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ABSTRACT

E v en t-re la ted  p o te n tia l  (ERP) research  freq u en tly  u t i l i s e s  

research  designs from cognitive psychology to  in v e s tig a te  ERPs as ind ices 

of cognitive p rocesses. There a re , however, r e s t r ic t io n s  on the use o f 

c e r ta in  experim ental paradigms a r is in g  from the n atu re  o f the 

physio log ica l a c t iv i ty  being recorded. One such r e s t r i c t io n  r e la te s  to  

the duration  o f the ev e n t-re la te d  response, which can extend beyond 5OOmS, 

The p re sen ta tio n  o f s tim u li a t  constant in te rv a ls  o f  le ss  than SOOmS 

re s u l ts  in  complex waveforms which are composed o f p a r t i a l ly  overlapping 

a c t iv i ty  a sso c ia ted  w ith the successively  p resen ted  s tim u li. This 

th e s is  concerns the methodology o f  separa ting  overlapping ERP components 

recorded follow ing the p re sen ta tio n  o f tem porally  c lo se , o r 'n e a r-  

s im ultaneous ', s tim u li.

Three a n a ly tic a l procedures are considered. The f i r s t  u t i l i s e s  

an elem entary su b trac tio n  process whereby the waveform recorded to  one 

stim ulus in  is o la t io n  i s  su b trac ted  from the complex waveform recorded 

to  the  same stim ulus when presen ted  in  c lose temporal proxim ity to  a 

second stim ulus. The r e s u l t  o f  th is  su b trac tio n  i s  assumed to  be the  

waveform asso c ia ted  w ith the second stim ulus. An in ç o r ta n t r e s t r i c t io n  

on the use o f th is  technique, however, i s  th a t  i t  f a i l s  to  allow the 

assessment o f any in te ra c tio n  (o f e i th e r  a sensory o r a psychological 

natu re) which r e s u l ts  from the  close p re sen ta tio n  o f two s tim u li.

The second procedure involves the ap p lica tio n  o f two d ig i ta l  

f i l t e r s ,  the f i r s t  in  the time domain and the second in  the frequency 

domain. The th ird  procedure employs a g en era lised  le a s t-sq u a re s  (GLS) 

reg ressio n  an a ly s is . The advantage of these techniques over th a t  o f 

elementary su b trac tio n  i s  th a t  they are app lied  d ire c t ly  to  the complex 

overlapping waveform, and allow a d ire c t  assessm ent o f any in te ra c tio n s
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between ta sk  s tim u li. Both procedures, however, req u ire  the p re sen ta tio n  

o f s tim u li such th a t  the a c t iv i ty  recorded to  one stim ulus i s  p a r t ia l ly  

tim e-unlocked from th a t  recorded to  the  o th er stim ulus.

Three main approaches are u t i l i s e d  in  the considera tion  o f the

th ree  a n a ly tic a l procedures:

. the problem o f ERP component overlap , and the method o f stim ulus 

p re sen ta tio n  necessary  fo r  the a p p lica tio n  o f the f i l t e r i n g  and 

GLS so lu tio n s , are demonstrated using d a ta  recorded during a 

d u a l-ta sk  experiment which in v e s tig a te s  the 'd i s t r ib u t io n ' o f 

a t te n tio n  through the sim ultaneous performance o f two 

experim ental ta sk s ;

the th e o re t ic a l  foundations o f the a n a ly tic a l procedures are 

considered and the assumptions and r e s t r ic t io n s  a sso c ia ted  w ith 

each are d iscussed;

sim ulations are used which enable an assessment o f the a n a ly tic a l 

procedures under id e a l cond itions.

Evidence i s  presen ted  which in d ic a te s  th a t  the estim ation  o f ERP 

a c t iv i ty  through the elem entary su b trac tio n  process i s  ap p ro p ria te  fo r  the 

p resen t d u a l-ta sk  d a ta , and the  behavioural and e le c tro p h y sio lo g ica l da ta  

are evaluated .

I t  i s  concluded th a t  elem entary su b trac tio n  procedures provide a 

powerful so lu tio n  to  the problem o f sep ara tin g  overlapping ERP conç)onents, 

bu t only i f  the assumptions a sso c ia ted  with the technique can be shown 

to  hold.

The adequacy o f the f i l t e r in g  and GLS so lu tio n s  i s  assessed, by 

comparing ERP estim ates obtained through these  procedures w ith those 

obtained through elementary su b tra c tio n . These comparisons provide an
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adjunct to  assessments made through the use o f s im ulations.

W hilst in  theory  the f i l t e r in g  process provides an optimum so lu tio n , 

the technique i s  lim ited  in  i t s  usefu lness due to  the severe d is to r t io n s  

o f ERP estim ates re su lt in g  from sp e c tra l leakage in  the frequency domain 

rep re sen ta tio n  o f the waveforms. Methods o f reducing the  e f fe c ts  o f 

sp e c tra l  leakage are considered bu t are found to  r e s u l t  in  re s id u a l 

d is to r t io n s  o f the  very low frequency, la te  components o f the ERP.

A p o te n tia l ly  more u sefu l procedure than e i th e r  elem entary 

su b trac tio n  or d ig i ta l  f i l t e r i n g  was found to  be th a t  o f  GLS estim atio n . 

The so lu tio n  allows the d e tec tio n  and assessment o f in te ra c tio n s  between 

s tim u li and i s  c a rrie d  out in  the time domain, thus obv ia ting  the 

problems o f sp e c tra l leakage asso c ia ted  w ith an a ly s is  in  the frequency 

domain. Methods by which the so lu tio n  can be optim ised are d iscussed .
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CHAPTER 1 : INTRODUCTION



1.1 The ev en t-re la ted  p o te n tia l

The human sensory ev e n t-re la te d  p o te n tia l (ERP), a lso  known 

as the evoked p o te n tia l (EP), can be recorded from the  scalp  follow ing 

the p resen ta tio n  of a d is c re te  stim ulus, such as an au d ito ry  c lic k  or 

a f la sh  o f l ig h t .  The p o te n tia l  co n s is ts  o f a c h a ra c te r is t ic  s e r ie s  

o f p o s itiv e  and negative vo ltage  o s c il la t io n s  which s ta r t s  as ea rly  

as ImS a f te r  stim ulus o nse t, and p e r s is ts  fo r  up to  SOOmS. Such 

sp e c if ic  b ra in  responses were f i r s t  noted in  1875 by Caton, recording 

from th e  cortex  of the  ra b b it .  In 1929 Berger recorded s im ila r  vo ltage 

f lu c tu a tio n s  from the in ta c t  human sca lp . The small am plitude o f these  

responses r e la t iv e  to  the  spontaneous a c t iv i ty  o f the  b ra in , the  e le c tro ­

encephalogram (EEG), precluded any system atic in v e s tig a tio n , however, 

u n t i l  a means o f improving the s ig n a l (ERP) to  no ise  (EEG) r a t io  became 

a v a ilab le . This tech n ica l advance was achieved by Dawson (1947; 1951) 

who f i r s t  introduced G alton 's  (1878) procedure o f photographic super­

im position to  ERP resea rch , and then , four years l a t e r ,  described  an 

analogue s ignal averager. A fu r th e r  development came when Clynes and 

Kohn (1960) developed the  f i r s t  d ig i ta l  averager. The p r in c ip le  

underlying these  techniques i s  th a t  the  ERP i s  an in v a r ia n t response 

which i s  c lo se ly  synchronised w ith the onset o f the  s tim u lus, whereas 

the EEG is  a random p rocess, and i t s  co n trib u tio n s  to  successive ERPs 

are s t a t i s t i c a l l y  independent o f one another. Consequently, the 

po in t by po in t summation (or averaging) o f successive d ig i t is e d  epochs 

of a c t iv i ty ,  recorded tim e-locked to  the onset o f th e  s tim ulus, 

cancels out the unwanted EEG and leaves the wanted response in ta c t .

The e f fe c t of s ig n a l averaging i s  to  a tten u a te  the  background 

no ise  in  p roportion  to  the  square roo t o f  the  number o f epochs being 

summed (Glaser and Ruchkin, 1976), and i t s  use in  any experim ental 

in v e s tig a tio n  can req u ire  the  p re sen ta tio n  o f many t r i a l s  under a



p a r t ic u la r  experim ental cond ition . G enerally , about 64 t r i a l s  are 

needed to  d is tin g u ish  la rg e  am plitude p o te n tia ls  from the background 

EEG, and as many as 1600 t r i a l s  are  necessary  to  d is tin g u ish  small 

am plitude components (P icton and Hink, 1974), Although th e re  are 

methods fo r  improving the  s ig n a l to  no ise  r a t io  on a s in g le  t r i a l  

b as is  (see fo r  example John, Ruchkin and V idal, 1978; O tto, 1978, 

sec tio n  IX), th i s  approach i s  u n su itab le  fo r  d e tec tin g  small amplitude 

components. Therefore, th e  m ajo rity  of research  p resen ts  ERPs as 

averaged waveforms, and as Donchin (1979) ap tly  s ta te d : " th e  key to  

the  study o f the human ERP has been th e  s ig n a l averager".

