $-ample Qf leQ data·, as ·.xPlai••4

in chapter 4. 'fhese test res�lts\ .,!:low t.hat.· the'· algqrithlll$.

perform as ..xp_�:d. 'this suc:c:•• s
'.

of .a·· ilQre .

"xpr••• ive·

algorithm indieat:._ tbat' tbe design .goal·· of an" improved

·.utolQati<= E.CG interptetatiC)n systflt. is nearing. achievement.
,

I

although this c:arttlot be confirmed until. a diagnosis.' al.gorid.Un
1'$' implement:ed to' mak.· f�ll

.

use
. of the power of the add.ed

expression •. The rest of this chapter d:iSeusses the tutu-re wQt'k
.needed to aQcompl.ish this ta$k.,

5.1 The' Diag nC)$is Algo:r 1 tba

Clearly, the most important area of future wor k is the

implementation' of a diagnosis algorithm. The actual form of

I· the algorithm applied may. vary, but seve·ral 9u�delines' should

be fo�lowed Ln torder to match it w.ith the. existing reduction'

and labe.lling stages. The' first and most important guideline
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ia th.t the a19or.i�. should be patt$rne4 afte£· tn. bwaan see

aftalysi$ 1IlO4el. It mtlst therefore have two .teps:· f ir$t,
.

the··

.

·fOt.matioll· of several· ·possible c1ia.g.ftos,.. using the in�omplf!te

but uftambiguous outpu.t from tbe . ·initial laf;lel,lillg algorithm,

and second tbe. c.onfltlllati-Qn or. rejection of ••cb p.Ossible

diagnosis through the Q$e o.f feedback <i.uel:ie. to the. two . lower

layers of reduction stage· to�eo••

·one. way t.o inrpi·eAle�t this· tyPe ·of process i. the deci·sion

t.tee. as disQlssed in section 3.2.1. 'I'he posa·ible: <Aiagnoses

WQl1.4 ·be acbiewd· by tr·ave'tsin9. the. tr&. as far· a.. �sible on
.

.

\ ".. .' . .

the initial. data, and then the·. final· path llou14 .be .' deciaed·

usinq feedbac.k �queiies at each ;futther be.neb. Al ttl-ough th�s .

. �
.

_thod would· be the simplest to implement at first, and .a1.
..

be

worthwhile ·in a. preliDLi·n�ry i�v.sti-g.·tion, it would· have all

the pr()blems outlined in see:tion· 3.2.1,· �D4
.

would be very

difficQlt· to update:··when incor.·por,ting new dia9·n�.ses.

.

'.. ..
.'

.

.
. .

.

int\litive ·approach of formulating one set of rule•. to make the.

initi·al. diagnoses; and a furth.r· set of .rules to confirm or

rej ect them. In. fact, it would be best if some. of . the rules

actually cQnstructed a heart referenee·model for Simulating the
..

.

f ina1 diagnosis and ·then cOlllpared its outp,ut to the input trace

tbrough feedback :queries, as .su9gested in seetion 2.2 •• �
. .It

would be advantageous for the ru].es to be explicitly coded. aa .

s.para te . rules rather than linked. together in the form. of a

t,ree. A g·reat deal of work is
.

being ··.do.ne. on this; type of

algorithm· in the. comp.uter $cie.nce £i.eld 0.£ expert medical·
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13Q)'{'351 [59) [60.) (65) ..

.

_xper.ienee, the intuitive nature of rules, �. the r'elatj,ve'

ease of adding rtew dl.agftQais rules. atakea this type of algorithm'

the lIIOst at·tractive.·

5 •. 2 laproy•••·nts to the: Reduction and. Labe1.ling Algcx itbJila

Motb�r avenue of future tesea.r:ch ·i. the impro..ment of
.. th.. r:eduction and 1abelli:ng .1.go�·i·tlUa.· outlined in chapter

'.

4 ..

While they per form
. aclequately': in the Present implementat.ion.,

the". ate $ever�l minor adjustments whioh eovl.·d aake them liOre

g·enetallY applie.ble.•
·

. 'rhe
.

f itst· possible. ilaP�o"..,nt is the in�lusiOll o.f a'

preprocessor to. r_$Ove from tbe tra<=e certaia' extr,"tl'ous data #

such as .·wideA.•.hifts of bas.lin.,. bU�$ts of·b·i� allPlitu�'
.....

first two prOblems' are' not s.ver.,· but

pacemakers'
.

is fair1:y . common·.

.',
. '.

pacemakers, in a'n BeG trace,

us�lly produce very narrow high a·Ripli tu4e spikes which bave .'

. very steep slopes. .'the res.u·lting spikes in the 'derivative will'

. oonfuse the ORB d.etection a1901'i thm. used in. the lab.elling.

stage. The solut'ion �s the addition of· a preprocessor which

contains art. a.l90� ithm to filter out the pacemaker spikes' while

re ta ining the ir pos it ions [56].

Another' modification which might be made fs in the area of

.1\01.·se saeasllreD\ent and elimination. As outlined' in'. Appendix . A,

the. ultimate e�ressiveness of the partial wave' shape token'
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algorithm is depend-ent on an accurate measurellle·nt·. of the
·

.mplitu4e of the noi$e in· the EeG trace. 'lb� algoritbat fot
. .

·

nOi$'. �a.urement·. used in tllis implementation is a.sct ioed in
.

.
.

. .....

cietail in APpendrx C�, and is ac!e.quete for d�a.9nostic tr_c:e.s of

·

relatively low n�ise� In harsher environments , . .u<:b.' as a CCO,

· bowever, a more g.n:etal noi••. meas·urement
.
procedure· will

'.

be·'

requl.red.

Pinally, • third area of Utpr<>ve••:ftt is incxeasing the

eff.ieieney of the: algOrit.bm used bo find the local .. _•• ima and
.
-

miniala' in the leG tra..<:e an<L it. 4et.iv.atlve.. On the VAX ll-tao,

processor speed. is ne �trier, 80 this algor-it-Iu. w.as wtit·ten to
. .

be easily �nderstood r,ather than maxi.ally £':8t •. If a 8_11e(',

slC)Wer cOllli)u,t.r· is u$ed,. a major deerea ... in piQce$$ing tinte

might be effected by libeUng a Illore efficient. al9.0rithm for

tbi. oper.t10n.:

5.3 system'Testing'

. A fina.l suggestion for fU.ture work on this, or on any £CG

inte.J:'pre-tation system, is the building. or acquisition' of' a

database . of·
.

sample SCG tra¢es for. prQgram . testing. and
'-

loomparison at the university of Saskatchewan. Such a . d�l'tabase

w�ld ide.ally consist of saveral hUndred normal. and. abf\ormal

EeG traces, each tr.ce having previously been diagnosed. by . a

physician. While this type' and amount' of data is' not

imme.diately necessary to. test the. algorithms in th.is thesis, it

is crucial f,or the testing of· a diagnosis algo,.-ithm.
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5 • .( C:ol'u:l.U:aiOft

The. .ability'. of' a. machine to interp�et autoi¥latieally'
'. : .... .

.

.
.

.

electrocardiograms in' a .

reliable h\Uaiut....like fashion' wii.l open

tap· new avenues of heart· r.sea.reh 81\4 .free he,tt speci81:ists to

. �cond.Uct that' researcb. " thi. is alt••dy.«voideat in the area" 0·£

.

routine computer oomparison of new' Be;'. with.olci ones froll the

same patient [5] {421 I 51J. It is .hoped. ·tba.t the insi�hts inuo

the. .8CG dia9.n�is ··P'OCeSs,·t.ep·or�ea:, i.n �ls·.: .th."�•. · will luq..,-:,·
", : .

.

advance automatic' 1nt.rprEetation a step elqser to ti)at goal.

\



- 104·�

_f'.renee.·
.

(1] ADenatein J.P. •..:and Tom·kina· .W •.J. t

A New Da\ta-Re.dQction Al99l'ithftl for Real;-'time ICG
.

. Analys.l.. .'
.

.

.

.... .'
·

IS;I¥9ij!n"2�j..9JlS gao !!��J�l ·!Qiine.rinS.lItE-29t43-48,
.

. .

.

.Al.xand�t D.C. and WOr t%ma�n D.. .

C.p·uter Diagaoais of Elec.ttoc:ardiO)td$. I •. £q�i:paten1:.
C.m�t.eff,S and. 8iopt,pic:al ,e"".$¢.� 1:;'3�&...3:6S#. 1968.<

(3)'
..

Bailey j .-1." HeX tQn .
M. I and It.coi 1;3 S.a.

A Method 'for Iva1_t.in9 Computer· _Ogram. for
8lectiooudiQgral>hio Int'et.'�.tation 1I�. .

Repto(hl¢i�JJ.ity .Testing ahd. the SOurces 0'£ PrOgram
8rrors.

'

Cir<:ula.ti<>n $0: 88...93, 1974.

Bethesda ·Confer-fute.· Report.
.'.

Optt\lal. ".etroeat4iQ9t.pby.' .

.the AaletiCian Jo,utn!_! 2! �f���l.esX 41:111-19.1. 1918.
. .. .

.

.
.

·

tonner R •E. anc:f' . Schwe tJlJan: a.·D ..

Co"',uter Dia(Jnoais Qf U.c·Uocard iQg'r a•••. II. ' .A Computer
. Ptogr•• for SltG M�UU5·urements.·

..

.... ".

C01lJ2!S!!!. and !!p"d!Ea; lleseatQb 1:. 3'6.-386, , 1968.

Bonaer 1..1. and $C.hw4!'Utaft 8.D.
Co�ut.r D1a90081$ of 1l..ctrocatdiog�alii1h lII .... A

Computer 'reg'ta,. for Arrhythmia J),l.gnosis •
.

.

So,$eU�r. Ie! 8i.'��,�!! !e.,e.icq 1:..387-447, 1968.

Bonner R.I.:, crevasse L., Ferrer M.l., and'
. . Gteentield' J.C. . .... '.

'

...
A New Computer Progr'am fOr Analysis of seala·t.

.

Electro�rdiogta$s.
.

.
.

Cgtlie'2t!�! a!J2, 'BiQmedica1, 'Research 5; 6,2,9-653. 197:2."

[8] Bransford J.D.
·

Human CiSn+ ii2!!; Jt!,a.t;·!}in9" Y!ld,r,.$:t!1ld.�!'l� , !f12·. .

.."
· Bemem e1' Si.

.. . ..

'., w.diWot£li Pu�isbin9 Company, 1979, pages 128"!"lS3 •.

[ 21

( 4.)

. [ 5]

l6.J

.
(7] .

; .

. ,

[9} Burden R.L.,Fa;:ires J.D."and Reynolds Ii.C.
N"".e r ieal AnalIs! S •

.

· pr irtal. e
,

wiSet aha Schmidt, 1978 �

{lO] caceres ·C.A.; St.einberg C.A•• , Abraham S., Carbery . W.J., .

.

MeBr ide J. .M.,. Tolles W.S •• arid Rikli A.E.
Computer Extraction of Electrocardiographic Parameters.

Cireulatio.n ,�5,3S6-364' 1962.



.. ··10S;.
.

. .

.

. .'

(11]
.

C'acer•• C.�A\ii ..... '"
.

.

.'

.'
•

.

.

. '.
'the' Ca. Actail'lst· £1.ctroc.r4i�raphi¢ AutO_tion.·.·
99.".ltU· 6 (1;) :.15-21, .1'13.

·(i2) Caeere$ C.A.
'. . .

Li.1tations of the CompuU'r
. in Bleetro�rdiogr.pbic .

Interpt.etation.. .
. '.

'. 'at!!. �.t 1:-.., gsuEua4 !! Gftdi:�t<?S;I 38: 36�-3.76, '·191.6 Ii -

lUI.· �U:i�B;,!;dI· : PraClI:iCd·· t!eelic.ttioll with Ve.CltOriaJ. ..
"l.n"": ... '�1tllP1t-JuJr IS.'

.

;zb... .......--.
.

...._-* II - ..

� . ew . on. .
.

.

.

Harper a
.

'. 1.1sfi'er$"'".Inc., 198 o. '.' '"

.
\

.
.

· (141 Clancey w •.j.•.atad �t',int.r R ..

N:SOMYCIH:. R..conlig\11:fng .a Rule-Based Expe·tt Sy.tell for
. Application tQ t.achingj•

.

�r�di!9� 2! 7th IJCA1 11:829, 19$1'.

Cox J.ll .. , .Pot.za�d ·S .• A•• lilCl1••S.M. and Oliver G.e ..

transfor._,tion$ USeful in Slectrocardiogr-aphY.:
In, �\1te:r, .!n .•iQ�ai<t!l£ Reseatcb. Vol. fll,: c�Pter' 1-.

AOiGe1l1ic preSs, t§'I!.
.

.

'., . '.' ..
'

....
.

[ 15)

(16) Cox J.R.,- Nolle F.:"., roz.Qtd a.A ....nt' Oliver 4�C •. ·

AZ.ft.C, . A t>teptocessing f-tOg'ralll f'oC' _.�.Jfi•••CO IUlY� ..

Ana].yai$.. .

'

.

.

t!:.lMi�t!T:!2l1t1; ,gy9Ia_�edi�1 fv.9 in.e�;i t.ni ."

.. ;

t>ale' pas'. . . ....
. .....

.

.'

�n::a9. Deve!t?Omen:tl:. Stt.uctu.re aAd Futl(;:ticm, 2nd
.

'.' !S!f.tJon.
.. .,... . -- �

I:toltj lUne·hart and Wi-its,ton,. 1976 •...
·

(18) Dubin D.
,

� . Intereretation of i�1'� � edition;.
COVli pUbl1ililng Z=o.,-rg • .

·

(11]

(19]
,

Duaa R.O. and Hart P .a.
Patt.ern C-1�ssificatic� and. Scene "nall!i:s •.
Jolin Wiley· aria· §Ons,. Ina:; 1§'3� .• '.,

.

[2.01 Ey�a9uirre c. and· ridore s � e-

fhl$iOl� of the N�rv9Us Sx,tem,. 2nd eqi��o� .•

tear SOo . Medieal PuDl1shers Inc ••-r§,'. .

(21]' Geddes J .s, and Warner B.R.
A PVC Dete'ction Proqram •.
·Computer. � Biome(lical Research 4:493-508, 1971 •.

'

"



.'�' 106·-
.

.
.

[22'1 '. G·uatafsorf D�S., Wil�S·ky.,..8." Wang J., Lancaster M.C .. , .

·
and \Tr i.bwa••• r J. B..

.

.'
.

A' Statis·tic;ai··APproach to' Rhythm Di.9nos.is of
.. '

.

cs .. ,A'i¥'V!tr'a-4!!!' '. ..... .

.

..
'

..
" ��. ��.'�. ..' "..

.. .'

.

.
' ��®!�ll\,�gt tbe .IEES· 65:804-804. 1977 •.

(23]'·
.

Gust..atsor....D.S. � waneJ s a », $Ild Wi,ll,ky A�S. '.
Card iae ahytbit·· Interpr.eation. O$ing' Statistical. P and a.'

Wave Anal yais.· '. .
.

. '.
. .'

tn· Ft,Q{lti!t$ 2! 8n9inee$1§ in Heal�. ·care -. ZEII
.

. inglnee:tlnq. in" Me<lIclJu. aia' BIQ:tOgy�i.ty .

CQI\ferenc., 1981 •. :

.. (2()'. G�y.tOJl A�C. ".
.

. .

.• 'lttboo.� st M�diCtl .• l:'hX$i()l9SX"
.

6th.. edlt:iP"',," .:

. i .Iaunders 0., 1981; p.age. 1S(J:.'2'a:!. ".
.

'.

[25] ". Haber R.N. a,n<1 Bershe�on M. .

..#l__§: f.�C:!!!l.2JI Qf V'isual Perce2t�Qlt. . .' .

.

...
'

IOrt, 'II..,.SUi iiiet." wlns·ton-lnc •., l·t§73 .> ,at.,· 52-S9�

!a�ns W •.$•.
'

'.
. ...• '.'

. ". ....•. .

.

! Pr.oc..dur a1 ..,ael. g! .Remp!t 10n fot .Jf!l.'O;int.·Per<:e:Ption.PhD '€lies! s, Depar tlftent ora'hipute.r '""liienee ti.8 :e.• ," 1"8'. .

(�7').· 8elpil)i I •.P �., Utlit.;a 'S .• , ana Wolf B. K'.. . .... .'.
.

'. '.'
. .

.... .:

S1.l99*u;�-d Minimal· Performanee· Requir.etlle·nts a·rtd *�cds .of
.... PetformaAge· �aluatiQn for. O:)'.Illputer �CG . Analys.ls .

. programs •.
Can.a4i.n MeQ'i(31 A$soei ..atton Journal 108:1151-12591 1913.

(26).

.
..

.• (28.] Ben.geveld S'.J.· a·nd van 8e_.1 J .a, .',
.

· CQ1Ilputet .Det.ettoft of P-Waves �. .

.'. . .

CO!Putets' and· BiQll\edieal Research !h12S-:132, .1916 •.
;

, .

.. (29]
.

.

.

. .

Bolsinger. W.1\., iempner K ..M •. , and M.iller·· M.B� .

.

.

A QItS .�eproceS$or sa'sed on Digital Ditfe(.enti.t,1od.

Jist -,Tran!ac�4.0n·�
.

on BiOllf!<U.QGll �l1S in�"r in�
.'

MI;..la: 212:....21',--r971.· .
.

.

.

[,3Q] . BO""tTai S ·.;A. : .'

.

". .' .'
'

'.
'.

.

.

.

..

! Pr,ototySe J(no.wledie.:�aa$ed ,xstem for. C9Jlle'':''1:e��Assisted
.'

. "Rial'ca� 1"\iadnosls' . .... ---- .... .' '
.

. Iif,., , .•...

PhD 'tHesis, COJnPuter' Science Research Group, U. of .1' ••
198·1.

. .

[.31) Bu J., trancis D.a., Gau G ..T. ,. and Sanitb R.t.
· Oevelopment; and Performance of �yo-IBM:'

elect.rocardiOgraphic Computer· Analysis Programs (V7Q).·
Ma)'g clinie pr:OceedinS$ 48: 26Q-268, 1973 •

.

.



".lot ...

.

. (32) . !Qbel I).H. and Wiesel .t.N� ."
...

'

..

'

. Receptive Fields, Binocular llnterac:tiol'l and FUnctional·
'. Archite�ture in the. cat'; $. Visual Corte».
JOurna.l

.. 2£' '�XS.iolggX 160: 106-154 t 1962.·-
...

.
.

. [33] Ishuauful,M., ,1,1' x.s, an.d Yao J.·..:'1'.P.. .

Inexact Xnference.
.

fot Rul......·sed Damage. 'ASsessment of
Existing .. S�.uctQt'e$.. . .

pro��di�i ",2£. 7.th :.IJ('.AI ·X·l;·. rsai ,

[.34) Jenkins 'J .M..
.

COmput.e.t: i,zed Slectr:ocardiogr.phy •.
'

CRCS�i,tA<r!!.lev�ews .Ul1�.o.�Sin.et;i!S ·6:307....350, 1981.

(35] lastnt" J .E••u\d�.ei.s S.M.
" "

.

.

.

A Ptee.den� SCh."· fOr .selection anq Bxplanation <!If
'rl1.tal)ies.

PrQ¢!.��P.j.� '21 the' 7th IJCAI �I: 908, 1981.

·.�36]· Klint.aA.�. aa4 pipberqer .1f.V�
.. eomp.u�r Classif·:.Lcation of l1ectrocardiQ9ra•• ,. .

Co&uters: .an!! atOliied.ical Res.ar:.cA J..: 1-17, 1967 ..

'

." ". .. '.. . '. '. .

[371' LeBlanc A.R. and R.ol>.et<je a.A. .'
.

.
'Present;: $t.t� of At rhytnmia , Analysi$ by ¢olilPuter. ·

.CtA!d Lan. Medical A,.oc::�!·ti?Jl J-<)Qtnal'108:1239-1�Sl, ·1"·3.�/
. ..

.

Ji,eBl.nc A ..R,o;. R9be�e r.A .. am! Nadeau R;.A.
." evaluation of- a New .. leG M�!ul$QJe.Ut.nt prog�a. fot :the

,

..

·

Detection o.f ahyt.l11ft J)i.t�rban�es.·
.

•�ical !!e. !!�l29·�al Jniig,!ae! 13:3iO�3:81, 1'75 ..

'" f j"j. I.e vine B.D. ....
" . .'

..
' .

'" .

. Cl.iniCal. Intetpreta:tiop. of Eiecttoe.r.c1l.Q9ram by Means of:
.'. Jleotr()liic Coinputers.. .

.' ..'

.

Al1leria.n·Heart Journal,69:147-149,·196S.·
.

.
.

.

. :.. .

.•·Lopez J.P., Covvey D •. ·, Greg<>t R�D •• LeBlanc A.a",.
Na:dea� R.•A. and WalUlta:n M.

.

.. '. . .
.

.

Cr!teria for. the Classification .and Di�t1no$is .of Cardiac
...... =7-L

h""�...
_.., •• , 0" •• qIiI'IIi:"_"� �. __ .wi iti ..

•

.....�· ............•
"

.PfJ _...
·

Att .! m laS.' .... '. .

.

.
.

.

Report 15�e Ar"hythmia Groul) ()f the commitee 0,1:1 .... .

·

.

CQltlputer·A. i.ted. ECG Interpretation" canadian Heart
A.$soc;iation., 1977.'

.
.

Macfarlane' P.W.
ECG Waveform Id·el'lt'ification· by Digital Computer.·
Cardiovascular Re.seaJ;·c� 5114.1"'146, 19;1.

(42] .

Ma<:far1ane S.W., Cawoc)() 8 ..T. , and Lawrie·.T.O.,*�
.

A Basis. for. Computer Interpretation of $er ia1
Eleett.:Qcatdiograms •.. '

•. .... .

. •... '.
.'

.Comeuters·.�. Biomedical ReseaJ):-ch 8:189--200, 1975�'

(,38]

,(40)

[41]

, ,"



[44]
.

(43) Miya�.ra. a., Whipple G�B., 'l'4ulCjJel' B.M. I webb .'1' .w.,
.

'l'heopbllis C.A. ,and DOhi' Y. .

Cardiac Atrhytbmia Diagnosis by Digi tal Computer.,
.

Ceute�! and 8�0l8!gJ.�t It.,,a�:!! 1: 271-300. '1968.·.

_tt.ay.J!�.M.• ; .ton••. W ..T.·; and ;SandEtrs ·C •.
A Real.... '1'iUle Mic.r:optoc.ssOr--Ba.ed BCC O>nt.our Analysis'

syste. tTtil.i{.ing. Of,n::isloR .1'ables.
.

.1'ran.actiOIUI Qn ai�,di¢al. E.niirut.eri�MI' !III" .'!! "'"'I .4.""" ........AlI" , -- ).1 I.""''''''' -. HI I I.. .-
.

. ..� I:"� .. ���.l .'.: .�o·u.. ..
.

.

[46) NCi)(lllan D·.A. ..... . .

. Me1ll9EY �pd t��.n�J0l!: !!l' !9t.r0C2uction li·· au.on .:

"n.to.rm�"1Qft Pros-a. 1�� J' '21\d. e�Ttton. .

.

.

Jobl' 'IIey ;&1 'Eil$� fnc�, m6�;;rii9n 38 .... 60 ..

Pipbet'get',a.V. � Stall_b' F .w., .and Berton A.S •.
,AutQUlatic Anal.Y$is :of.. the a-QRS .....T Compl..x of the

.

. Bl.ct�ocardiQ9taiD by Digital CoJll$)utet., . .'

.

An!).l. g! }!ltern.!* .."d�S:!9! 57: 776.;.;..787, 1962. '"
.

[481
.

Pipbel'g.r R.,v.. '.'

COJlll)ut$r AnalysiS of tne llec.trocar4iograJft.· .:
.

In C0Jll29�'t' .. !! Bip.ft4;ig!! Res••"cb,· "'{�*. 'It �chaptet
.

Acaaem l.c. , Pt••s, 1'�!. .

.

'

..

("]

as,

.. ... .
.

.

(49) Pipberger IhV�, McC.a'ugban D., LittMnn D•• pipberger
B.A. i COr.nfield J., Dunn 1t.A., latchl()t C .0., a'no,"
Berson- A.S. .

. .

.. Clinical ;pp1ication of a SecQnd Gell9tation
.

.

ElectroQe.r4iographic Computer Program. .

.;rh' Amer lean iquFnt1 .2!' 9fCfi<?1291 35:591 ...608,. 1975.

( 50] pryor .'1' .•A•., Rus$el ir., euotin A.; and Pr ice W. G •
.

Bleettoe.�diographi.e Interpretation by Computet ..

CO!!puter! !.!!2 Biom!2�$!! Reseatcb 2: 531:"'548, 1969.

(51]
.

pryor �T .A •. ,. Linosay A.! ... and England R. W •
.

CQmputer Analysis Of Serial 11!1ectroea r.diog rams ..

Com!t,tte£! and �iomed!s!! Res:earch 5: 709- 714, .1972.

(52] ,Restak R.M •

. '!'he Brain, The Last Frontier.
Warner BOoks-InQ;*"New York-;� 1979, pages 94- 95 •

[53}' Rey W., Laird 'J�D., an4. Huqenho1tz P.G.
R-wave Detection by Digi1;al Computer�.
ComP2,Fers !!2 Biomedical Research 4: 50g....S22, 1971.