The non-invasive methods employed fo r  recording human ERPs 

n e c e ssa r ily  means th a t  th ese  waveforms r e f le c t  the  gross e le c t r ic a l  

a c t iv i ty  o f synchronously-activated  neuronal popu la tions, ra th e r  than 

the  d is c re te  function ing  o f in d iv id u a l nerve c e l l s .  G enerally i t  i s  

agreed th a t th e  ERP rep resen ts  th e  a lg eb ra ic  summation o f ex c ita to ry  

p o s t-sy n ap tic  p o te n tia ls  (EPSPs) and in h ib ito ry  p o s t-sy n ap tic  p o te n tia ls  

(IPSPs), but the complex c y to a rc h ite c tu re  o f the b ra in  makes i t  

im possible to  assess  th e  r e la t iv e  co n trib u tio n s  o f th ese  two types of 

graded p o te n tia ls  to  a p a r t ic u la r  ERP component (Goff, A llison  and 

Vaughan, 1978). However, in t r a c e l lu la r  recordings from animal ’models’ , 

and s tu d ie s  o f the scalp  topography o f ERPs in  humans, are  providing 

inform ation about the sp e c if ic  generators o f various ERP components 

(see Goff e t  al.^ 1978; Vaughan, 1974, 1982; Wood, 1982 fo r  reviews 

o f ERP sources and d iscussion  o f the  volume conduction m odel). ERP 

components have been id e n tif ie d  as o r ig in a tin g  in  a ffe re n t pathways, 

in  or near th e  prim ary sensory co rtex , and in  motor and a sso c ia tio n  

co rtex . In g en era l, the  o rig in  of a component, in  terms o f the  

p o s itio n  o f i t s  generato r in  the  sensory pathway or co rtex , is  

r e f le c te d  by i t s  la tency .



Figure 1.1 shows the human average ERP recorded to  a b r ie f  

aud ito ry  stim ulus ( a f te r  P ic ton , H illy a rd , Krausz and Galambos,

1974; H illy ard  and Kutas, 1983). Figure I.IA  shows the  id e a lise d  

response p lo tte d  against a logarithm ic tiraebase in  order to  i l l u s t r a t e  

the  high frequency, ea rly  components, as well as the  lower frequency, 

la te  components. Figure I .IB  shows the  e a rly , middle and la te  

components o f the  response p lo tte d  sep a ra te ly  on d if f e re n t  tim ebases^ .

The ea rly  components o f the  aud ito ry  ERP comprise seven w avelets (waves 

I-V II) which rep resen t a c t iv i ty  in  the  aud ito ry  sensory pathway from 

the cochlea to  th e  in fe r io r  c o llic u lu s  o f th e  thalamus (Jew ett and 

W illis to n , 1971; P icton e t  aZ ., 1974). The source o f th e  middle 

la tency  components, occurring between 10 and 80mS, i s  le ss  c le a r ,  but 

i t  has been suggested th a t  th ese  are  generated by the  medial g en icu la te  

and the polysensory n u c le i o f the  thalamus (P icton e t  aZ ., 1974), and 

p o ssib ly  the  primary aud ito ry  cortex  (Goff e t  aZ ., 1978). The P^,

and P^ la te  components (a lso  ca lle d  the  ’v ertex  p o te n t ia l s ’ , because 

they are recorded maximally a t o r near the  v ertex  o f the  scalp) have 

been suggested to  a r is e  from m odality -nonspecific  c o r t ic a l  areas (Roth, 

Shaw and Green, 1956), includ ing  f ro n ta l  a sso c ia tio n  co rtex  (P icton 

e t  aZ .j 1974), or conversely , from primary and secondary au d ito ry

^ I t should be noted th a t  various la b e llin g  conventions have been 
applied  to  ERP components, and Figure 1.1 i l l u s t r a t e s  th re e  o f these  
conventions. The ea rly  la tency  components are la b e lle d  w ith Roman 
numerals, in  the order o f th e i r  temporal sequence, whereas middle 
la tency  and la te  components are  lab e lled  P or N according to  th e i r  
p o la r ity .  The p o la r ity  convention used in  Figure 1.1 is  negative  up.
The su b sc rip ts  a ttached  to  the  middle la tency  components (N^, N^, N^)
simply r e f le c t  the  temporal order o f components having th e  same p o la r i ty ,  
whereas su b sc rip ts  a ttached  to  the  la te  components (e .g . P^qq) r e f e r  to
th e i r  modal la tency  in  m illiseconds. I f  the peak la tency  o f a la te  
component approaches a u n it-m u ltip le  of lOOmS, then a s in g le  d ig i t  
su b sc rip t o ften  is  used, e .g . is  equ ivalen t to  N^qq.



cortex  (Vaughan and R i t te r ,  1970). The p rec ise  o rig in s  of 

th ese  la te  components a re , th e re fo re , equivocal and await 

c la r i f ic a t io n .

The components o f the  aud ito ry  ERP described  so fa r

in v a ria b ly  occur follow ing the  p re sen ta tio n  o f an aud ito ry  stim ulus,

and th e i r  amplitudes and la te n c ie s  are  s e n s it iv e  to  stim ulus param eters

such as in te n s i ty  and r a te  of p re se n ta tio n . Such components have

been termed 'o b l ig a to ry ',  'stim ulus-bound ' or 'exogenous', as they

always appear in  response to  ex te rn a l s tim u la tio n  (Donchin, R it te r

and McCallum, 1978). The absence or d is to r t io n  o f th ese  exogenous

components can provide u se fu l in d ic a to rs  o f neu ro log ica l or sensory

impairment (see , fo r  example, S ta r r ,  Sohmer and C eles ia , 1978, fo r

a review o f th ese  c l in ic a l  a p p lic a tio n s ) . In c o n tra s t,  th e  and

Nj waves shown in  Figure l .lA , superimposed on the  v ertex  p o te n tia ls ,  
d '

a re  termed 'n o n -o b lig a to ry ' or ' endogenous', as th e i r  occurrence and 

am plitude depends la rg e ly  on the  psychological context in  which the  

s tim u li are  p resen ted , r a th e r  than the  stim ulus param eters per se. 

Indeed, the  and P^ components can be recorded follow ing the  

om ission of an expected stim ulus (e .g . K linke, F ru h sto rfe r  and 

F in k en ze lle r, 1968; P icton and H illy a rd , 1974).

W hilst a l l  components o f th e  ERP are  in fluenced  to  some ex ten t 

both by stim ulus param eters and th e  in te rn a l s ta te  o f the  organism, 

Donchin, R i t te r  and McCallum (1978) have emphasised the h e u r is t ic  

value o f the  exogenous-endogenous d is t in c t io n :

"The u se fu l d is t in c t io n ,  which can serve as a guide fo r 
experim entation, is  th a t  whenever variance in  the  ERP 
cannot be a t t r ib u te d  to  variance in  the  physica l stim ulus, 
the  ERP component w ill  be considered endogenous. Whenever 
the  variance is  a t t r ib u ta b le  to  the  physica l n a tu re  o f the 
stim ulus we consider the components exogenous", (p .356).
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A. Id ea lised  waveform o f average aud ito ry  ERP to  
a b r ie f  sound p lo tte d  against a logarithm ic 
tim ebase. (A fter H illy a rd  and Kutas, 1983).
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B. Auditory ERPs to  60dBSL c lic k s . Each tra c e  
rep resen ts  the average o f 1024 responses from 
vertex-m astoid  e le c tro d e s . (A fter P icton , 
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Figure 1.1 . Auditory e v en t-re la te d  p o te n tia l .



I t  i s ,  th e re fo re , the endogenous components o f the ERP which can 

provide in s ig h t in to  the  psychological b a s is  o f  human cognitive 

function ing .

1.2 ERP research  and cognitive psychology

The techno log ica l advances which allowed the non-invasive 

record ing  o f the human ERP, and the development o f s ig n a l e x tra c tio n  

techniques, occurred w ith in  the same time frame as the emergence o f 

the  inform ation p rocessing  approach as a major in fluence  in  cognitive 

psychology (Haber, 1974). The r e s u l t  o f  th i s  in fluence  was a 

’paradigm s h i f t ’ (Kuhn, 1962; Segal and Lachman, 1972), whereby 

psychological theory  moved away from the view th a t  a l l  behaviour 

could be explained in  terms o f simple S-R connections, and began to  

conceptualise  humans as ac tiv e  p rocessors o f inform ation who adopted 

s t r a te g ie s ,  generated and te s te d  hypotheses, e s ta b lish ed  expectancies 

and made d ec is io n s . Furtherm ore, the inform ation p rocessing  model 

proposes ’s ta g e s ’ o f p rocessing  such as encoding, s e le c tio n , sto rage 

and r e t r i e v a l ,  a l l  o f which may be m anifested as endogenous components 

o f  the ERP. Contemporary cogn itive  psychology, th e re fo re , provides 

a th e o re tic a l  framework and a w ealth o f  research  designs w ith in  

which ’cogn itive  psychophysio log ists’ (Donchin, 1982) can explore 

the re la tio n sh ip  between endogenous ERP components, behavioural 

measures and s p e c if ic  stages o f inform ation p rocessing . Through 

combined s tu d ie s  o f humans and animals the id e n t i f ic a t io n  o f the 

p h y sio lo g ica l generato rs o f  endogenous ERPs u ltim a te ly  may lead to  

the lo c a lis a tio n  o f those b ra in  systems th a t  subserve sp e c if ic  

cognitive a c t iv i t i e s  (Galambos and H illy a rd , 1981).