SQrnlbO L., Botj.SSO� P.Q�, NygataS M .• , and pahlin o •..
'

A MethQd of Evaluatl.on o� gas Sh�pe ;reatures Using a ..

. _the_tical ).bdel tot the BeG. .

.

IDl ;«ttAn$ac;ti9ns . on Bipeedical Bnsin,er ini
'.

�i.28: 1II ..'I7,-r9Rl/r' I t..

.•
.

...
I

.' . 1 . .

.

.

.

[62] Stallman.' .W. and Pipber,er B.V.: •. '. .:

. Automatic iecognition of i Elec:trocardlograph1c Wa:ve$ by
.

. D�9ital Computer. ....! '.
.

.

.

...

'

.

Circulati.,on Research 9 :ll38-1l43� 1961.
.

, i
Staples ·1.'., Gustafson .jr .E ., Balm G.j:, and ..Tat.e W .JS�

CQDlPut:er Int·erpretation Cj)f Electro.cardlograms. •
American Heart Joucna1 7�:..351�3S8, 1966.

i
Steinberg C.A., Abraham a., and Caceres C.A.
pattern Recognition in t�e Clinical Eleetrocacdiogram.
IEEi9i��nsaction$ 2!! 8io,.41<;:a1 Eng ineer ini BME-9�22-30, .

i
,

!

. (54)

:[ 55]

(56]
.

{51]

(58)

{ 59]

[60]

. [6].]

[631

, [64]

.

- 109 ..
'

Robert$on P .:

Nort-Temporal Prediction - A Distr ibuted Sys�em fot
. COncePt Aq.uisi t.ion • .

.

..
'.

.
.

f..riq�;.�in9s g��! / SCEla S�)1\'fere_g! :144...149 I 1982.
,

Romhilt D. W. I BlOOlaf ield .$.S �" CbQu.T., and towler N.a •.

Unre.li.,.bility Qf COnventional Ilect�()(:::arcU"ographlc care
.

U'rita. '.

.'

'
.

.The A.� iea....!! ��rn.!l 21 �r;aio+iSI 31 :451-461. 1973.-

Sajet M. � 1)eeambr.e Y. t W\Jt'zl:h�rq.r J., and D_eester M.
A. New Rbyttull Classification Ptagr;aJll APplied to R.outin•. '.

'. !lecttCl'" and Vectot- caraiOgta11lS.
Mvances in .$af�·�9.tOU 1.:256-2.59, 1976.

· Segall M.a •. , C�.ll 0 .. '1'. and Her.kO'V!t. M�J'.
· CUltural Differences in the '.rception of :Geometric

. Ill.u$ions. .

.

§<=:�.ne.e '139:761-771,' '1963.
· Slier.COd °J.D...

.

.'
. .' .

. . .

S.u9getSte(l Standal:4$ fol' lJ'uatrQmentation. in �cmpu:ter
·

. procu.sing Q! Slectr�rdi·OcJcams. .'
.

· .D.! C.anaa1al1 .�q.i�l, A$!!ciat.i�n. JQ2tn:a;1. 10-8 :1259-12(;1, .

"'. 1§ '3 ..
.

I .; I Ii

:" ,0 ..
;

': '. .
. .'

.

.

.

.

.

. i . ... ... .: .

Shib,ba.ra.·.T.,· MyLcpqlQu$ ��i 'l'$of.$()$ 3.1(.· am! Covvey B.D.
CM: A ICnowle,dge _••4. statem with Causal Knowledge to' .

.

. Dlaqftose Rhytb Disot4ers. Qf. the Rea.rt.
.

Pr()c.�di!!Ss· �'CSI I �C!:·t$ Coftfe�e_nca : 71, ...78 I 1982.

Sbortliffe S·�B. '. :.,
.

.

CQ!9RU�.,E-:8'S!9, ,..dioal ctnsul�iQn I MYCIN.
Imet tcin slavier,' New YO f( i t'§'C •.

.

.
.

. '.
.

.. .

I
.

"
.

.

•



'

.. 110",,"-,

[65] .1.-suj is., anc:1 Nakano -Ii. '.

J(nQvl.:ag�.a�4 identification of Ar.tery ikanch.s. in
.

.

Cin.-Cardigr_$ .. .. .

.'
.

.

proceed�ni� 2£!!! 7th IJCAX :tI: 710, 19'81.
:

.
.

.

.

."
'. .

'{46}. UPuda J�I(... , and.' Murthy· 11"S.W�
. Syntactic App�oach .• to acc Rhythm.' Analyst$ •.
tS!1 ,T1;�n$acMons.� B.i9!!clical: Inginser tnS·aMI... , (·3' . ,,! ,�J80. .'.

r I i... .

.. ! .

Vincent G.M., W.o.!)' C:.N., �$ '16 •••••nd Guier l', •.lI.
QRS.':':wav:e Detector 2Valuaticm. .

..
'.

'

.

.

. ADle.£�c!n aeart Jout.t1al 83;47.5-480, 1912 •.
'.

(67)

16'1' . Wartak s ;
-

A Prac:t1ea� Approach. to A\lt_ated Dj,agnosis •.

liB! .tt,.ran.acti.Qn$ sm, 8iQJluedieal Eq'gine:er ina 8M# ....11:.37.-43,
.

'9 x ; .. , .....
�

: ,u. .r ';
• •

••

'
"

•

'. . .

169]
.

Watta.k J. , Milliken· J.A. ,- and: Katehmat ... .
.

eOlllp�t.r :fX'og-ra. for Diagnostic Evaluation of
Ileetl:oeardiograms. .

.

CQlD2uters anO 8i¢medi�1' �es'eat:¢h 4: 22$-238,: 1971.

(70]
.

. Wat.4nabe, Y. .
.

Automated, Diagnosis ·of Arrhythmia. by Small Saale: Digit.al .

C�\tte�. . ..... ....

'

..

��e'ne$� B��rt �e ..u;n!! .11; 2,23-242., 1970.

-. (111. willems .J.L� and. Pipberget·· H'.V •

. lirrbytbllia Detect$.on by Pig;tal Computet •• _

C9!2�ter,. ·.·nd !ioJll�dic.!! Rri,ea:.t'cb 5 :262-27·8, 1972 •.

. [72] Willems J.L.
A Plea for Comma! $ta'ndards in C9D\pui:et Aidea SC:G'"

. Analysis •. '.
.

.

_

..
'

.

. .'
.

.

.

.'
.

'

.

.

C�e�:tte.�$ and BiQmedica,l Reseatob 13 :12Q�131; 19$0.

[731 WOOlfolk A.E. and Nic:olich L eM.

'Iucational PSlcholo9t fQr ·.Teachers •

. entlc:e.-la1! t 1980, pagn' as� 50. .'

.
I .



'.� 111 -
. .

...

_,.li4ix A.. . SIGNAL nOClS$lNG' A.IC'l'S or' ,T1I8' S!s�Df'-
. ....

In
.

any . system· Wbich �.als· with aig'na15 qenera ted by. real
.

physical sour.ces,
.

th.re ate two low level" etlgineering.: asp_cts

which 'must be. consicS·ei.d. 1'he' flrst aspect· is the c.�culation·

of the tht·otetical effeCt the system w.ill have' :.0.Ii. all 14••1;

noise f'ree. signal •..
'

.This· 'theory
.

<!efine. the ul.tiIJate 1.1�lt 9£
.

system pertortllaftce •. ' 8e-(:ond. th·.· effect ftoise in. the il1Pu·t '.

·$191'141 has on tlut ,erfqrJll4nc:e .of·. the . sy.t.•at JIlQ$.t al_ tue

c.1cu1at·.o•..This ealc.ul.ati"" sbovs hOW well .• the .•y.·teiD.· 'KiU
deal.with the r.,1 WOl'ld jO'

This· appendi'x .. <ii.cuese. the sit.n.l proce•• ing aspepts of

the .utomatic lnterpt.ta.tion .y·ste. deset ibe4 in chapter 4

.under the. (QlloWing h••dings;
.

.

. .

'" .

.

.:

.

:
. .'

..

.

.
.

.

.:..,; Initial sampling of ·the BQl 1:".c:e.

- ·C�lculatJ.ng the de:rivative 'of the trace.

• Mea·suting·· . ·the·· no�se·. in the
identUicati(i)n Qf . the significant

.'

trace and derivativ••..

- S1llOoti}in9' the trace to eliminate SOlBe noise.

tr.� to aid
.,xtrema· in the.

A.l Baaplill9.the BCG,1'rac::e

The .. theoretical. limits of the BeG inte.tpretation sy.stem

are. very much depe·nde·tlt on the' resolution .. of.' the·· digit.iiing

method used to sample. the EeG· trace for' input to . the
.

computer. .'.

For e'xample, saveral of the algori thms in the labelling stage

'search for· features in the BeG trace with a �idth of 2$ msec.

!'or these s.earches to find meaningful results, the initial
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trace should. be '.' $,a1lPl.eG· at 4\ -. rate l;ligh .n�u9:b to g.enerate

.evetal data: points wiebin the 2S .fie time "i114ott.· 'the ftuiaQ.et

.
of g'o'1nta ac;:tually ri.ee�usaEY depends on �be. _pecific 4,."t•• ·· Qf

.c:urac:y ". a••4ed . in $.••ea$�teme"t •...Th'. s•..,1. leG traces' in

this the.i$ �ul4 be p.ropeu:ly proce�ul..d .., itb a saiaPlill9 rate ••

low as 100 a:ti- or 2.5 saJ.llP1e.·$ �n 2'5 lISee,' but· ._ ·s.·tal'ldarc!

.....tg·.st.. d in Sber:wocd [581 ,o:lai.8 a.· s.mplil1f. �.at. Qf 500 8, i$

s'ta.n<l4.r·4
.

alsc $·uggesttf the a�litu4e tEHs.cilIutiGft �"4fK1 by t.!.l'e

<U.91t1.%.1' as. w.11 as' cU.scussing tll_ types Qt.. Analcc; .. ·fllte;t$

ne'Ctssary to' prOi).tly "li.i�at. electrical Qoi•• "0'1. the

lfyqu!st . fr.quenc;y. •.
.

.standard.·

Future . ICC "cck shOuld' fo.l1�· thi.··

.

A.2 C.aculating' t.tu. Deciftti"
.

As· d:�SCU.$ed·. at the' beqinninq . of this, ap9e.n4i�, the·

Qetiva·tive c::alculation us.a 'in this $yst�dl mU$t l)'oth prQ.l'erly·

take' . the. cler.ivatitte and. petlQm well in the presence of noi.-.

It t·h.e. o,ttivative weeks. well: for. all signals; the. :prdblem 'Qf

nQise,
.

is Uftimpor 1:a1'1t;- the. noise will simply, be aiffetentiated .

as well.

, The. formul'. used to take the derivative is. given in

ehapte .,... 4· as :

- f i. the input trace

- s: is the derivati,VE .
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COftSi... t�b9 this. ·as.'. digiti.l filt-.r w1.th input V aO:d·

output W., the· .,litud·. transfer' characteristic:: can' be ..

c.lc\llat·e4 fQt the geatal ,inu$Oia: ....

""": T is tate' s_pling inte;val

- (.i) is, the sinusoid f:equency
. .

.

Since ftO t r..qu.nC!ft • 1II.,ill Qccut in the inp.ut. "ith
•
� ff••te1: thati'1/2�' (tbe NYquist. ftequert41',' the .: quantity �,

will alva,. be le.. th." one,,' and the calcula ted ttan.tet

. charaC�.tistic· ca·n be wrLtun app,rQ¥imately as:

. .

w.' •.
'"

..
' .

g4r··
. 1\. _.: n. .( 1 I' ,�-"''''''-''30''" . '.

\1'be.. 14••1 d.ri".t!ve of· V w0\114 be a t�.nsf.·r

:Charaetetist.i<:
.

,of just i:f;lJ, but 9fti' the fr�uency' ranfe O�l/2'.r

tb. equation given differs from LW' by. less

Tlu�ref'ore, .' tJlis for.ula is' quit. good. and need not ,1)•. imp'roved

upon unl.·s., measurements n-E!ed be made in the diagnosis· st_9.

with· accuracy .better··than. 0.2% ..
·

A�3 Me••su�ill9 ·the ECG Trace Noise

Noise in' the leG trace co�es from saveral sources, such as

tltUs.c:les in the body other than the heart ana 1400SEt eleetrod.es,
.

.

and it resul ts in a l'ow amplitude random slgonal s'uperimposed on

the trac:e e- This nOl$e shows up in the sante bandwidth with· the
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iCG' .tg.n.l. ·.a .•xt1!a peaks and valleys, i·n the "ace and' thu.

atfect� the algor itblll' which f i�ds ·the Efxtr.�a in t1). t;ac::. •.

One. me1:hod of minimi�il\9' the' extra mirdlla. and. m.axitaa

��n.r.ted in this way is �Q' lla:�e· tbe a19Qritluit -ifno.te thQs.·

a.tt,.a ,epuated . frcra their· neighbQUts . by" less th..n· th..

a1llPlitude of the. noise in the t:ace.. To ac:co_liSh this

.el.;ctivity, bdwCV.t #. the algori thm· Aeed•. a- gOQd m.".\J.r:.•••nt of
·

th., nol" atIPlitu4.�.· . 11:1... a.<:c�racy of the _4$.\1te••llt 1.•

.c:ru4ial to· the eltprEu$siv.Ae$$ of ;.be .tok-en alg�r ithlls: if tJie

..uu·t..-.n'C· i$· too ·large. tok�ns� "iU be misseo, an4 itt ·L.t· is

will be ge·nera1;_ •.

While the iitpor ta�e . of t.he notat
.

m"ast,lrement:··. can '. be .

·

sapiy
.

stated, it i$. very difficult. to m4ke' ac;cufately'•. 11\ the.
.

.
.

.
.

.

..
.

..

·

algQtitli.lD u.sed in this.•yste. the notse is e,:.ti:il;ate4 as h�ving'
.

"... .. ..:.
.

.

.

aft •.,lJr·tu.4e equal to the .oat :C:O,IIUIQ . ., change fouftQ in' the tr.ee
.

over all 10 m$fAC segments _.

.
.

tn'at ·ts; a, 10 mae.c window i:s moved

· over the tCG trAc;e and the· largest ehallge. in f . within. the

wind'CIW
.

i$ ca1culat•.d at .•ach �oin��
.

Since th'e Qigitizer has a

finite resolution, the· .. measured changes ." wi.ll be of finite"

nuJBber . and . the mos.t common· .change \
is . taken. to be 9, the

· approximate' nO'i5e amplituae •

. T�·i$ is· a very simple. al.9ot' i thm which can be best

justified· through. a quali tative argumen t'i. For low noise

am�litude, the slOWlY: .varying EeG tra<;:e will· give changes' of

· only a' few digit]tze'r units an� a' low 9, bU.t·a high noise
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.

.

.

,

.. llS ...

.

_litude .•Ul .' ,up.,rJmpo••.•_rty hi,h alitpl,i tud,' .ho�t o'u:�tiOn
.

c;.han,.,s on the slQfii, trace ,and gi•• '

a 'la�9.t 9.

»: ... :3 L
�! - ':"" A";£

.

..

� �
. .. .

.

.

.

_.£xaminiNf t�••�uation give. tor: the de:iv'ativ,· in the

last
.

s,'ctien', w ill -.now· dt. tc", sligbtly mote iihU the Jilaxu._

e:ban,. itt the,de: l.�a·tiY. if on. JK)int> in' the tU:l(:.'. OV�· ,he'

irtte�val � 2 to n+2 is incor�ec:t o.y an ali1tiunt g •

.
..

.�is .iliPl. ..1:hod for Ol•••uring 9 .works adequately �o;

the sample ICG t..rac;::e. used for ,�..,tin9 the �gc;J::'j.thlU, 1n thi.

thesis. . rowe_%:',· be<:.e (ltie ttle a¢c'U�'.¢1 of the measut'ElUu•.ltt is
..

Or1.1d181.· f_ the' sl.1fflci.•nt .XP.tHsl.;vene•• Qcf the .ntite sy,t•• ,

tu ture w,�rk' .hould include a IIIOr. SOph·j.$-i;'icated DUIltho4 tor

.

measurin9 1.t, if �O$sible.

A.4 . SDtoo·t.bing.' to Elblinat:e HOise .

A.ftOth'er· way to ,llliftim·ize,. the effeets of· nol.... at. the

algorithm f01; fin4ing extrema in'the trace is to
.

eliminat.. as.

much· of the not-sa' as possibl� fto1i\ ,the traC$ •. ,. El!m,il'l8ting tn•

.noise is difficul e . since the noiSe resides in the saltle

f,requenc:y band . as the' Eea· Signals I bu t, sitlce all the· �i9h

frequency. content of· the trace is <:once.ntrated in ttl·e. ORS

eomplexEls, some' ,noise can be 1;educed by. selectively filter 1n9

the trace bet'ween QRS
it
s •

The ORS complexes contain. frequency components from zero



.
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.

to seweal t.ans . Ctf • B:', but the , and T...wave ma.1111y

'. QOnat�.u<::ted of cOJIlponent$ witb trelquency less than iO S�.· (2·'l·.·

.1'h.�r ..fQr·.,. digitally filtetin<J the P and �-wa�es dowrt to.' 10' Hz

wiU .1 ia ina te the h19b. r t'r equeru;y noiae. ,up_r i.mp.(lu••,.· l;lpolt
. . .

. ,.
. . .

.
.

tl'lu. ':0 .=._I·isb tltl. usk a' tW,Q ste, ,(oc:.s·s is L1.4 ..

'. 'i�st, the entite �CG tt.e.. is fl1t.tee usil'Jej • tlat

tiOvinf. "�.li.ge f11�e·r of tbe tOnt:

.... t i••• ti.e ..

- 2Q( i. the width qf- t.:1t. s1lOotbin� winciow·

,_(i) ='���'

'fbis char&�eristie has no. phase shitt anet for 0(*.050 $eQ,

. 1.$ US4a. in, the iH.�CC3taDt$· in this thesis, . has a
. fre.qu.nc;y. .. c:ut

off, i.e. Jdb c!own'pO.int,of apptoximat.ly 9 Hz.

Applying this 'filter' to the whole trace eliminate.s not

o.nly th� noise in the P and T-wave$ ,out most of the OR!

complexes as well. .Therefore I t() return the QRS complexes, . the

second. step of . the algor i thm ,check$ each. fil tered point· ·tQ see'

wnether the or l-g inal trace anywhere within ;.. or - 0<. qiffets
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f·;o.. tile filter•• t;utve by ."8 th_ 29 '(�tClll ••otion A.l}. I�
.'

.

•0, the
.

fUteted point: i$ repl.ce:c:l with th•• (u:i<Jil1al pQi�t.

1!'hia
. CQ1iP4� i.on ind repl.<i.men-t 4uusurd that, change. in. t.he ICC

.

.

.
:.... ... .

trac;e,·l.tg.,
.

than Mi••· ate put ba:ek .';'nto the . filte·re4 Cae. I

,ewt',tlinf tile aa.s,· cQl:lPl*_.,··and the + or ... '" viftdow l\itd.Jlli.a

tbe . 4iae.c;ntin1.liti.. tb.t can' c:u:eut

pOint .... tor ..P!'int c:ompat'iNtl.

in a

'1'he w i4th of tll.·· codlp_; i.s()n w.inficw, h·_c·.,,", can inter.c:t

with an . inaccuracy .1ft ".sQi'in9 9 to eliminate fro•. the

f ilteted ··outpu.t:· s_l.l wa_s' "ity' near alS' c;:oeploe.. tOt' .

•_$1.,. eOfu,tdec figure A-l •..

resulting. trace

filtered

'ii-lire A-1: The eliminatio.n of some antall waveS

by the 'slIQothing alg01:' ithm.

.. In the fi9u�e, the filtered trace has
'.

smoothed away the

$�ll .wave . compl.:etely, as would be Euopecte4. However, in the

comparison of the 01' iginal to filtered traces, the two· traces

40 not differ over the small wave
.

by greate,r. than' 29.

Therefore, it cannot be put back 111. .1'his errot <i%an also be

seen in fi<1ure &"'3.
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'l'bis ..problem of smoothing .out small· waves· neal' the QRS .'

complexes', can be overcome in tl1lQ ways •. First i a diffet:ent'

slllo0�ing t.C;hnique could be· combined with. a more ilcCU.rate·

m.eastlredlent Qf 9 to reta in the sRlaller waves.

acknowledging. that' 'the loSs occurs and knOWing it wi.11 happen

only near QRS complexes, it can be ¢O]Jlpensated f()t later in, the

diag nosis stage· ·through . feedback .queries . that c:hee:k
.'

for. sinall

wave$ near the gas .... In p.racti�e. a' comptOllli·se bet.��n the'

abil�ty to r.tai.n all waves and
.

the amount of· ..lEtta w,ork

necessal'Y in the· o'i89nos1s stage .ill. have. to be tea¢bed.

A.5 8...1'1'

In' sUJlil1iary ,
.

discussed with re.p�t to the a190:l'itlurls' ta..d· in tllis thesis

suggest tht.e· points to Ic;Oftsi4er' in ft,lture work:

1. A stal)dard for' EeG trace dat.a .j;nput like that gi.ven
in (58] should be adhereo td.

.

2•.The derivative caLculation used should' be adequate·
unless diagnc).Isis measurements.' more' accurate than
0.2% 8,'1'e needed.

3 •.The noise· measurement and smoothing
shOuld be made more robust.
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APpen4tx B. �l;8.S or 'lSI PROCESSING or 'IVB ICG 'l�ers

TO aid·: in the unde(.tanding of the mate·tia.l contained in·

th$ pr.evious chapters 0·£ thi.· theai.• , and to. $UPply ex�uRpl.s {of
.

.

·the Ol,1tput frQ. the diff.�ent algorithBu!I deser ibed in detail in

APpendix C, five· completely p:tQcessed saJI\Ple· .leG traces are

included in t.his appen<1ix·�.

With' eaCh .aJilplet ttace ate shown the partial wave: group
.

.

.
..

tokens and whole wave g,J:Ollp t.·Qkens that it btea:k$ into, along.

wi th . the QRS- cOllPle2Ces and. P and 1!-wave:. found· by the·

labelling
.

alqor itbJll and. si.ngle d1agooa,:1s fee·dback quar 1-

described in ehapt:et 4.

,
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QRs detection

F"in.l output

FigureS-1: The first sample trace. Sampling'
rate is 100Hz, and the noise value is 6
d igi ti.zer units •.
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..•.

F'i�4.l Ot,ltput

pigure B-2: .The second sample trace .. Sampling
. rate is 100Hz •. and the noise v8.lue is 15
digi ti:z4u·· uni�s.
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. QRS: ftte.ct ten·

F'inal �tput

.

figure 8-3: The third sample tra.ce. .Samp1ing
ra te is 250Hz, and ·the

.

noise val>ue is 10
d19it�zer units.
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;inal output

Figure' 8-4: .'1'he
.

four th sample trace.' Samp�in9.
rate is 250Hz f an(1 the nod se value is 2
digitlzer units.
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...
,'0.

&!h) le &ave.· tokctns

rina! output·

figure B-S:. The f if th . sample tra.ce.· Sampling
rate. is 250Ht, and tbe noise value is 1

.

digitizer unit.
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APpend ia C'. ALGOltmPtS to. TIll ICG IftIU.�A'IOR, S1St'1M '

Ttle algot itiua. ,fot the reduction and labelling 'stag,e. of

the automatiC ICG interpretation system outlined in chapter 4',

a.re inclQrled in, .�e:, a.tail· in this appendix. !'be pr"entation

format, has bee,ft k.pt, ".lib_rateIy, info,,""l, •••an� of, the'

de.tails of 94u\eral, procedures,. such as saatelle.. and' data

stucturea, are uniapottant' and can be taapl••entad in many'
4,iff.tent way ... , ,fhese a190�i thms have been, impl_entea , in

por·tran�17
.

01'1 ttl. ,Unive.c'sity of Sa.ketch.wan College. of

Snginee,·rint VAX 11-180 a!}d if more details .re� desired, the

ptogr••
·

souJr'c., may be obtained through the address Ott p._ ii .

"

'of'tnie thesis.

Tb,is appenditx i.. org,aniz:e4 in three ..etians: f�rst,

'aJ,goritbJls for' tht: main P.r:c)9r:aal.'nd nOI1-spe<;ific' $ubro.utine.: •

secon4, the reduet.ion ,algO,rithlil.", and t.h1,,..:d, the, lab4tl1in9

algorithms. , A.J.l. vat. iabl... quoted .in the algol: i tJuas are those
, ,

,

, "

, , .

,

in the fortran source$. ,Examples of the r:esults of each s,ta9'e,

of processing u�ing these algor,i'thms are given in appen(lix' s. '
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C.l.AlgoritbJI of the Ma�n I.CG %nte..rp{etation Program

'rbi$ section contains· the algorithm of the main· program

used .in the leG
.

interpretation' system.. along' with seve.ra1..

touti·nes u_d to Uk.• care of details 'not eU.a.$sed i.n:tbe maia

text of the tbesi$.,

The toutin..- included are; .:

- ''tb. _in progt..

- BeG$RlAD: to read· the trace ·into the pr09.tam
... ,IC(i$NOIS,: to lIteasure iUl. not... amplituae' in the' .

tra,c:e

- 8CC$QaOSS DRI'T: to ".$C)"' se_re artila'cta 'from the
traoe

- '.