The p resen t understanding o f the re la tio n sh ip s  between 

endogenous ERPs and cogn itive  processes i s  catalogued in  the proceedings 

o f  a number o f recen t symposia (Callaway, Tueting and Koslow, 1978;
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O tto, 1978; B e g le ite r , 1979; Desmedt, 1979; Lehmann and Callaway, 1979; 

Kornhuber and Deecke, 1980; Galambos and H illy a rd , 1981; Donchin, 1982; 

K arrer, Cohen and Tueting, 1984).

1.3 P ra c tic a l lim ita tio n s  o f ERP research

W hilst research  in  cogn itive  psychophysiology can draw f r u i t f u l l y  on 

the  research  designs o f cogn itive  psychology, th e re  are  some r e s t r ic t io n s  

on the use o f p a r t ic u la r  experim ental task s  and ta sk  requirem ents. These 

r e s t r ic t io n s  r e s u l t  d ire c t ly  from the  na tu re  o f the  p h y sio lo g ica l a c t iv i ty  

being recorded. An obvious example i s  th a t  th e  record ing  and averaging o f 

ERP a c t iv i ty  req u ire s  the  p re sen ta tio n  o f d is c re te  s tim u li which have a 

reasonably abrupt o n se t, and which are  exactly  rep roducib le  (P icton and Hink,

1974). Slowly changing s tim u li, such as those used in  v isu a l tra ck in g  ta sk s  

or m onitoring s i tu a t io n s ,  are  u n su itab le  fo r  e l i c i t in g  tim e-locked responses. 

The average ERP a lso  i s  su b jec t to  contam ination by o th er ce reb ra l and non­

ce reb ra l a c t iv i ty ,  i f  th i s  happens to  be tim e-locked to  th e  evoking s tim u li. 

Sources o f p o ssib le  contam ination are  due to  motor p o te n tia ls  a sso c ia ted  w ith 

overt (and p o ssib ly  covert) responding (Tueting, 1978), muscle p o te n tia ls  

asso c ia ted  with susta in ed  muscle ten sio n  o r gross body movements (P icton  and 

Hink, 1974), and ocu lar a r te fa c ts  re s u l t in g  from eyeblinks and v e r t ic a l  

eyemovements (H illyard  and Galambos, 1970; Corby and Kopell, 1972; Weerts and 

Lang, 1973). The need to  co n tro l fo r  th ese  sources o f contam ination re q u ire s  

th e  ca re fu l adap ta tion  o f some experim ental designs, w h ils t o th e r designs 

prove to  be u n su itab le  fo r ERP research .

A fu r th e r  d i f f ic u l ty  with the a p p lica tio n  o f experim ental paradigms 

from cognitive psychology to  cognitive psychophysiology concerns the 

temporal re la tio n sh ip  between task  s tim u li, and th is  th e s is  considers 

methods o f assessing  ERP waveforms recorded to  s tim u li p resen ted  in  

close temporal proxim ity.



Late components o f  the ERP can be recorded fo r  up to

SOOmS a f te r  stim ulus o n se t, and a problem a r is e s  i f  s tim u li are  

presen ted  a t a constan t r a te  w ith an in te r-s tim u lu s  in te rv a l  (ISI) of 

le s s  than , say, 400mS. In th is  s i tu a t io n ,  th e  la te  components o f the  

ERP to  one stim ulus w ill not be fu l ly  reso lved , and w ill overlap the  

ea rly  components o f the  ERP to  the  next stim ulus. As the  la te  

components o f one ERP are e f fe c tiv e ly  tim e-locked to  the  occurrence 

o f th e  next s tim ulus, averaging over a tim ebase equal to  th e  ISI w ill 

r e s u l t  in  a waveform w ith spurious sh o rt- la te n c y  components. The 

obvious so lu tio n  to  th is  problem i s  to  use IS Is o f a t  le a s t  SOOmS. There 

a re , however, many s itu a tio n s  in  which ISIs of th i s  du ra tion  are 

u n d esirab le . For example, in  s e le c tiv e  a tte n tio n  paradigms, s tim u li 

gen era lly  are presented  a t  high ra te s  in  order to  ensure th a t  su b jec ts  

a tten d  to  the ta sk -re le v a n t 'ch an n el' and cannot switch th e i r  a tte n tio n  

to  a ta s k - ir re le v a n t  channel (Naatanen, 1975).

An a l te rn a t iv e  so lu tio n  to  the  problem o f overlapping components is  

to  p resen t s tim u li in  an aperiod ic  manner, th a t  i s ,  w ith v a riab le  ISIs 

(Ruchkin, 1965). The e f fe c t  o f such a procedure is  to  tim e-unlock 

the la te  components o f each ERP from th e  subsequent stim ulus. Overlapping 

a c t iv i ty  w ill be tre a te d  as random 'n o i s e ',  and w ill  cancel out during 

averaging. There a re  many in stan ces  o f the  ap p lica tio n  o f th is  

technique in  the l i t e r a tu r e .  For example, H illy a rd , Hink, Schwent and 

P icton  (1973) presented  to n a l s tim u li d ic h o tic a lly  w ith an ISI range o f 

100-800mS (mean ISI 450mS), and averaged over a 200mS or a SOOmS tim ebase. 

The unpred ic tab le  time o f a r r iv a l  o f s tim u li, and the occasional very 

sh o rt IS Is , prevented su b jec ts  from sw itching between channels (H illyard  

e t  al , s  1973), and th e re  i s  no evidence o f spurious ea rly  components in  

th e i r  d a ta . A ru le  Of thumb fo r  the  use o f th is  technique is  th a t
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ISIs should range over a tim e-span which i s  g re a te r  than the perio d  o f 

overlapping a c t iv i ty  to  be a tten u a ted  (John e t  at,^ 1978). The 700mS ISI 

range used by H illy ard  and h is  colleagues re su lte d  in  the a tten u a tio n  o f 

components down to  approximately 2Hz, which i s  app rop ria te  fo r  a tten u a tio n  

o f most long-la tency  components.

In the example provided above, the p re c ise  tim ing o f  successive 

s tim u li was no t im portan t, and i t  was p o ssib le  to  use a wide range o f IS Is ; 

but what o f  those paradigms in  which the ac tu a l temporal re la t io n s h ip  

between s tim u li i s  im portant? Backward masking experim ents provide an 

example o f such a paradigm. In these experim ents, the in te rv a l  between 

two s tim u li (a t e s t  stim ulus and a subsequent masking stim ulus) i s  

sy stem atica lly  manipulated to  assess the e f fe c ts  o f  the masking stim ulus 

on the percep tion  o f the t e s t  stim ulus (Kahneman, 1968; Turvey, 1973) and 

such m anipulations o ften  involve the p re sen ta tio n  o f s tim u li a t  constan t 

IS Is  o f 50mS o r le s s .

Several re search ers  have recorded ERPs under conditions o f  backward 

v isu a l masking (e .g . Donchin and L indsley, 1965; A ndreassi, S tem  and 

Okamura, 1974; A ndreassi, De Simone and M ellers, 1976; Schwartz and 

P ritch a rd , 1981) w ith the r e s u l t  th a t  ERP tra c e s  c o n s is t o f  composite 

waveforms rep resen tin g  overlapping a c t iv i ty  to  both t e s t  and masking 

s tim u li. The r e la t iv e  co n trib u tio n  o f the two s tim u li to  the recorded 

p o te n tia ls  has been assessed  through the use o f elem entary su b tra c tio n  

procedures. That i s ,  the  ERP recorded to  the masking stim ulus in  i s o la t io n  

i s  su b trac ted  from the composite waveform and the re s id u a l o f  th is  

su b trac tio n  i s  assumed to  be the ERP evoked by the t e s t  stim ulus. The 

use o f th is  technique, however, i s  problem atic as i t  r e s ts  on the 

assumption th a t  the ERP recorded to  the masking stim ulus in  is o la t io n  i s  

id e n tic a l  to  th a t  recorded to  the masking stim ulus when p resen ted  in  

conjunction with the t e s t  stim ulus. Consequently, the technique f a i l s  to



11

allow fo r  any psychological o r p h y sio lo g ica l in te ra c tio n  which may take 

p lace between the two s tim u li in  the masking s i tu a t io n .  Under such 

circum stances the use o f elem entary su b trac tio n  procedures w ill  lead  to  

an in accu ra te  estim ation  o f a c t iv i ty  a sso c ia ted  w ith the  t e s t  stim ulus. 

A lte rn a tiv e  methods o f  an a ly s is  are necessary  to  allow fo r  a more p re c ise  

estim ation  o f component waveforms.

The to p ic  o f th is  th e s is  i s  the methodology o f sep ara tin g  overlapping 

ERP components recorded to  tem porally  c lo se , o r 'near-sim u ltaneous ' s tim u li. 

To th is  end, th re e  a n a ly tic a l techniques are in v e s tig a te d . The f i r s t  

technique u t i l i s e s  t r a d i t io n a l  elem entary su b tra c tio n  procedures. The 

o th e r techniques allow the  estim ation  o f component waveforms d ire c t ly  

from the  composite waveform, and are designed to  enable the  assessment o f  

in te ra c tio n s  between task  s tim u li. This th e s is  u t i l i s e s  th ree  approaches:

. the problem o f  component overlap i s  demonstrated using ERP 

da ta  recorded during a d u a l-ta sk  experiment which in v e s tig a te s  

the 'd i s t r ib u t io n ' o f  a tte n tio n  through the  sim ultaneous 

performance o f two experim ental ta sk s . While the r e s u l ts  o f  th is  

experiment may be o f in te r e s t ,  the  prim ary reason fo r  i t s  

in c lu sio n  i s  to  allow a comparison o f the d if fe re n t  a n a ly tic a l 

procedures follow ing th e i r  ap p lica tio n  to  ' r e a l '  da ta  which might 

be expected to  r e f le c t  in te ra c tio n s  between task  s tim u li;

. the th e o re t ic a l  foundations o f the th ree  a n a ly tic a l techniques 

are explored, and the assumptions and r e s t r ic t io n s  a sso c ia ted  

w ith each procedure are d iscussed; ^

. sim ulations are u t i l i s e d  which enable an assessment o f  the 

a n a ly tic a l procedures under id e a l cond itions.
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The follow ing sec tio n  provides an overview o f  the th e o re tic a l  

b a s is  o f dual-task  paradigms, and in troduces the experim ental task  used 

to  demonstrate the a n a ly tic a l procedures. The use o f d u a l-ta sk  paradigms 

in  the study o f ERP c o rre la te s  o f a t te n tio n a l processes provides a 

n a tu ra l extension to  those paradigms used to assess the ERP under 

conditions o f focussed or se le c tiv e  a tte n tio n  (fo r  reviews o f th is  area 

see Naatanen, 1975, 1982; Naatanen and M ichie, 1979; Hansen and H illy a rd , 

1980; H illy a rd , 1981).

1.4 D ual-task paradigms

The resurgence o f in te r e s t  in  d u a l-ta sk  performance over the 

la s t  f i f te e n  years re su lte d  from the form ulation o f cap acity  th e o rie s  

o f  a t te n tio n  (Moray, 1967; Kahneman, 1973; Norman and Bobrow, 1975;

Navon and Gopher, 1979). Kahneman's model, fo r  example, views a tte n tio n  

as an u n d iffe re n tia te d  resource o f lim ited  supply which can be a llo c a te d  

to  d if fe re n t inform ation processing  a c t iv i t i e s .  The in te rfe re n c e  

between concurrently  performed tasks can be explained in  terms o f  a 

com petition fo r  th is  lim ited  processing  resource , and the ex ten t o f 

th is  in te rfe re n c e  w ill  depend upon the o v era ll resource requirem ents 

o f the competing a c t iv i t i e s .  Navon and Gopher, on the o th e r hand, 

propose th a t  processing  resources are d if f e re n tia te d  in to  a number o f 

s tru c tu re -s p e c if ic  c a p a c itie s , each o f which i s  lim ite d . For example, 

p e rcep tu a l, memory, motor and verbal a c t iv i t i e s  might draw on such 

separa te  lim ited  c a p a c itie s . This m ulti-p rocesso r model p re d ic ts  th a t  

in te rfe re n c e  between concurrently  performed tasks w ill  occur only i f  

both tasks draw on the same lim ited  capacity  'p o o l '.  These d if f e re n t  

capacity  models have been form ulated from observations o f d u a l-ta sk  

performance, and in  tu rn , d u a l-ta sk  paradigms can be u t i l i s e d  to  t e s t  

th e i r  various p re d ic tio n s .
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In the d u a l-ta sk  s i tu a t io n  the processing  demands o f one ta sk , 

the primary ta sk , can be in fe rre d  from performance on the o th er ta sk , 

the secondary ta sk . For example, an increase  in  d i f f ic u l ty  (processing

requirem ents) o f the  prim ary task  w ill  r e s u l t  in  a decline  in  secondary

task  performance, as long as prim ary task  performance i s  m aintained a t 

some p redefined  c r i te r io n  o f speed or accuracy (Norman and Bobrow,

1975), and as long as the jo in t  demands o f the task  exceed the to ta l  

av a ilab le  resources. Secondary task  methodology (Kerr, 1973) can, 

th e re fo re , be used to  describe a ta sk , or the in d iv id u a l processing

stages involved in  th a t  ta sk , in  terms o f the demands made on the

lim ited  capacity  system. I t  i s  no t the in te n tio n  here to  review the 

large  body o f l i t e r a tu r e  on d u a l-ta sk  performance, but r a th e r  to  give 

a flav o u r of the broad th e o re tic a l  framework underlying the use of 

these  paradigms. Reviews o f th is  area  and recen t form ulations 

regard ing  the s tru c tu re  o f a t te n tio n a l resources are provided by Duncan 

(1980), Navon and Gopher (1980), Wickens (1980) and Posner and McLeod 

(1982).

An example o f the a p p lica tio n  o f d u a l-ta sk  paradigms to  ERP 

research  is  provided by the work o f I s re a l  and h is  co lleagues, who 

in v e s tig a te d  the endogenous P^ component o f the ERP (see Figure I.IA ) 

as an index of task  d i f f ic u l ty  or 'w ork load '. The amplitude o f the P^ 

component, e l i c i t e d  by a secondary tone d isc rim in a tio n  ta sk , was found 

to  decrease when a prim ary v isu a l track ing  task  was in troduced . No 

fu r th e r  e f fe c t  on the amplitude o f th is  component was ev iden t, however, 

when track in g  d i f f ic u l ty  was increased  by m anipulating track ing  

d im ensionality  or band-width (Wickens, I s re a l  and Donchin, 1977;

I s r e a l ,  Chesney, Wickens and Donchin, 1980). Conversely, when a 

s im ila r  aud ito ry  task  was p a ired  w ith a v isu a l d isp lay  m onitoring ta sk .
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which requ ired  the d e tec tio n  o f changes in  ta rg e t  t r a je c to r ie s ,  the 

aud ito ry  was found to be se n s itiv e  to  changes in  prim ary task  

d if f ic u l ty .  P^ amplitude decreased s ig n if ic a n tly  when the number o f 

v isu a l task  elements to  be monitored was increased  from four to  e ig h t 

( I s r e a l ,  Wickens, Chesney and Donchin, 1980). Thus, the  P^ component 

e l i c i t e d  by secondary task  s tim u li was se n s itiv e  to  in creases  in  

prim ary task  d i f f ic u l ty  when the prim ary task  involved an in c rease  in  

percep tual demands ( i . e . ,  the m onitoring ta sk ) , but not when the 

primary task  involved an in crease  in  re sp o n se -re la ted  demands ( i . e . ,  

the track ing  ta s k ) . These r e s u l ts  have been in te rp re te d  in  terms o f 

those capacity  th eo rie s  which p o s it  m u ltip le  sources o f lim ited  

processing  capacity , each o f which deals w ith a s p e c if ic  p rocessing  

a c t iv i ty  (see Navon and Gopher, 1979; Wickens, 1980). The tone 

d iscrim ination  task  used by I s re a l  and h is  co-workers emphasised 

percep tua l p rocessing  ra th e r  than responding, and could be presumed to  

be drawing upon the same processing  resources as the d isp lay  m onitoring 

ta sk . The authors th e re fo re  concluded th a t  P^ provided an in d ire c t  

index o f the prim ary ta s k ’s demand fo r  p ercep tual p rocessing  reso u rces. 

C onsistent w ith th is  in te rp re ta t io n  i s  the evidence which in d ic a te s  

th a t the P^ indexes aspects o f stim ulus evaluation  and c la s s i f ic a t io n ,  

r a th e r  than resp o n se -re la ted  processes (Squires, Donchin, Squires and 

Grossberg, 1977; Donchin, 1978; Duncan-Johnson and Donchin, 1982).

I t  should be emphasised th a t  the aim o f the experim ents described  

above was to  in v e s tig a te  the ERP as an index o f o v e ra ll task  d i f f i c u l ty  o r 

'w ork load ', r a th e r  than as an index o f the p rocessing  demands o f  s p e c if ic  

mental o p era tions. Hence the p rec ise  temporal re la tio n s h ip  between prim ary
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and secondary task  s tim u li was of l i t t l e  im portance, and the continuous 

n a tu re  o f the primary tasks precluded the p o s s ib i l i ty  o f record ing  complex 

waveforms re s u lt in g  from overlapping v isu a l and aud ito ry  ERPs.

There a re , however, d ual-task  paradigms which do allow the 

in v e s tig a tio n  o f p rocessing  demands asso c ia ted  w ith sp e c if ic  stages of the 

prim ary ta sk , as w ell as an assessment o f o v e ra ll p rocessing  demands 

during d if fe re n t  lev e ls  o f prim ary task  opera tion . Such 

paradigms p resen t the cognitive psychophysiologist w ith problems 

o f ERP component overlap . The d u a l-ta sk  used in  th is  th e s is  is  

adapted from a behavioural study by Posner and Boies (1971) who 

applied  such a paradigm. Their experiments requ ired  su b jec ts  to  

perform a primary v isu a l le tte r-m atch in g  ta sk  and a t the  same time 

respond to  secondary ta sk  aud ito ry  ’probe' s tim u li which were 

p resen ted  during various phases o f the  primary ta sk . Each t r i a l  of 

the le tte r-m atch in g  ta sk  consis ted  of a warning s ig n a l, followed by 

a f i r s t  l e t t e r  and then a second l e t t e r  to  which a 'same' or 

'd i f f e r e n t ' manual reac tio n -tim e  response was to  be made according 

to  physica l match or name match ru le s .  The v isu a l ta sk  f a l l s  in to  

th re e  n a tu ra l segments, each o f which can be asso c ia ted  w ith sp e c if ic  

processing  op era tio n s: th e  warning s ig n a l i s  asso c ia ted  with 

p rep ara tio n  fo r the follow ing ta sk  s tim u li, p re sen ta tio n  of the  

f i r s t  l e t t e r  is  a sso c ia ted  with the  operations of encoding and 

re h e a rsa l, and p re sen ta tio n  o f the second l e t t e r  involves response 

s e le c tio n  and in i t i a t io n .