- BCG$aASILl.NE :tHUft= to reliC)ve �••line drtft ft(mr the
.

trace
�

-.
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.

1be. algorithUl for. the .ain p.�t:..a. of the

AUTO.TIC ELECTROCUOXOGlAM 'INftUI&1'ATION sUTtM·
....--��.�....�-...�........-�.�--.--....� ...--�...,..-.........��........�.

Purpose: '-'hi.· is tile a.in progta1li und t.O· pto�"$ an
. ICG' trace' and �etl4ttate the initial. cIi.nieal
labels..

.

.

Method: . The prcgrall works. by calling a_Ver·al routilut'$
. to actually <Ie) the work.

Algot itlul: .:

il Call ·EeG$UAD to read the ICG trac::e off·
the disk (.1rea41 c1itittzed) and save it ..

in array' ",i�' •... Se·t.· It" to be the tiJae:. :
'.

between ••J1IPle.· of
..

ir'l.... .'.
•.

.

.

ii) Call. BeG.OISE t.o •••-aure the not. in
·

.. in' in JIltS__ $a.• the nOise ..mpli 1)Uc1.' in'
'9/. Set the der ivatiy. n01:••. a1ip1.it®e.

to. .•,1:5* "'9' l'b". A 10 11l$ee win4.oW 1$ "..d.'.
.

. .' '. '.
"

. iiJi.) eal,l' E¢G$GRO$S_Dllt:T' to rem·•• · ·the worst
b••liu d;t:ift fro. � in.... '500

·

••ec ts
·

t.'l$" as the s'maothing' "tdtb,,'
.

. .'
".

i�) call £CG$SMOOTH D1FP to smooth '

in' to .

remove sOIle of the noise with' the resul t
saved in 'f'. The detivative "df'- is al$o.
ca.hculated •. 50 m·$a.c is used as the
smoothing "indcw·•.

v) Call ECG$FINl) gas to loute the
approxi_te positions of ". the OR$. "$ in t:he

· trace and save' them in :" rlist!.·
.

These are
uaed later in BCG$GliOW.o;.;;ORS �md a·lao qlv.
tbe •

'

space" between the ORa" s· to us.. as. the.
· initial width in searching t·or -, 1«a1
.-xtt'·ema in. the·.tra�..

.....

vi) Cal·l ECG$POINTS to find the 'm'ax; min and
. zerO-crossing.s in the'derivative "df'.·
These are sav�u:t in .' list'. and de£ ine the
start and end positions of the partial

'. wave' shape tokenS. The intial wi.nQow
.

width used is one tbird the average time
be.tween QRS complexes.

.

.

.
.

.

vii) Call ECG$'l'OKENIZE to divide the trace into
part�al wave shape toke.ns. saved in
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.

.

'

tOkens' •. 'rhe' endpoints eOllle from "list'.'
.. . .

. v.iii) Call ECG$GROtJP to f.ind only the
.

unaJllbiguQus whole wave group tokens.· within
"tokens'a.nO save th�m.tn. '�oups'•..

ia) Call ECG$GRQW ORa to calculate the' initial·
crx:tettt

.

for· _ih a.s in the trace· and sa ve
the. in ·'qrs'.

.

. .
.

.

x) Call ECG$QRS .;,.CQSSlfY to g�C)Q:p tbe· QIlS'.
.

.

into ai.lIar c::laa... and cor teet tho.. .'

QR�'s whi.eb .had incorr.ect El'xtel'lts. the
corre<:t oss e'xtents are sav� in ",,_' a�
the class 'of each ORS i. say" in q.$lta:t •.

.

xi)' Call ECG$BASIL,IHB .DllIE' to .liitti�te all
b.,seline ckift in

....

the tra.ce 'f#.

x'Ui,) e..ll ICG.IHD_SUS.W$ to fino the,
.

un.abig,uou$ P and 1 wave. re,r.sent.o by.
.
whole· waY. ,tOGp. tokens and sav. the.. in
'." ,

.

wav••".
"

..

'

£Xtel$i,on: 9nc.e �tel! .xi! is cO'!Pletft J the a'1'fays
. wave" qts , and· .qst-at h().ld all t.he

• inf()riiation which is t:\e'cessary fot f�9uring
�u� ·i'lit!.l ,possib�e �i.a,no�.. The �u:ray$

.

f, ,o�·,. tokens, group. . contain all
the infociaatloft require-d by fee4_c·k
qu.;ti�. from the diaqnosi.s $taqe •.
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. S�broutine ECGSqAD
a . (fna•• " s·rat.,calib, trac:.,np,.axt, ierr)

Variable .. :
.

fume·' • the I file nu. o·f the ICG tra'ce to. read
s·rate • ttle ...,.ling rate in Hz (retut.ned)

.

calib . .,' tbe 'calibration in .JllV/pirxel (.t.turn.el)
this is a COl'ustant tbat ca·n be mw. tiplied
with each saapl..a valtle to convert it to mV

• the trace in mV . (ret·urned) .

'. the number of. points read into trac;:e (retutnecl)
• the maxi-. s�ze .of trace
• 0 for okay (retorned)

tr&ee
np
.maxt
1er1'

purpose: . The putpo..e of thi$ L'o.utine . is to get the ECG
tra� off the disk add ready fot· prcx:essing. .

Thia routine is all that need be cbanged if the
forot: of the ICG trace data on disk· is .

ohanged.
.

Methoo:' '.ft.1. data is just read o,ff' the disk· and.
·eon·"e" ted to 11lV.·.

'



subr.·oUtifte ECG$NOISB (f,ttl.>,· c.lib,g, width,h, .ierll)
.

Variables:,

f •. the ac;g trace. fin lDU)
. np • the length of f
c.ali)) • the ·st.ep s;J:�e of f (in ·.V/pixe�)
9 • the approximate noise' (j.n mV) (returned)
wlath * the time .indcw for' nol se ,chec� (i.n mae'd)
h • the between points. in f . (in s.(1)
lett .• 0 for: okay, 1 for' noise> 60 steps (J;'eturJUitd.)

Putpose: �''l'he purpose of this routiAe is to est·iaate
.

.

.

the .pIitude cf. the electrical noise. in the
- leG tra� _ . '1'be value obtainea;

�

g",. is :.
crucial to tbe cor reet workii'iq of routine
ICG$fOINTS.

r-

Methodt to •• ti.ate ttle noise, a. histogra. is £or.8Ie4 .

/ meas\Jriag the .numbs!; of time.s the change in
.

the tra($ over 'width' is 14O!"60 steps •.. · The
most CO_Qft chants ia t.a:ken •• the ampli.tud:e·
of tn. noise.

the histQgcam bas 21 slots.. Slots 1.. 10 are
.

one' a.tap "ide· for challges of 1.... 10, . 11';;' Ii ate'
5 s'teps wide. for chates of 11....60 (1e. 11 is
'for 11:....15, 12. for 16-20 f .etc.) and slot 21 is

'. fot step ehanges greatet than 60.

Al; eX.' i ttua :

.1) lOr .aQh point "'k'" in 'f� find. the maximUili
change'. in 'f' over the. interval 'width.'
centered on 'f (kl

'

•. The ebang.e in steps
i,8 then the change in '1;'. divided by
'calib.' • If this change 'in steps is less
than 10, increment the histag.ram va»ue
whi.ch equals it.. If this change i·s
greater than. 10 but less than 60 f

increnient the histogram value equal to the
change" divided by 5 +. 9. If the change is
gr.ater the'n 60 i incre'ment the valJue for.
60 or greater.

iii) . Find the largest histOgram val>.ue; it is.
the' most common step change.

.

. iti,) Examine the histogram val ues fot' steps
. larger than the most c:ommon one and 1001<'
for the fits tone .• 1t. a percentage, .

'percnt' of the most eommol1; this is the
noise value.
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. t.V) Convert the nei .. step sif�e back to mV and

return it e.



. SUbroutine ECG$GBOSS DRtEr'!'
. (in,np, wk,' h, widttli)

.

-

Variables: .. ..

.

... .

.

..

in .- the input. traee (input and returned) ...
np. • tile. leng:th of in,wk .

..

wlc .• a werk arz;ay of length np.
.

h .. -tb. t·iJae between c1at pOints (in se<it)
wi4tb • the smoothing "idth (in rasec:)

. i .

Purpose: Tbe purpose ot this routine is, to ramo.v.
,.rosa disturbances frcm the ECG

.. t.r·a� •. In

pa"tiCt.11�u·, �tOss' ba"line drift. . (This
is also the plate tQ add. a pace_ket spi k.
detector;) .

. . .

Method:
.

'to reilOve' the baseline drift, tlle trace i� .

. first SIIlOotbed aaing ••err "i4., flat _\ping
..

average filter.. to re..ve a 1 ICC: wa... � .This
.

allOOtbed t;ta�e .is th-en subttac�a from the
.inptlt removing DlO·st .of the bas:eline .drift�

. Alg.orithDl: .

i) C�culate the sJ1l()othed tra�;, 'wl(', by
.assigning each point, "k' I • val.ue &qU.al •

to the aveta� of all points· of 'in' .

within·. "'widtll" cente�ed on peitit 't".

i1) lteJllOve the 4ri.ft bl subtracting. 'wt' from
·'in'.
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Subroutine ECG'8ASELINJ_ORI2T {f Inp, wk, qts, nc;>

Vat.iables:

f • the BCC tra($. (in mu) . (inp.ut and rettu.'ned)
l'lP .. the length of f

.

wk _.. wor k .•"ray of leng"th np
qra .

- the QRB cOilpl.� 01\$8t'$ and.Qffset' s .

.

qrs (2,1\) .•
'

·the CUlset (1n f.l .

it4 ..
" the number of, QIUt'. (i.e. lengtb of q:tS;)

. Purpose; 'file" putpose of tllis rOll·tine is' t� c;orrect the
BeG' trace for,. baseline drift once' th. QltS
"p,l...._ bave been fou.nd.. f.Qis all.. for
the cott'ect comparison of. sub wa·y.e .apli.t:ucles
in ro'ut.ifue, B<:G$P INO S08WAVIS •

.

�
"

_tbCd: 1111. rou.tiJ\'. works by caLculatint a lin••.•.
interpolati-. tIIe,t_en the onset of suCC••sive

, QllS colbpl.xes and subtractin.g it fro. the BeG
uaC.e.

.

.

.

.

. . ..

Algor itlnl :,
. .

.

.
.

.

1) . For: ea�, ,pair' of OU" cQIIIP1....$ .' .4qrc (2,:ft)
"

..

aDd 'ql". (2.,a.+1).'" c:alcQ�ate the slope .nO
intercept of the line jDinint their onset:
�int$ in 'f' ('f(qtS(2 '.' atad '.'" .'.
f (qt. (2,n+l) 'l.· .'

.

,

.'

i i)
.

Subtract tne lLn� defined by" the slope anq ..

·

intercept. from· "f' betwe.n the aM .:
.

complexe'..
. .

iii) Go. to i" to do the next p�lir of Q�S
. C()Dlp1 axe,S. •.
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C.2 Reduotion Algor i_8 .

'l'bis' section presents the reduction algorithms u$8d in the

ICG interpretation. systell1. POl' a. JIlCre g.netal discussion ·see
.

ohapter 4•.

The routines giveft are:

- ECG$SMOOft DIP': to s_oth so.me nQise . and aalculate
.

tbe deriv.tive.
- IC.G$POlftS: to. find the minima.. maxi_ an.d
zetCl-crQssings' in the de.rivativ:e which define the. end'
�ii'lt. of the partial wave shape tokens

.... 8CG$MIlf'MlX,' to fin4 tbe ..xtrama·· in a' tra�
. .., ... .

.... ICGl�kn.I:ZE:· to find, the partial ·wave. shape tokens
in the trace

.

- $CG$GQOOP i. to find the w}101e. wave gr oup ·tote·ens i·n the
trace

.

·
.

. .
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SubtO\Jtine SCG.$$t«)OTH_DtFr ..

a (trace,. f,<;tf,wk;, npih,dy,noise, width.)

Va.c.:iable$l·
.

trace. the tra:ce to b. s_othea (in IIlVl)
f • the 8.,othe4 (Output traQe (in ii'll (returned.)·.
Clf '. the d.r ivattv. of f - (in aV/sec.) (returrteC)
wk' • a

.

work. array ".
np '. the �Ullber O·f data points in trace,f,df,wk
b .• tb. tiril. betw4Uln data PQ�nts . (in seQ.)
oy .• the zero threshold fot the d•.ti�ative

(in !lV/s.·c) .

noise - the SIIlo.Otblng threshold for the trace' (in J8V)
width • the mcving a."tage. filter widt.h (in .$ec)

PUrpOM: 'l'bis program bas twq 9:u:rpose ••.
·

The £1r.t is
.