Posner and Boies assessed  the processing  demands of these 

d if fe re n t  operations by refe ren ce  to  the  speed with which sub jec ts  

made a manual response to  the  aud ito ry  probe s tim u li: long rea c tio n -  

tim es to  the  probe were assumed to  in d ica te  la rg e  processing demands of 

the  primary ta sk . The c lose  temporal re la tio n sh ip  between v isu a l and
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au d ito ry  s tim u li was e s s e n tia l  fo r  exploring the time course o f the 

p rocessing  demands of d if f e re n t  primary ta sk  o p e ra tio n s , and some probe 

s tim u li were presen ted  a f te r  an in te rv a l  o f only 50mS follow ing the  

onset o f  a v isu a l s tim ulus.

The Posner and Boies experiment has p rev io u sly  been adapted to  ERP 

research  to  in v e s tig a te  the  e f fe c t  of p rep ara to ry  s e t  and ta sk  d i f f i c u l ty  

on the  au d ito ry  e v e n t-re la te d  p o te n tia l  '(Nash and W illiam s, 1982).

While probe s tim u li were p resen ted  in  both the  warning in te rv a l  and in  the  

in te rv a l  between the f i r s t  and second l e t t e r  o n se t, th e  minimum time 

between any two s tim u li was s e t  a t  480mS to  obv iate  problems o f ERP 

component overlap . The authors s ta te  th a t :

"The s p e c if ic  p o s itio n s  w ith in  th ese  in te rv a ls  were 
se le c ted  to  minimize temporal overlap between th e  
au d ito ry  p o te n tia ls  e l i c i t e d  by th e  probes and any 
v isu a l evoked p o te n tia ls  e l i c i t e d  by th e  l e t t e r s  
them selves", ( p .19) .

1 ^ Overview o f a n a ly tic a l  techniques and chap ter o rg an isa tio n

The th re e  a n a ly tic a l  techniques to  be rep o rted  a re  i l l u s t r a t e d  

using  average ERP d a ta  recorded during a m odified v e rs io n  o f the  Posner 

and Boies d u a l-ta sk  experim ent. The f i r s t  method involves th e  use o f 

elem entary su b tra c tio n  techn iques, whereby the  ERP recorded to  a v isu a l 

stim ulus in  is o la t io n  i s  su b trac ted  from the  complex waveform recorded 

follow ing th e  near-sim ultaneous p re se n ta tio n  o f th e  same v isu a l 

stim ulus and an au d ito ry  s tim u lus. The re s id u a l o f  th i s  su b tra c tio n  is  

assumed to  be the  au d ito ry  response. The second method employs a tim e- 

sexxcS a n a ly s is , and in d iv id u a l ERPs are derived from complex waveforms 

through the  ap p lica tio n  o f two d ig i ta l  f i l t e r s ,  the f i r s t  in  the time 

domain and the second in  the frequency domain. The th i r d  method to  be 

rep o rted  u t i l i s e s  an a l te rn a t iv e  approach to  the a n a ly s is  o f  t im e -se r ie s
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d a ta , and estim ation  o f  component waveforms i s  achieved in  the time domain 

through a le a s t  squares reg re ss io n  a n a ly s is .

The advantage o f  the l a t t e r  two techniques over the  elem entary

su b tra c tio n  method is  th a t  the  so lu tio n s  a re  derived  d i r e c t ly  from the

complex waveforms. The a p p lic a tio n  o f  these  techn iques, however, req u ires

th a t  ERP a c t iv i ty  evoked by one stim ulus i s  p a r t i a l ly  tim e-unlocked from

ERP a c t iv i ty  evoked by the o th e r  s tim u lu s . This i s  achieved by varying

the in te rv a l  between the p re se n ta tio n  o f  s tim u li in  the  two m odalities

over successive  experim ental t r i a l s .  In the  example p resen ted  h e re , ISIs

are  v a ried  over a window o f lOOmS, although th is  time p erio d  i s  q u ite

a r b i t r a r y ,  and can be reduced i f  n ea r co n stan t IS Is are  req u ired . The

im plem entation o f  both o f  th ese  techniques depends on an accurate  knowledge

o f the range o f ISIs used in  the  p re se n ta tio n  o f  s tim u li. The method by

which ERP da ta  are c o lle c te d  and averaged i s  a lso  c e n tra l to  the

a p p lic a tio n  o f  these  procedures. C hapter 2 d escrib es the  d u a l-ta sk

experim ent, p lac in g  p a r t ic u la r  emphasis on the  method o f  stim ulus p re sen ta tio n

and d a ta  c o lle c tio n . P relim inary  r e s u l t s  a re  p resen ted  a lso  in  th is

Chapter. Chapters 3, 4 and 5 each p re se n t one o f  the  th re e  s ig n a l

recovery techniques and the  assum ptions and r e s t r i c t io n s  a sso c ia ted  with

each a re  d iscussed . Chapter 6 p re se n ts  the  an a ly s is  o f  behavioural and

e lec tro p h y s io lo g ic a l data  recorded during the d u a l-ta sk  experiment and

Chapter 7 provides a comparison o f  the  th re e  a n a ly tic a l  procedures used to  

sep a ra te  overlapping ERP components.
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CHAPTER 2: EXPERIMENTAL METHODS
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2.1 In troduction

The th ree  methods o f sep ara tin g  out overlapping ERPs are 

i l lu s t r a t e d  using data  recorded during a m odified version  o f the Posner 

and Boies (1971) d u a l-ta sk  paradigm. The prim ary task  co n sis ted  o f a 

v isu a l le tte r-m atch in g  task  which req u ired  su b jec ts  to  ca teg o rise  

le t t e r - p a i r s  according to  th ree  lev e ls  o f  le tte r-m a tch . The concurren tly  

performed secondary task  req u ired  su b jec ts  to  d e tec t n ea r-th re sh o ld  

aud ito ry  s ig n a ls  ag a in s t a background o f white n o ise .

Auditory s ig n a ls  were p resen ted  w ith in  e ig h t temporal windows with 

re sp ec t to  v isu a l task  s tim u li, each temporal window corresponding to  

a d if fe re n t  s ig n a l cond ition . Consequently, the ex ten t to  which 

aud ito ry  ERPs overlapped v isu a l ERPs varied  over the e ig h t s ig n a l 

cond itions.

The d ual-task  was designed to  avoid response in te rfe re n c e  between the 

two component tasks (see fo r  example, McLeod, 1978), and su b jec ts  were 

requ ired  to  confine th e i r  responses to  the i n t e r - t r i a l  in te rv a ls  (ITTs) 

ra th e r  than make speeded movements. Thus, performance on both v isu a l and 

aud ito ry  tasks was measured in  terms o f accuracy ra th e r  than speed.

This response requirem ent provided the added advantage o f avoiding the 

p o ssib le  contam ination o f ERPs with re sp o n se -re la ted  motor p o te n tia ls  

(Gilden e t  a l . ,  1966; R i t te r  e t  a l . ,  1972; Tueting, 1978).

The follow ing sec tio n s provide a d esc rip tio n  o f the d u a l-ta sk  and 

the method by which prim ary and secondary task  s tim u li were p resen ted  

to  e f fe c t  the p a r t ia l  tim e-unlocking o f v isu a l and au d ito ry  ERPs. 

Subsequent sec tio n s  describe the c o lle c tio n  and averaging o f  ERP data  

and p resen t group averages recorded under the d if fe re n t  cond itions o f 

the du a l-ta sk  experiment.
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2. 2 Overview o f stim ulus co n tro l and experim ental arrangement

The d u a l-ta sk  experiment was run o n -lin e  from a D ig ita l 

PDP-11/34 computer running under the  m u lti-u se r operating  system 

RSX-ll-M. The computer was equipped with s ix teen  d ig i ta l  inpu t and 

output p o in ts , and a s ix teen  channel, 1 2 -b it analogue to  d ig i ta l  

converter (ADll-K) having an input vo ltage range o f +_ 5V and a 

re so lu tio n  of 0.0024 v o lts  (1 p a r t  in  4096).

Throughout th e  experim ent, the  electroencephalogram  (EEG) 

was recorded from the m idline C entral (Cz) and m idline P a r ie ta l  (Pz) 

sca lp  lo c a tio n s . D eta ils  o f the  techniques used fo r  physio log ica l 

record ing  are given in  Section 2 .5 . The v e r t ic a l  electro-oculogram  

(EOG) a lso  was m onitored, in  order to  id e n tify  eyeblinks and eye­

movements which could contam inate the  EEG. Excessive eyemovements, 

o f th e  order of 200pV, were id e n tif ie d  by means o f a moving window 

algorithm  described  in  Section 2 .5 .1 .

The p re sen ta tio n  and tim ing of task  s tim u li, m onitoring of 

s u b je c ts ' behavioural responses, and sampling and averaging o f 

ph y sio lo g ica l d a ta  were a l l  under computer co n tro l. Figure 2.1 shows 

a block diagram of the hardware arrangement fo r stim ulus p re sen ta tio n  

and da ta  c o lle c tio n .

Experimental te s t in g  was ca rrie d  out in  a dimly l i t ,  

e l e c t r i c a l ly  screened and sound-attenuated  room measuring 2 x 3  m etres. 

Subjects were seated  a t a small ta b le  on which was placed a Sony video 

m onitor (model CVM llOUK) driven by a C ifer video term inal (model 

026). The C ifer keypad was p o sitioned  in  f ro n t of the  video m onitor, 

and su b jec ts  pressed p a r t ic u la r  keys to  r e g is te r  th e i r  responses during 

th e  experiment. The input term inals to  the  p h ysio log ica l recording
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equipment were p o s itio n ed  on a w all immediately behind the  s u b je c t.

A dditional stim ulus co n tro l apparatus and the

p h y sio lo g ica l record ing  equipment were located  in  an ad jo in ing

instrum ent room. Communication between th e  computer and the

experim ental apparatus was achieved through coax ial cables which ran

overhead from the  computer room and term inated in  the  instrum ent room.

2.3 Subjects

Subjects were e ig h t female and four male v o lu n tee rs , whose ages 

ranged from 23-40 years . A ll su b jec ts  were fa m ilia r  w ith the  ex p eri­

mental arrangem ent, having attended th re e  previous sessions during 

which they p ra c tise d  the  component task s  of the  d u a l-ta sk  experiment.

Ten su b jec ts  were r ig h t  handed and a l l  had normal or co rrec ted  v is io n .

No su b jec t was tak ing  any drug during the  course o f the  experiment or 

had any h is to ry  o f neu ro log ical d iso rd e r. Subjects were paid £1.00 per 

hour fo r  th e i r  p a r t ic ip a tio n .

2.4 D ual-task

The d u a l-ta sk  combined a v isu a l le tte r-m atch in g  ta sk  and an 

aud ito ry  s ig n a l d e tec tio n  ta sk , and requ ired  su b jec ts  to  make 

judgements about l e t t e r - p a i r s  w h ils t a lso  m onitoring fo r  aud ito ry  

s ig n a ls  in  a background o f w hite n o ise . The ta sk  was presen ted  in  

blocks o f 96 t r i a l s ,  every t r i a l  la s t in g  fo r  2 seconds with a mean 

in t e r - t r i a l - i n t e r v a l  of 4 .5  seconds. A d e sc rip tio n  o f the  component 

ta sk s  and the experim ental design follow s.

2 .4 .1  V isual le tte r-m atch in g  ta sk .

The le tte r-m atch in g  component o f the  d u a l-ta sk  requ ired  su b jec ts  

to  ca teg o rise  p a ir s  o f upper case l e t t e r s  according to  th re e  lev e ls  

of le tte r-m a tc h . L e tte r -p a irs  corresponded to  one of the  follow ing 

ca teg o rie s  :
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(1) Physical match (PM) : l e t t e r - p a i r s  were designated  PM i f  they were

p h y sica lly  id e n tic a l ,  e .g . EE, PP.

(2) Rule match (RM): l e t t e r - p a i r s  were designated  RM i f  they were

not p h y s ica lly  id e n tic a l  but did conform to  

the  ru le  of being e i th e r  both vowels or both 

consonants, e .g . AE, BQ.

(3) Mismatch (MM): l e t t e r - p a i r s  were designated  MM i f  they

belonged to  n e ith e r  o f the  above c a teg o rie s ; 

th a t  i s ,  mismatch l e t t e r  p a ir s  co n sis ted  of 

one vowel and one consonant, e .g . AT, MU.

The task  was presen ted  on the  Sony video m onitor, which had 

a screen measuring 17 x 23cm. Subjects s a t  a t  a viewing d is tan ce  of 

50cm.J Every two-second t r i a l  was composed o f th ree  v isu a l events: a 

c e n tra lly  placed f ix a tio n  cross which remained in  view fo r  1 second, 

followed by a f i r s t  l e t t e r  positio n ed  to  the  l e f t  o f cen tre  and 

p resented  fo r  500mS, and then a second l e t t e r  p o sitio n ed  to  the  r ig h t  

o f c en tre , a lso  presen ted  fo r 500mS. The s iz e  o f each ch a rac te r  was 

6mm high and 5mm wide, and the  th re e  ch arac te rs  presen ted  on each t r i a l  

occupied adjacent p o s itio n s . Thus, the  to ta l  d isp lay  was 15mm wide, 

and a t a viewing d is tan ce  o f 50cm, was foveal^ th e  v isu a l angle sub­

tended by both l e t t e r s  and th e  f ix a tio n  cross being le ss  than 1 degree 

v e r t ic a l ly  and le ss  than 2 degrees h o riz o n ta lly  (Cogan, 1966, p . 17).

At the  end o f every t r i a l ,  su b jec ts  in d ica ted  th e i r  d ec is ion  

concerning the preceding l e t t e r - p a i r  by p ressing  one o f th re e  

adjacent keys on the C ifer keypad using the  index, middle o r r in g  

f in g e r o f th e ir  r ig h t  hand. D esignation of response keys to  the  

th re e  stim ulus conditions was counterbalanced across su b je c ts .
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2 .4 .2  Auditory s ig n a l d e tec tio n  ta sk .

The stim ulus param eters of the  s ig n a l d e tec tio n  component of 

the  d u a l-ta sk  were s im ila r  to  those used by H illy a rd , S qu ires, Bauer 

and Lindsay (1971). Continuous white no ise (5kHz bandwidth) generated 

by a DAWE type 419 white no ise  generato r was p resen ted  b in au ra lly  

over headphones (AKG type K140S). The loudness o f the  white no ise 

was ad justed  to  60dB SPL as measured a t a d is tan ce  o f one inch from 

the  headphone cushion by a 1 inch Bruel and Kjaer microphone and 

measuring am p lifie r (Bruel and K jaer, type 2608). On s ig n a l t r i a l s ,  

a com puter-generated pu lse  a c tiv a te d  gating  c i r c u i try  which enabled 

a IkHz tone (generated by a Gould Advance o s c i l la to r )  to  mix with the 

w hite no ise fo r  50mS. Only one s ig n a l occurred on any given s ignal 

t r i a l  a t  a constant s ig n a l in te n s i ty  o f 41dB SPL. P ilo t  s tu d ie s  

had found th is  in te n s i ty  to  r e s u l t  in  approximately 80% co rrec t 

s ig n a l d e te c tio n , which was co n s is ten t w ith d e tec tio n  ra te s  reported  

by H illy ard  e t  al .  (1971) a t  s im ila r  in te n s i t ie s .  Subjects were to ld  

th a t  s ig n a ls  would occur on only h a lf  of the  t r i a l s ,  and th a t  the 

s ig n a l would be p resen ted  a t  any time w ith in  the  2 second t r i a l  

period .

At the end o f every t r i a l ,  su b jec ts  were requ ired  to  in d ica te  

whether o r not a s ig n a l had been presented  during th a t  t r i a l  by p ressing  

one key on the C ifer keypad with the  index f in g e r of th e i r  l e f t  hand 

fo r  ’No S ig n a l’ , or a second, ad jacen t key with the middle f in g e r of 

th e i r  l e f t  hand fo r  ’S ig n a l’ .

2 .4 .3  Experimental design

For each block of 96 t r i a l s ,  l e t t e r - p a i r s  were generated from 

a population  of f i f te e n  l e t t e r s ,  f iv e  vowels (A E I 0 U) and ten  

consonants ( B C D G K N P Q T V ) .  L e tte r -p a irs  were generated
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randomly with the  c o n s tra in ts  th a t  32 t r i a l s  conformed to  each l e t t e r -  

match cond ition , and th a t  w ith in  each cond ition , vowels and consonants 

occupied f i r s t  and second l e t t e r  p o s itio n s  an equal number of tim es.

H alf o f th e  t r i a l s  in  each le tte r-m a tch  condition  were s ig n a l t r i a l s  and 

h a lf  were non-signal t r i a l s .

Although su b jec ts  were to ld  th a t  a s ig n a l could occur a t any time 

during a t r i a l ,  s ig n a ls  were p resen ted  equally  o ften  in  one o f e igh t 

d is c re te  lOOmS s ig n a l windows, corresponding to  e ig h t s ig n a l 

co nd itions. These windows were 100-200mS, 548-648mS, 1048-1148mS, 

1200-1300mS, 1348-1448mS, 1548-1648mS, 1700-1800mS and 1848-1948mS, 

timed from the  s t a r t  o f each t r i a l .  Within each window, th e  onset 

o f th e  s ig n a l occurred a t  one o f 25 tim e-p o in ts , spaced 4mS a p a rt.

The p re c ise  tim ing o f s ig n a ls  w ith in  a p a r t ic u la r  window was randomly 

determined according to  a rec tan g u la r d is t r ib u t io n ,  so th a t  over 25 

t r i a l s ,  a s ig n a l was p resen ted  a t  each o f th e  25 tim e-p o in ts . Thus, 

s ig n a l d e tec tio n  performance during any s ig n a l cond ition  rep resen ted  

mean performance over a lOOmS time in te rv a l.

The onset o f aud ito ry  s ig n a ls  was staggered  w ith re sp ec t to  

v isu a l ta sk  s tim u li in  order to  p a r t ia l ly  tim e-unlock au d ito ry  event- 

re la te d  a c t iv i ty  from v isu a l ev e n t-re la te d  a c t iv i ty  when t r i a l s  were 

averaged across each s ig n a l cond ition . This s taggering  procedure i s  

c ru c ia l to  two o f th e  methods o f analyses to  be p resen ted  and w ill  be 

discussed fu r th e r  in  Chapters 4 and 5.