·tQ smooth tile meG trace to eli.inate me.at of
the .in£lwuloe of· eleettiCfol noise and the.
secon(l 1s ao ·¢alculate the' der ivat-ive ot the
trace •.

The trace is first smoothed be ,Using it:
.tbrough a. flat, moving average filte�.

. 'lhen.
t'he output tfaCe is taken point by pOi;nt as

either the smoothed trace if the ditfere:nce .

. between. the iJtP.ut ano the smoo-thed t.r.ace i$
1••• than.' a. threshold, 'noise", or as tn.•.

. original trace if the diffetence is greate:r.
fte derivative. is th.en. Calculated point 'by .

point, u$ing either the smoothed trace Or the·
or 191nal trae., depending on which tJ:a� the

.

output point was chosen fr·om •

. Algor ithm:

i) Ccaculat. the smoothed trace, . "wk' ,
.

by
assigning each. point, "k", a value eqUal
ee the average of all po.ints of

#

trace' .

within '. "width" center.ed on p>oint
'

k" •

iil' For each point,' 'k' I co�are "wk(k)" and'
.

,

tracE!' ove t: 'width".' If, a.t. any point in
the interval, the dlffe�ertce between 'wk'
and' "'trace'" is greater than' 'noise" then:

f (k) ..- trace (kl)
df (k) is foun·d using "trace'

else·
t (k) - w·k 4k )

.

dt (k l is found using "wk'

1i11) Ca�culate the derivative of.' trace' using
the formula bellOW where '9' is either "wk"
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or 'trace' as d.termined for eaeh point·
abOve: ..

.

deek) .• ·(g(k"'2}.-8g fk-l)-+8<j.(k+l).-cJ(k+21l
/ 12'h' .

to further red�¢e the influence of noise,
s.t. 'df (t)" to IZerO fot every pot.nt 'k' .

where the al)ao.bute value of ."at (Jt.)
" is

le.1 than ."dy".
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Subroutine ECG$POINts
a (f,df�tlP, work:;work2; list,nl.,JIlCIx11' g,.dcg,h,. wi4thr

Variables·: .

f
af
np
work

.

work2
list

• the BeG CUt '.Ie (in m\t)
• the der ivattve of f �iit JIIv/sec)
• �e nUiabe� of points in f,.df,.wotk,w.�rk2
.. a work array

..

• another work array
.. the 11.:1:. ·of. significant points (retQrned)

.

list (l,n) • the poasition of the point. in f
list(2.•n) • 1 fOr max in derivative

i fot .ill· 'in d.• ttvattv-e
• for zeracrossing in derivative

ttl • t1'le number of points' found (l:etULne<i)'
.

..xl iii tl'se. maxi.om $ize' of list
9' • tlte Dolee 'lD�litueJe in f' �n mlll
09 • tb-e Mise amplitude in tif . �in lIlV/.ed)
h • the' time b.t_ell· salllPle poi.n;ts in f (in "�)

.

width ._ the initial adn .,x wineJow width (in msec:)
� ' ..

Purpose: .Thi' r9Utine fin4. th'e ·li.t of poiaJ;. iil the
t�ace wbi.ch de�in. the· endpoints of tne

. �a,..tial wa've shape' tokens· used in
ICG$!OQN 12:1:.

Metb®: Pi.rat the mins and ·marJe.s are found .in 'f" (i8 •..

• these ate the zero ctossings) 'and then ·the
mins. and maJ:$' are found in "df'.

Algorithm:

i) Call ECG$MIN MAX to find. tbe mins and maleS

in
'

f' \<Lith the results in '''OJ; k' •

iiL) Fetce 'df' to have only these %et.'O

Ct.'osslngs by s.etting all. points in 'df"
b.twe.en a 1 anel 2 which. are +ve to' zero
and all points be tween a 2' and a whic� .'

are ...ve to zero.

iii). Call,. ECG$MIN MAX to find the ·min·s and maxs
. in 'df' with-tne re$ultsin 'work�'.

itt) "Add all 1 's and 2's' in ·'work' which do not
fallon l' s or 2' s in 'war: k2" to

'

wor k2
..

as 4"8..

'0.) Search through "work2.' and set any 1."s
where the der ivative is -ve tha t follow a

4 to zero and. the $ame with +ve 2" s that
follcw a 4.. (.This ensures only phYSically
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poss.ible •• ts -of point. are generated.l)
.

.

. .

vi) For•..:1ist' by l()oking through 'work2' a.nd
for each 1.2,4 found, setting 'list (1 ,k)

,

to its Post tion and
.

� list (2 ,.k)' to. the
l'iumber�..

.
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Subro1;1tine ECG$.MIN_MAX (1 ,np, miJUllax., .4y ,.dx, wi4thl

var labl ..s:.
.

4y
cb:
w14th

=- ·the input curve (in $V)
.. ,the le·ng·tIl of '!I

.

• the pcus.it,tofl$ ·ot til, lILii'liaU1ll$ atid
.J maximums. (retl,Jrne.d) .

.

min_x (tt) .'1 for max, 2 for min., o· fot
. '

.• itser
... the maximum sptead f01: two equal points ,In mVl)·
'. the minimUlll cloa.etleas of two PQ'lnt$ (in pixell1)'
.. the initial widtb .of.. the .in max window
(in pi-xe!.)

.

Purpose: this routine: finds the local maxima and
II inbla in the input 1:raee, .

y
np
minmax

,

A window of initial width·· 'width#. is move.d
over "y' and a� each point, the iIlaxi.um artd
mini... · points'. of . 'r' "ithin window ate .

fla9ged irt,'minmax" (if tQere are an;) •.TheA
t,be w indOli is made .10' s.aller altd moved ovetr

'11
.

49ai1'1.. once all mins and maxs are fauncl
.

tnt.$ way,. those whtch aJ;e ,closer togetber
.

than �d�' PQ�rits are eli.inate<l. HO·te· that
�Utvel'al constl'aints are used ee iM,*'. that

. only phY$ic:ally real se·ts· of extr... are

producea.·

A199r itbll, ..

Methoc1 :

ii) MOve the window over tbe e.ntire input
trace and' at the: center point Ik�: .

1) See if this pOint. is more than"dy' .

smaller than avery point in the \ilindow
.

(a min) "'m.inmax tiel) �-2. . .'
.

2.) See if this point·. is more. than I..dy'
.

larger than. avery point in' th� window
(a max) 'minmax (k.) 1-1'

.
..

.

iii) Make the window 10% smaller.' If it is
larger than "dx' then go to i.

ii!l Search· through' minmax for' two l's' Or 2' s
in a row. If found,.. find 1;:he min or tnax
between tbertt •. When .this $t!!P is complete
all important m.ins and maxS have been
found •.

'. iu). Look for mins and maxs .that .fal� in an

area.of 'y' where the amplitude .does not·
.

vary more than
'

dy' • Find the centre of
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th'is plateaq" 'ltlen:
1) tf the n tlDQe,t of 1'llina and, maxs iil the
'plateau is odd remove them all from
,'.inmax' and replace them with a sing,1e
miiUllax ethe same as the outside' enea)
in the centre..'

'

a) 1f the, nwnb..t 'of min.' and maxs, '1 s odd,
leave the one f,artheat ,frO$ the centre '

and re�lac.e the re$t' with a singl1t
'

airuna'x at 'the-, centre.
'

, iu) �arCb thJ;'9ugh ',,"J1linmax' tc) find $trin9� of '

JIli.a�
,

s that are ;cl:oser tQ each .other
than 'a�; lIith, amplitudes 4iffering by"
less, than lO*dy , (empir,ic:al). T:hen;',

"

,1) If the .net iiiinmax" s ate the same,
,

replace then with a sin9!e minmax at
the most e-xtrellie point between.

,

, 2.) If' the end minaax ',s ,are different,
ramo" them all;.

'

U) Seareb through' '.inaax' ,for, t'wo, 1." s or ,�"s
in a rOW.,' Repl.,e ,then with a single,
minarax at the JIlO$t extreme paint betwe'em,.
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Subroutine ECC$!.tt)I(ENIZ'E·
a

.

'(df ,np, list ,n1, token$', nt .,maxt,. hr

Variables!

• the Geriliatiite of' the SCG tt:aC$
.

(i.n JIlv/sec)
.lIIt the' It_b., Of point. in dt

.

.• 'the·m.iA_max list: .from routine ECG$POINt.rS
· 1ist(1,tIL) • position of the min max in 4f

·

list ( 2 ,11)· • a COde f(>r the. min iax"
.

·

1 lilt '4 maxim.um· in dt·
"

'

2 • .. taintmum. in df
.

4 • a �et:o cressing in caf
nl .. the length C)f the. min nunc list.. .

.

t�ken:s .• list of ICC partial wive toke.n$· (tetutn:e�)
token$·41,Ji) ._ a code fOr the tOken Cie. 1-6.)

.

token$. f2,1l) .. star t pO.s i tion of the tot'.n in f
· t1oJcens.3;I'Ll Ii! efta posit.ion of the tok.it

. tokens (4 ,ttl,. width of. token in mV ...
"

.' the l.ngth of. tokens' (re·ttirneclj .

.

• the JIlaxuu. length of tokens .

• the tlae between sample pointa in'df (in. $.d.)
.

.

. .

purpose 1 'l'he purpose c'f this routine is'. to 4ivL"' the
1n,...,t SCC tta.oe UP.' int.o partial' wave '. 8ha,�
tokens.

. .

Meth·cd: .' Thi. ro�tiite wQt'ks. by .xa.inin9 the .•tart a.n4
eftd pO$i.tions 'of e:aQh token. "h.ich are a_finea
by sliCCe.I'ei ve JIlin. JIla�' s (ie.. 'list 11,11)

#

a:rid .

"11S.t' (l,n+l)" ), itld. appl.ying a se.t of rules
ba_d on the endpoints to decide Chi the. type
0:'£. token in ·between.

.

. .

Once this division into tokens is Qomplete, ..
the routine appl�.es .tw() rules to remove .

tokens generated by noise. First, Lsome

single sa$Ple point 1&loe tok,Ula are removed
as there is a' high prQbabili ty they' are
a.aua.o by noiae (for allY reasonably higb
s.aR.lple rate r-, ie. >10082). Second I duplicate .

. tokens are compressed into a single one (ie.
two 7' s in a row become one 7,. etc.,).

.

af
. np
list·

itt
maxt
h

I .

.

....

Algori thm.:
.

.

i) For each min max, "list fl ,k) ,

, ..xaJlline the
min max b.efote

'

list (.1."-1)' (a� perhaps
the-one after 'l�st (1/k+1)'l to see which
type of to·ken thi$ min_max .ends , Use.' the

. follow ing rules and· put. the resul t in
'tokens':

.
.

.



.-...

... 142 "!"

.

1)' tf ·this ain _x is a max and' th�· one'
before is a-min and the derivative at ,.

this. PQiilt is :-ve' then this mi·n_.x
enos a .type 4 tQken. .

'.

.

2" . If this is a max and the one before is
a min and t.he derivative at the one
before is -ve then this is a 6.

1) If this is' a _x and the one before is
a lOin and··the derivative, at the.·one
before is +ve then this is a·l •

.

.()
.

If this i$. a max. and the one before .is
a zerQ c:r().�usin9

..

then. this is a 1.

5.) If this 1s a mtn and the one before is
a max and the derivative at this one is
+ve then this isa 2;,

. 6.) If' this' i$ a. min and the cone before is··
.1. •.x·and tbe derivative at tl:le o'ne
before is +ve then this is a 3 �

.
. ..

. .. .

... ..

1.) If this is a min and the one befQre i$
. a max and the. derivatlve at the. one.
before is' .ve then this is a 5 _

.

8) If this .1s a. min and the one bef·ore
.

is
a .ze,:o cro$sill9. then tbis is a 5.

9) If ·this .,1.$ a %.eto' :crossing alld the one
belore.iaa zerO. crQssing then this·is

.

.

a 7.
. .

.

1Q) . If 'this"'is a
.

zero crossing and. the one
befOre is a 'max and the one af·ter is a
min then this is a 3.

III If this is' a zer,o .crossing and the one
before ·is a max th.en this is a 2.'

11) If this is a· zero �cro$sing and the one.
before is a min and the one after is a

max then this is a 6.
.

11) If this is a ze re .crossing. and th:e one
before ia a �irt then. this is a (.

ii) After all tokens have been found. search
.

'tOkens'
.
for tOkens w.ith wid:th ."h". If

any ·are found, .check to see if they fall
in one of the follow.ing sequences twhere
the token in the middle is the single

..

sample .wide one) and replace the sequence .
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,witb" the One shown:'

1) 2 ,1.2 -> ,2
2) 2.,1 �3 -> 2,3
3) ,1.2,1 -> 1
4) 6,2,1 -> 6,1
5) 5,4,$ -> 5
6) '3;4.5 -> 3,5
7,) 4,5,4 -> -4
8) ,4,5,6 -> ... ,6
9) 4,1.1 .> 6

1Q) 2',.,7,5, .) 3

,iii) Search tbrou9b tokens 'tot,' the same token
ap�acing t"iee in a row and m'etge theal if
fOllnd.

,

i't,) Por each token, calculate its width in m$ec.
.

\
.

!
,
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Su,btoutine ECG$GROUp· .

.. -.
.

a If.,.np, token.,nt, gi:oups,ng,maxgi g,lt) .

Variable.:

f _ t.tl. EeG· trace U.n lttU)
np • the nUll"$1' of points in t
tokens • the i·t1put se t Of ICG tokens

(S8,. ECG$1'OKENI1)!1)
.

lit .* tbe nUlilbet of tokens ..

. groups ._ the ... t of output whole wave group tokens·
(re.turne4)

.

gi.'QuP (1, tt) • the grQup COde (1••. 3.or 6)
gJ:Ollp{2,l\) • start ,o$itioft 0.£ group in f
gr�p (3 ,n) lit end position of gr.oup in f
9roup(4,n) .= widtb of the group ·token dn JlV).

• the nwaber of 9t·ouPS foune! (retur·nri)
• tn. maximum si�e. of group.
• the noise amplitude in f d.n mV)··

.

It. the time be·tw.en sample po.ints (in sec)

ng
Illaxg
9
h

purpose: This· routine merq_s the part!a! wav... shap&
1:okcens into un·ambigllCu$· w.hole· wave g£'Of;1P
tokens..

.

Method: ..�. tokens whi.dh define an un.ambiguous way.
are found •. !l'ben, .

these tokens are expanded·
.

o:utward. until. .they t.ouch�.

Algorithm:
..

i·) Fih�f the· nelct· $etfof:·:'�okens a:efinitig<an··:
: ..

unambiguOus· whole wave grQup, ie .• one of
the follow ing:. .

3 or 6 or .2 I 7 , 5 or 4 t 7 , 1

i1) Apply these rules to $ee· whete . this group
begins, ie. meets .the !as·t one found: ..

.. 1) .1£. this group touches
.

the . pravi.()us one

then it begins where they touCh. .

.

2)· If thi$. group· is separated from .the
previous one by 1 token a·nd that token

.

is � 7, then this group starts at the
end of the token, else it star.ts at the
beginning..

.

.'3,) If· this group is separated· from th.
previous one by 2 tokens.then this
·.group starts between the tokens •

.

4.)
.

If this group is separated from. the·



preV-iQ.us one by 3 0(" ilt()�e' tokens. then: •

.' .

.'

a) rind the. midpoint in �f' between the"
end of the 1a$t gt·oup and the $ tar t
of this one.

.

b) Find. thQ tok'en contai'ning· this pain_:
.c) if· the token' is next' to .' the last '.

group, thl$ group begins where the'
token ends.

"

d) If the token i.s next to thi$. group,
this group begins where the tOken

.

be9'in$�

el) 'If the token i.s not next to this 0.(­
the 1a�t group then:' .

.. if ttle token is a. 7, thi$ group
begin8 at 'the end of the. to.ken
closest to. the midPoinU.

.

.'!'" if this 9t()UP is downward. fie. 6.)
'. and tbe to�n is 5, this grOQp
begins at the' at_rt of the- token,
else the end of. the token.'

.

- if this group is upward lie .. 3)
I and tbe token is 1, ..this group
b89ua .at the start of the token,'
else at the end..

.

iii) 'rhis" 9roup' group ends at' the pIa.ce the
'nez·t group beg ins (ie. go to. :Ii).

iul Calculat. the width-of' each g.roup in msec.·

)
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C�3' r,.abel1LltCJ Al9Ot: 1 tbIi,

-This seetion presents the algorithms used In the. labelling
.'

st.,e . 'of the automatic: .. ec.G . lnterpretat.ion sy$tem. ror a

furth.r disQu$si,On of the alg<:)rithms, see chapter. 4.

:The routines given in this. section are:

.
- SCG�rIND ORS: to find the" approximate po.itions of

t.he Q itS ¢QlI\P.lex.. in the trace

- BCS·$.Gl.OW· ORS.: to grow t.he· QRS comple-xea; to the.ir
. -

'ptoper exte;n t

- ECG$GROtJP . PROPERTIES: to tind' th'e relavant properties ..

.

'

.

of wbole. wave grouP' tok..,.

.. SCG$'WAVE SaAPE:· to calc::l�late the' shape . of a whole
..

wave group toke'n
.

. - SCQ$QRS' ClotASSIPY:
.

to <:;lass ify and eor·reet :the ORS ..

.complexes into types
..

..... !CG$fIND SUBWAVIS: . to· fi�d the'· unaQlbiguo.us waves
. between the'. QRS"S

. - ICG$.TOREN St1BWAV!: to' fl1'1o Overlapping waves within
. the' pa.ttial wave' .sbape token sa t

.

"
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Subroutine E.CG$FIND_OltS· (dx ,lx,. Ii st ,1$, nf,· peak,;petiod.)
Variables:

dx
Ix.
list

III the. derivative of
.

the BeG trace
e the . length of ax

.
.

III the po_lotion .Qf the' OB:S comple-x.$ detected
( turned)· •

.

'..
Is IIJ the maximunt length'of l._ist '.
lif .. ¢he number. of ORB ·¢-Q.zplexes t¢und fretq"�d)
peak· .' the thtesbold for O�S· de tee.tion as a. fraction

.
. of the peak derivative' ampli tude fqund.

pee tad • the. aver.ag'e p:Eu:.iOd between Q'R$ #$' lin pixel$l

. Purpose: Thi's toutirt. dete�ts the approx.ima� position
of the QRS complexes' in the. trace as teference
points tor ·ECG$GROW_CllS.

Me"thOd: !the:' ORa =ll\pl:�x.s are detected at points
whate .the derivatiV4t <:1'o's'$e$ a thr'eshold
defined: by "peak.; times the 1i�nr.i,mU$ val ue of .:

the derivative ainplitude •.

. Algor ithm:

i) Search thrQugh the dttr:ivatlve eOr the
larg.e$t ab$Olute :val·ue of the de:tivative •.'

'd , .

. xmax. .. .

. ':
. '. . ',...

.

iii) Search through the de:tivative fr,om t�e
beginning' for a point where the absol.ute·
value ot the derivative is greatet. than.
the thr·eshold .... Save this as. a QRS in.

,

'

list" and res�me the search at the point
where the derivative falls below the
,tbt.shold 'a,9ain •.

i\() CalicUlate 'perioci' as the average num�er
.

of sample poiri.t·s between ORS's.
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.

I

Subroutine SCG$GROW.· QRS.
a d:,.df,.np, rl,1st,nr!#· groups,i1g, qrs,ilq,maxq, 9;d9,h,ds)

Variables. ::

... the ECG ttace·
.

(in IfY).
.. th. d.rivative of f (in lflV/sed.).
• the length of f·· and df ..

• the app�Qxi.Dtat.e qrs po�i tiona (in Plrxels)
from Ecq$Jn;ND_O�S • •

nr1 ... the ·numbe.t· of qrs posltlons ..
.

grQups *' the whole.·.wave gtoup tokens £·ro. EC�$GROUP
9·roups (1,A). • ·the gtouL1 (�e. 1 .01: 6)
gtQUps(2,n).- .the. $ta't position in, f
9 rc;nlps (3,n,) it· the end posl t.ion in f

.. the n�be.r of groups
• the qrs compl.xes (retu�ned)
qts (1 ,n.) .·c oDa.·t of qr. in f·
qrs f2,ll) .. �ff$et o.f qrs. in·f

nq .. the n,umoer 0.£ qr$' s (retur:ned)
maxq • the maxi�um s�ze of qrs ..

9 ,:dg,h .• th. ecg ··ttaee par.Jll.tet� (n.oise,. s.ample intet'vali.)
...

da ..

.. the division between "pOinty' and "ShalloW' ...

tiave shapes·

f
df
np
tli.t

n9
qt$

Method: .. The whole wave 9J!ouP tpken that th·. qrs
position·from ECG$FIND (lRS falls in is

.. ,1.dluttified .and the.rl. the whole. wave. on e&<:h
side·ate .eli.cked.t;o. See if they should be
add.ed to it. to form the QRS.

Algorithm:

1) for each qrs marker (ie. 'rl!st(knrl).')
find. the whole waw 9r oup token that it
fal1$ in.

.
.

ii) Call ECG$GROUP PllOPERT:iES to'· find the.. : .

properties of 'the first qrs 9rouP token
found abeve; 'Left �l) '-1 for a left stop
and 'r ight fl) �-l for a right stop ..

iii) ·If a left. stop is found stop the qrs
grow ing on the left and set

'

qre 0.. ,nq)
..

to
the PQsition of the stop f'left �a).·) •. Do

th.e same on the right.
.

.
i\t) If either. the 1e£·t. or

.

right· side of the
• qr s .sti11 needs to be added to (ie. no.

stopa) then call ECG�GROUP PROPERTIES for
. -
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the ,whole' wave group token. Oil that. siclie�

�) If the: width of the gro'\lp on the left·· is
less' than t·he group on .the right abel the

. group on the left should b� added the.a:

1) If the left (jroup ·has a right stop" e.nd
addition to the lef·t side at the stop.

a) If .dding the group ott the left w<>uld
. bring the total qts width to >220ms
then acld the group o'nly to its peak.

1) . If the �.eft group is wider than 150ms.
then add it only ee ita peak ..

4)' It the lef t group has width
..
<:50ms then .

add the whole thing and co.nsid.er th� .

next one over.

5) If the le,ft group ha$ width >50llt$ 'and
<150ms check its shape to see if it is

'. "peaked" enough to ad.d. Ie •• if· tbe
.

at verage
.

slope of the left groUp is·
greater than. 'd_' times· the.' avel'age

.

'. slope of. every wave added to this .QRS
so' far., add the whole group' and

.

consider.' the next, else add· tbe. ·grou·p
. only to its peak.·

. .

.. ....
..

vi) If' the right group w.idth is l·ess than the
left and ·the right side is :ftee to be'.
added· to, check the right sid'. with the
Jame rules' as above. but make the following .

changes:
.

1) 115mB -> 150ms
2).' 50ms -> 'Oms
3) right -> left arid 1e··ft -> right

viii.) If the.re is a still a side to be .added to

go to iv.·

viii) If there .are more ..qrs"s to do go to i.

tx) once all .qrs' s are e�tended check their
end point·s to. see if any overlap. If two'·
QRS"S overlap; move their end points· to
the mi.ddle of the overlap so they. only

.

just. touch..
.
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, '

,

Subroutine ECG$GlOOP PECOP£JrrIES
'

a ff ,at";n�" 9r ou:ps:, kg i peak, time,
b

,

left"right,shape, g,.qg,h" ia.ir1)

VariableS:
, ,

"
,

f, df, np .* ,the acg trace, its der�V'a'tive�· a,nd' it$
le.ngth ,

9r:oups ,. the. list of .eg, groups ,

,kg" • the 9roup for whicil the propetties are to
'

be found,
"

peak '_ the location of th,e, group peak ,(re,turn.d) fin f1)'
time '. the variQus import.ant, widths in the group

(retur'ne4) (in 'lll.eCt) ,

,

'

t�e (1) • 't.inte. to. the lett plateau or eerne r
tiiDe(2) .. time between plateaus or corners'
time (3)' .1iI tiItle to the' rt9,ht plate,au or cerner

.. a left stop (returned)
left(l) '. ,1 • le.ft corner
left f,2) • the posit',ion of the .comer ,in f

"

'right * ,a righ,t stop (returned.) ,

'

right (1.) =- 1 a right corner' ',','

r i9ht (2) '. tbe pO$i tiOfl of t,h. step i,f t
:

• the average slope ovet the group, (retuc'ned)
.- the ecg tra¢e pata'meter$, (noi$e,' in,terval}
• tbe' type of group propetties ,wante(1'
"

, (I-left, 2-middle, 3-rightl)

left

shape
g,dg,h
idit

p'�tpose:, .This ro,u�ine looks to'r th.e peak, shape, 'anc:J
stop$ of 41, group· a,s req,uired tor E-CG$GlOw 01>S
,and ECGfQRS_(t"ASSIFY.,;:,

'
,

' -
,

MethQd; Pirst, the 'peak Qf the 'group is ,found� and
then the left side and right side, are,

'

"searched for a stop whiCh could ,be eitber a

, cornet' or a plateau.