Figure 2.2 i l l u s t r a t e s  the  e ig h t temporal windows during which 

th e  onset of the 50mS sig n a l could occur, and th e  temporal r e la t io n s h ip  

between v isu a l and aud ito ry  events. The near-sim ultaneous onset o f 

v isu a l and aud ito ry  s tim u li i s  evident from th is  diagram, w ith th e  

in te rv a l between the  onset o f a v isu a l and an aud ito ry  stim ulus being 

as sh o rt as 48mS on some t r i a l s .
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Within each block o f t r i a l s  an equal number o f s ig n a ls  

was presen ted  w ith in  each s ig n a l window, a t each lev e l o f  v isu a l 

le tte r-m a tch . Table 2.1 shows the design o f one block o f  d u a l-ta sk  

t r i a l s .  The ordering  o f le tte r-m a tch  t r i a l s ,  the o rdering  o f s ig n a l 

d e tec tio n  t r i a l s  and the ordering  o f s ig n a l conditions were randomised 

over each block, and the random isation sequences were unique fo r  

every block o f t r i a l s  and fo r  every su b jec t.

All su b jec ts  worked through a to t a l  o f  25 blocks o f d u a l-ta sk  

t r i a l s  over th re e , 3hr sessions which were held  on consecutive days. 

E ight blocks o f t r i a l s  were p resen ted  during both sessions one and 

two, and nine blocks o f  t r i a l s  were presen ted  during session  th re e . 

Subjects in i t i a t e d  the s t a r t  o f each block o f t r i a l s  by p ress in g  the 

re tu rn  key on the C ife r keypad, and were encouraged to  r e s t  fo r  a few 

minutes between each t r i a l  block.

O verall, su b jec ts  received  1200 s ig n a l t r i a l s  (50 s ig n a ls  w ith in  

each s ig n a l window, a t  each lev e l o f v isu a l le tte r-m a tc h ; 50 x 8 x 3 = 

1200 t r i a l s )  and 1200 non-signal t r i a l s  (400 t r i a l s  a t  each le v e l o f 

v isu a l le tte r-m a tc h ) . Of the 50 s ig n a ls  p resen ted  w ith in  each s ig n a l 

window, 2 s ig n a ls  were p resen ted  a t  each o f the 25 time p o in ts  w ith in  

the lOOmS staggering  in te rv a l .

The experim ental design was thus a w ith in -su b je c t, two-way 

f a c to r ia l  design, the fa c to rs  being: 'le tte r -m a tc h  catego ry ' (physical 

match (PM), ru le  match (RM) and mismatch (MM)); and ' s ig n a l co n d itio n ' 

(s ig n a l conditions 1-8, and no s ig n a l) . There was a to t a l  o f 24 

experim ental or 'd u a l- ta s k ' conditions (8 s ig n a l conditions a t  each 

o f 3 lev e ls  o f le tte r-m a tc h ) , and 3 con tro l or 's in g le - ta s k ' 

conditions (1 a t each lev e l o f  le tte r-m a tch  when no s ig n a l was 

p re se n te d ) .
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Table 2 .1 . Design of one block o f Dual-Task t r i a l s .

Dual-Task

V isual Auditory

Letter-m atch
condition

Number of 
t r i a l s

L e tte r  p a irs Signal
condition

Number of 
t r i a l s

Number o f 
t r i a l s  a t 

each s ig n a l 
condition

Type Number o f 
t r i a l s

NS 8 -
V-V 16

S 8 1
PM 32 — — — :----------

NS 8 -
c-c 16

S 8 1

NS 8 _
V-V 16

RM 32
S 8 1

NS 8 -
c-c 16

S 8 1

NS 8 -
v-c 16

32
S 8 1

MM
NS 8 -

c-v 16
S 8 1

PM = Physical match 
RM = Rule match 
MM = Mismatch

V = Vowel 
C - Consonant

NS = No s ig n a l 
S = Signal
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2 .4 .4  In s tru c tio n s  to  su b jec ts

Subjects were in s tru c te d  to  f ix a te  the  warning cross a t i t s  

onset and to  attem pt to  re ta in  th e i r  f ix a tio n  po in t throughout the  

t r i a l .  I f  excessive eyemovements occurred during a t r i a l ,  the  message 

‘PLEASE TRY NOT TO MOVE YOUR EYES' was presented  on the  monitor fo r  

two seconds during th e  follow ing i n t e r - t r i a l - i n t e r v a l .

The importance of th e  v isu a l task  was s tre s se d  (see Section

1.4 of Chapter 1 ), and su b jec ts  were in s tru c te d  to  keep v isu a l task  

e rro rs  to  a minimum and were to ld  th a t  two or th re e  e rro rs  per block 

was an acceptable r a te .  At the end of each t r i a l ,  su b jec ts  f i r s t  

made th e i r  response to  the v isu a l ta sk  by p ressing  one of th re e  keys

w ith th e i r  r ig h t  hand, and then made th e i r  response to  th e  aud ito ry

task  by p ressing  the  ap p ro p ria te  key w ith th e i r  l e f t  hand. Subjects 

were in s tru c te d  to  withhold making th e i r  f i r s t  response u n t i l  SOOmS 

a f te r  the o f fs e t  o f the  second l e t t e r  in  an attem pt to  avoid 

contaminating the EEG with resp o n se -re la ted  motor a c t iv i ty .

Response la te n c ie s  of le ss  than SOOmS were followed by the  warning

'YOU ARE RESPONDING TOO SOON' d isp layed  on the  m onitor fo r  two seconds

in  the  follow ing i n t e r - t r i a l - i n t e r v a l .  Subjects rep o rted  l i t t l e  

d i f f ic u l ty  in  re fra in in g  from responding u n t i l  the  req u ired  in te rv a l  

had elapsed.

At the end o f every block of t r i a l s ,  the  t o t a l  number o f 

in c o rrec t responses made to  th e  v isu a l ta sk , and th e  number o f 'S ig n a l ' 

and 'No S ig n a l' responses given during the  block were d isp layed on th e  

m onitor, in  order to  encourage su b jec ts  to  keep v isu a l ta sk  e rro rs  to  

a minimum and to  make roughly equal numbers of s ig n a l/n o  s ig n a l 

responses.
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2.5 E lec tro p h y sio lo g ica l record ing

The EEG was recorded concurren tly  from two scalp  lo ca tio n s  

throughout the experiment. Recording was monopolar, e le c t r ic a l  a c t iv i ty  

being recorded between an a c tiv e  sca lp  e lec tro d e  and an in a c tiv e  

re fe ren ce  e lec tro d e  which was common to  both channels. An ad d itio n a l 

e lec tro d e  was used to  ground the  su b jec t. V e rtica l eyemovements a lso  

were monitored throughout the  experiment. D eta ils  o f the  recording 

techniques are  given in  the follow ing se c tio n s .

2 .5 .1  A pplication  o f e lec tro d es

2 .5 .1 .1  Active e lec tro d es . M idline C entral (Cz) and P a r ie ta l  (Pz) s i t e s  

were located  according to  th e  *10-20' e lec tro d e  system (Jasp er, 1958; 

see Figure 2 .3 ) , and marked with a chinagraph p e n c il. The e lec trode  

s i t e s  were cleaned by rubbing the  sca lp  w ith co tton  wool soaked in  

acetone, and e lec tro d es  were a ttached  by the follow ing method, described  

by P ic ton , Woods and Proulx (1978). A small hole was cut in  the  cen tre  

o f a 3cm x 3cm pad o f gauze which was placed over the  e lec tro d e  s i t e

and glued in  p o s itio n  with co llod ion  (S pecia lized  Laboratory Equipment). 

The sm all area o f scalp  exposed through the  gauze was gen tly  scratched  

w ith a s t e r i l e  hypodermic needle in  order to  e lim inate  in te rfe ren ce  from 

sk in  p o te n tia l  a r t i f a c t s  and to  minimize in te r -e le c tro d e  impedance 

(P icton  and Hink, 1974). Camjel e lec tro d e  j e l l y  (Cambridge Medical 

Instrum ents) was rubbed in to  the  exposed sca lp , and Beckman Standard 

B iopo ten tia l Ag/AgCl p e l le t  e lec tro d es  were f i l l e d  w ith e lec tro d e  

j e l l y  and attached  to  the  gauze by means o f Beckman double-sided 

adhesive c o l la r s .  A th in  s t r ip  of adhesive p la s te r  was placed over each 

e lec tro d e  and stuck to  the  gauze on e i th e r  s id e .

2 .5 .1 .2  EEG re fe ren ce  e lec tro d e . The area o f sk in  over the  r ig h t 

m astoid process was cleaned with acetone, abraded with a s t e r i l e  needle
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NASION Oz
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MASTOID

Figure 2 .3 . L ateral view of the l e f t  hemisphere, showing 
standard placements of the  ’10-20' e lec tro d e  
system. (A fter Jasp e r, 1958).
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and rubbed with e lec tro d e  j e l l y .  The e lec tro d e  was a ttached  d ire c t ly  to  

th e  sk in  by means o f a double-sided adhesive c o l la r ,  and was fu r th e r  

secured with a s t r i p  o f adhesive p la s te r .  The e le c tro d e , e le c tro ly te  

and adhesive c o lla r  were o f th e  same type as those used a t a c tiv e  

e lec tro d e  s i t e s .