AlgO,1" i that: '

ii) Search '� .. between., t'he ,ends, of the group'
to find the "peak' of the group. (ie. the
highest point for a type' 3 group or

' the
lowest point for, a type, 6 group.)

ii) LOok for $ left stop using a' 25ms window
and the follow ing 'rules:

,

'
,

1) If, "idir" is 1 or 2 start the �indow at

"peak' and, move it to the left, else
'

start at the left edge,
..

groups 12, kg!)
"

'and move right,. ,
'

, ' '

"

2)' If '.cf' ov.er the whole window is < dg
,then a platea)U' stop, has been found. (a t
the right edge of the window for .. 'idir'
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, ,+ or 2' and the left edge for "idit:�· 3)

1') ,If the change in "df" frOm one' endpoint
of the window to the other Ls more 'than
30 degrees then" a cornet stop has' been '

found. (at the, left edge of the w iridow
,',for; ", '1dir',1 Qr ,2 and the right ',edge, "

for 'Jd�r' 3). ,

4) MiSve' the window over one point and go"
to 2.' Stop at tlle left edge for ' .'idi�

..

lor' 2 ailQ, a,t �peak" for,' idi�" 3.
"

iii) Look ,for a, right stop USing a 25ms wind�
a,nd the abOve: rules, but for

..

leiir' 1
se'arch ,r ight 'atld for,

.. idir' ,2 or 3, se'ar:ch
left. (also lett.)ri9i\t and right->left.)

"

,

,
'

,i�) Call £Q;;$WAVE SHAP,e to find the
..

sha�e" of.
the, 9,[oup .,

- '

v) Calculate th.e ,"time' vaL�s in, mH:C.
,

time '1) • time froin left edge to" :le£1:
'

" , stop�
, time 42) ,. lef't stop to tight stop.

, time (3) - right stop to right ed9�.,'
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."
.

.

.

:

'Subroutine ECG$WAVE ·SHAPE· (df,np, L,R. shape{)
. .

... .

Variables:

af '. the der ivative of tl)'e' BeG trace. (in .V/a.c)
.

np ill. the length of df
L,a· ., the left ane rjght boundaries of the wave in df : .

shap� • ·the snap. (ret.utned)
.

. .

Purpose: :Tllis' t.outine calculates a' va lJue' to repr'$en� .

.
the. "peakedness'-. of an EeG wave.

.

Method:. 'rhe 'shape' is calq\1lated .si.m.pl:-y as the
. avetage of 'dE·' f:r:Om. 't'.» to '1\ ....



Subrout.'ine ECG$ORS Ct,ASSIPY
a, (f,d'l,np, gtoups,ng "q�s, nq, qstat".'
b

'
,

'g ,.dg"h,ds" ietn)

variables:
,

f,df _' the ecg ,t,ra�' and deJ;ivative
np .' the length of f ,df

.

g:J;OUPS '. the ecg
,

tta�e 9touP token. from ECG$GiOt1P
ng "

:. the nU1it:ber., of grQups
' ,,' ,

qtS • the qt. boundar ies 'in f frolll, ECG$c;rtOW_QItS
,nq • the number of qt$ eomplexes

'
'

qatat == the, qrs classif ieat,ions (returne4)
qatat{l,n) '. first group in the qrs ,

qstat(2,n} • th'e initial class of the �rs
qstat(3,1t) * the final cla$s of the qts

9 "dg;h ,lI!I the parara.,ters ,of the trace (noise, lnterval)
<is =- the ftaction of a 'sbape' to ,consider t.h�

same
,

,tert • 0 f� okay

'PurpOse: .This, routine has t\tlO putP0ses. '.Th�e' flrst is
to classify the QRS comple-xes into classes of
aimAar ,shape I thus separa ting the normal
bea ts from the abnormal enes , .The se'cond' is
to check the elassifica tiona and if two are
found to be very similar, assume the smallest,
has 'had its extel'lt incorree�ly measured and
correct it.

' ,

Metbod: The QRS Qompl ..xes are initially ,classified by
comparing the width of each whole waV4e token
within the QRS to' those in the other OR� "s.
If they are within +Qr" 25ms of eac::h other,
the QRS's are atlsumed to be, in the same .class.

,
,

once all ORS's are classifi.ed, the ,class'
averages are compared in the sa.itle way, and
th,ose classes with widths that ov.rlap are
considered to be similar" and the sIllaller
claSS is corre.cted to .have the same aver_ge
extent as the larger.', '

Algorithm:

i) FOr each QRS, calculate the
'

shape' of
each whole wave token within it using
ECG$WAVE SHAPE. Then, flag each whole
wave token w.ithin it as significant if it
has a shape greater than,' d s

"

times the,
maxi,mum shape found in the QRS. Compare
this ORS to every OBS class already,

,

defined.
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1) 1:£· the QRS contains' a different number
O.f whcle wave tokens then it is n.ot in
this class �

. 2} tf the .s ign.ificant waves in the QRS
db not line \ill' w.ith those in the class"

. then' it is· n¢t 'in th.is 01.1;1$.
.

.

�l If w·lih this ORB aoded into the avetage.
the maxim� deviation' from the a·verage
of Any whole wave token within the ORS
is more than/25ms then. the QRS is not in
this class •

. 4) If t.h� Q�S pa.ses the a�oV'e ·tests it is
in the· class. it is being compared to ..

. 5:) If 1;.he ORS is not. in any already
.

defined class it clef·ines 2$ new class.

it) tor: every QRS class calcUlat$:'
,-

- the average 'li(Jth of eacb wave .in the
class

- the J1iax.imum. +ve a.nd -ve deviCltioll of any
wave in the class from the ave.raq.e

- the maximum. and minimum "shape" for .eacb·
wave i:n, the class'

.

i i ii:) Once all,'QR�"$ h$vebeen classifiec'above
compare all classes to see if any we.re·

.

for.-eo due to' a.n errot in cal.cula ting the
ORS extent .: Us. the following t·ul.e�n

1) Find· the class with the. most members .'

that hasn." t 'been c:tu�eked and compare'
all ,other unchecked classes to it.

J .:

.

2.) Wb.e,ri comparing t1tiO .classes compare only
·the s'ignificant. waves (as others may be
in. erron) • "Slide'" the :classes back
and for th �r y'1n9 avery or ie,nta·tion

.

where at. lea's t
.' one.' s ignif iean t . wave

match,es in each elass..
.

1). Compare the widths c'f all significant
wa�$ (except the outside twO. which may
be the measurement erroc.). If the
ma.ximum deviations from the average de
not cverlap for even one wave. these
classes are. not similar •.

4) Compare .the shapes of the outside
significant waves •• If the maximum .

deviations do not overlap, .these are
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not similar' c·1a$$9s..'
.

.

..

5) If these twO. classes are similar, mark
the the smallet one as due to' rneasu.ement
�,rr()r· which should be. cor rec:ted to' the
width of the larger one.

tv.) For eveJ:Y 01.&.$ $ t'hat is 1Il.ar·Kea for
cor tec:�ion se t \lp the cO.tteeted extent

.

·u·sing the foUowinq rules:
. .

·1) Lining' up this Class w�th thjt correct
class,. find the la$t whele wav.•s en th.
left and tight which match.

C,al¢.ulate t·he time. to' add or subtract'
from the boundary of this last correct
to.ken, to CQrrect. the .extent of this
class to m.atch thclt. of the ,cerr'.'ct
cla:$s.·

.

.' . .'

. v,.l FOr every elass that needs .to' b� cO:rrected,'
cortect each O:&$.' in �he cIa •.s using' the
data calcul.ated in' .Iv •

.

-
.. .

'. 2..)
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Subroutine ECGSPIND. SUBWAVES
a.

. (f ,df ,.np"; tokens,nt, groups., l'l9,
b qrs,nq,qstat:, wave,maxw,nw; g,dg,.h)

Variables: .

f,df =- the. BeG trace. an� its <ih�tiva;tive.
np • the lenc;,"th Qf f ,df
gtoups .. the whole wave group tokens fr'O.Jll ECG$GROOP
.1l9 • the number 0..£ group tokens
qts,nq • the pO.sitions and extents O.f the ORB comple-xe$

. from ECG$QRS CLASSIFY
qstat =- statistics· about the Q�Ss from.

!CG$QRS ..CLASS·try..
.

qstat f2,n) .* th.e class of each QRB
wave • the subwaves found betwe·en OR�'s ,returned)

.

wave(l,n)' • the position of the wave pea'k in f
wave (�A) • the label of the wave.. (1 .T·,. 2 P.)

maxw· .• ·the.maximUm size. of wave
nw =II. the

.

num1)er: of 'subwaves found
g,dg,.h • the paramet�rs of the trace (n.oise, lnte t. val.)

�urposel This routine fiP.ds the unambi9uou� walles. in
the EeG trace which· fall between the O�s
complexes. These waves are ee be used as

init.ial input fot' the diagnost.ic section.
. -

.

. ..

.This routine at· pres.nt also simulates' a
single .diagnostic rule wb.ich finds' sOme
parti.al

.

fie" ove r lapping P wavea) � .. 'ltl·i.s ·p.r t .

<) f the routine $hould' be . removed in £1,1 tute
.

wQt.k.

Method; .1'0 find the. ini.tial sub waves, the, whole wave
group tokens are sea.rohed. between the offset
.of one .QRS (':qrs (3,n.) ") and the onset of the
tu!,,,t ('qr s f2.n.)

..

) for a token with a pea.k
lar;ger: than that of the tokens on e itner .

•

side. .These sub wa'ves are �et.urned in' "wave ':

•

.The diagnosis rule sitnula�ion checks the sua­
w.aves already found, and if only one is found'
between QRS.'s, then a partial wave token of

.

the appropria te type is searched' for between
the peak of that wave and the·neltt QRS.Onset.

Algor ithm:

For 'each QRS.· find' the first whole wa ve

group token after it, '.isg', and the last
whole. wave group token before the next

. QRS, .' it1!<J' •
.



.. IS1 -

ii.) For .acb group from 'isg" t,O. 'ieg.', fin4.'·
th� .·pqsitton of its 'peak' and the peaks
of the groups to its. right 'pealeR' and
left 'peakL'.. If the absol ute v�Lue of

.

'

t tp�ak1)' is lar.ger than that of
'f{peakL)" and 'fH?eakR)·' then this wave

�roup t¢ken represents Ii sub-wave. Save
It in 'wave'. ..

iii.) If the.re are more OtiS "s 9Q to i.'

iv.) Label the first sub..,wave found' between
each pai:r of 'Ol<S "$ a T wave a1'1e1 any oth.rs
found l' waves..

.

.

Algor i thm for the d.1agnosis rule:

. i)· If no sub-wave,s were found between two
QRS"s the.ri ·eall £CG$TOKEN S08WAVE to
sea.reh for .a partial wave-shape' token tha t
lhay. ,be a P or' '1' ove rlapping a QRS.

ii) If only one sub w4V(i was found between
'ORl;'s then eall tCG$TOKEN SUSWAVE to'
search for ·a. partial wave-shape token'
betwee·ft the peak of tbe wave fcund and the,
onset of the ne-xt ORS that has ·the same

.

orientation as the Suo"i\lilve and may be a
P

.

ovet'lapping a. T or ORS •.



,
.

S�broutine· ECC$TOREN SOBWAY.E
a '. (f ,dl,np, ,tokens�ntl. is�.je. peak,
b w ldtll, 9 ,d9 , h, idfr.)

'Vat iables;

f,df,np' * the ECC; trac;:e, derivative, and,l.ength
tokens .. tl'le partial wave shape tokens frolU ICG'$'fOt<ENI1:E
nt .• the' number of tokens
is,1e' • the at.rt and end points in f to s.areh
peak .. the peak point in t.he t()ken found 'teturned.)
<) ,ag,1\ • the parame·t;ers of the ICc,; ·trace

'

idir •. tbe type of .subwave .to l.OQk for
·(1·�,l-o.cwn,2.both) .

Purpose: Thi$. r0\1t1l\e is a feedback query to the
partial wave shape tokens to pick out those
tokens which may 'represent overlapping' waves •

Method:
.

.

.The partial wave token.s, 'tokerts', ate
searched from

..

is" to
..

Ie" .and. til. token
found· with the greatest· amplitude 1n
di.rection

..

iQt·r" is returned.
":. .

Algorithm:

'i) Pind the pa.rtial wa" shape token
eoo1;:.&i0109 �.hi",

,

1st", a·no the tOken
con,�inin9

'

ie', ,," iet"�

ii) If
..

idlr'. is 1 t.hen sear.eh from
'

tst': to
,

1et" for' the token of type 2,5,3 with the
largest amplitude ..

...

}111. 'If '-!CUt' is 2 then search from '1st;' to
..

tet' fOr the token of type 1,4.6. wi th . the'
largest· amplitude.

i�) Xf." id ir' i $ 3 search for the larg'es t .

amplitude .type 1,2,3,4,5,6 .tcken,

'17.) . Return the location of the 'peak' of the··.
token found .•

'
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