2 .5 .1 .3  Ground e lec tro d e . A 9mm gold d isc  e lec tro d e  (Grass Instrum ents) 

was covered with e lec tro d e  j e l l y  and a ttached  to  th e  l e f t  ear lobe o f 

th e  su b jec t by means o f a p la s t ic  ear c l ip .  This e lec tro d e  was used to  

ground the  su b jec t through th e  record ing  equipment and mains e le c t r i c i ty  

supply.

2 .5 .1 .4  EOG e lec tro d e s . Eyemovements and eyeblinks were monitored by 

continuous record ing  o f the  v e r t ic a l  EOG. Nine m illim etre  Ag/AgCl cup 

e lec tro d es  (S pecia lised  Laboratory Equipment) were po sitio n ed  on the  

upper and lower o rb i ta l  rid g es  o f the  r ig h t  eye, e q u id is ta n t between 

inner and o u ter can th i (P icton e t  at.^ 1978). The e lec tro d e  s i t e s  were 

prepared by rubbing the  area  with a cotton-bud dampened w ith acetone. 

E lectrodes were f i l l e d  w ith iso to n ic  e le c tro ly te  (Johnson and Johnson 

KY J e lly )  and covered with sm all p ieces o f co tton  wool soaked in  5% KCl 

to  reduce drying o f the  e le c tro ly te .  The e lec tro d es  were held  in  

p o s itio n  with th in  s t r ip s  o f adhesive p la s te r .

2 .5 .2  Impedance te s t in g  o f EEG e lec trodes

A fter a s ta b i l i s a t io n  period  o f f i f te e n  m inutes, th e  impedance 

between each ac tiv e  EEG e lec tro d e  and the  re fe ren ce  e lec tro d e  was 

measured a t 20Hz using an impedance meter (S pecia lised  Laboratory 

Equipment). E lectrodes were reap p lied  i f  in te r -e le c tro d e  impedances 

exceeded 5K0 (Goff, 1974). The method of e lec tro d e  ap p lica tio n  

described  above normally re su lte d  in  impedances of le ss  than 2K^.
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2 .5 .3  EEG and EOG recording

Electroencephalograms and the electro-oculogram  were recorded 

on a Grass Model 7 polygraph, f i t t e d  with Model 7DAF d riv e r  

am p lifie rs  (IRIG standard : maximum f u l l  sca le  s ig n a l output lev e l 

1 v o lt RMS). EEG and EOG s ig n a ls  were fed in to  3 channels of the

analogue to  d ig i ta l  converter fo r  o n -lin e  sampling and s ig n a l 

averaging. The two channels of EEG a c t iv i ty  and ap p ro p ria te  

stim ulus markers were recorded a lso  on an FM instrum entation  

recorder (Racal, S tore 4 ) , which provided an o f f - l in e  back-up 

f a c i l i t y .

EEG a c t iv i ty  was am plified  by Grass 7P1 chopper-type 

p rea m p lif ie rs , each having an input impedance of 1 Megohm. Input 

was capacity-coupled with a h a lf  am plitude (50% c u t-o ff)  low frequency 

response o f 0.4Hz (corresponding to  a decay time constan t o f~  0.25 

seconds), and a h a lf  amplitude high frequency response o f 0.5kHz. The 

s e n s i t iv i ty  o f a l l  EEG channels was s e t  a t  50yV/cm. 50Hz notch 

f i l t e r s  were used during a l l  record ing  se ss io n s . The EOG was 

am plified  by a Grass 7P5 capacity-coupled  p ream p lif ie r  having an 

input impedance o f 44 Megohms. The h a lf  am plitude low frequency 

response o f the am p lifie r was s e t  a t  IHz (decay time constant o f 

0.1 seconds) and the  h a lf  am plitude high frequency response was

se t a t 35Hz. The EOG was recorded a t a s e n s i t iv i ty  of 0.5mV/cm.

2 .5 .4  C alib ra tio n

P rio r to  the  commencement of every te s t in g  se ss io n , a l l  

d r iv e r  am p lifie rs  and in d iv id u a l EEG and EOG p ream p lifie rs  were 

c a lib ra te d  using the  in te rn a l c a lib ra tio n  s ig n a ls  o f  the equipment.

The gain of th e  e n tire  am p lifier-averag ing  system was then determ ined 

sep ara te ly  fo r  each channel by sending the  in te rn a l c a l ib ra t io n  s ig n a l
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through the  system and running a computer program which sampled the 

output of the channel a t  250Hz (Goff, 1974). The re su lt in g  d ig i t is e d  

values o f the c a lib ra tio n  s ig n a ls  were used l a t e r  to  determine the  

am plitudes of average ERPs and eyemovements recorded during th a t  

session  (see Section 2 .7 ).

2 .5 .5  Removal and sto rage  o f e lec tro d es

At the end of every record ing  sessio n  e lec tro d es  were removed 

from the su b jec t and immediately washed in  d i s t i l l e d  w ater. A s o f t 

a r t i s t ’s brush was used to  remove e lec tro d e  j e l l y  from e lec tro d e  

c a v i t ie s .  Beckman Ag/AgCl e lec tro d es  were s to red  in  1% s a lin e  

so lu tio n ; o th er e lec tro d es  were s to red  dry.

The collodion-im pregnated gauze was detached from th e  s u b je c t’s 

h a ir  using co tton  wool soaked in  acetone. Excess e le c tro ly te  from EOG 

and ground e lec tro d e  s i t e s  was wiped o f f  w ith co tton  wool and warm 

w ater.

2.6 O n-line sampling, s ig n a l averaging and saving o f EEG and EOG data

F o r tra n -c a lla b le  Real Time Sampling ro u tin es  were used to

co n tro l the analogue to  d ig i ta l  conversion o f p h ysio log ica l d a ta . Each 

channel o f  EEG a c t iv i ty  was sampled a t a r a te  o f 250Hz, which was 

s u f f ic ie n t  to  provide adequate re so lu tio n  o f ev e n t-re la te d  a c t iv i ty  

and to  avoid s ig n if ic a n t  a l ia s in g  (Vaughan, 1974). The lower frequency

EOG a c t iv i ty  was sampled a t  a r a te  o f 50Hz.

EEG and EOG sampling always commenced 500mS p r io r  to  the 

s t a r t  o f every t r i a l ,  and continued fo r 3.5 seconds. Relevant sec tio n s  o f 

th ese  3.5 second epochs were then averaged in to  da ta  f i l e s  during 

the  follow ing i n t e r - t r i a l - i n t e r v a l ,  and saved fo r fu r th e r  an a ly s is .

A d e sc rip tio n  o f the  manner in  which EEG and EOG data  were saved is  

provided in  Section  2 .6 .2  below.
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2 .6 .1  C r i te r ia  fo r saving EEG and EOG data

Two c r i t e r i a  had to  be s a t i s f ie d  fo r  ph y sio lo g ica l d a ta  to  be 

saved a t the  end of a t r i a l .  The f i r s t  requ ired  th a t  the  su b jec t had 

responded c o rre c tly  to  both the v isu a l le tte r-m atch in g  ta sk  and the 

aud ito ry  s ig n a l d e tec tio n  ta sk . Following every t r i a l ,  a computer 

check was made to  determ ine i f  th e  su b jec t had responded c o r re c tly  to  

both elements o f the d u a l- ta sk . I f  an in c o rrec t response had been 

given, physio log ica l da ta  were not saved fo r  th a t  t r i a l .  This c r i te r io n  

was imposed in  order to  minimize th e  variance of averaged ERPs, as the  

morphology o f th e  ERP has been shown to  r e f le c t  th e  co rrec tn ess  and/or 

c e r ta in ty  of decisions made about the  evoking ta sk  stim ulus (e .g .

H illy ard  e t  al .  1971; S qu ires, H illy a rd  and Lindsay, 1973). The 

importance of th is  c r i te r io n  fo r  the  accurate  estim ation  o f overlapping 

ERP components is  d iscussed in  Chapter 4.

The mean percentage o f in c o rre c t le tte r-m a tch  responses and the  

mean percentage of in co rre c t s ig n a l d e tec tio n  responses were found to  

be 1.3% and 22% re sp e c tiv e ly , averaged across a l l  experim ental 

conditions and a l l  su b je c ts .

The second c r i te r io n  fo r  ph y sio lo g ica l d a ta-sav ing  was th e  

absence o f excessive eyemovements during the  t r i a l .  The computer t e s t  

fo r  eyemovements was c a rr ie d  out during the  i n t e r - t r i a l - i n t e r v a l ,  and 

consis ted  o f a comparison between d ig i t is e d  EOG values recorded 80mS ap art 

(4 sample in te r v a ls ) . An eyemovement was deemed to  have occurred i f  th e  

d iffe ren ce  between these  values exceeded 100 computer u n its  (corresponding 

to  approxim ately 200yV). This c r i te r io n  was found to  be e f fe c t iv e  in  

id e n tify in g  gross eyemovements w ithout p lacing  undue s tr e s s  on th e  su b je c t. 

Successive comparisons of EOG values were made every 40mS over a window 

of 2.6 seconds. The t e s t  was s ta r te d  400mS a f te r  the  onset o f th e  f ix a tio n  

c ro ss , to  allow fo r i n i t i a l  eye f ix a tio n  by th e  su b je c t, and ended 1 second
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a f te r  th e  o f fs e t  o f th e  l a s t  v isu a l even t, thereby covering the 

response phase o f the t r i a l .  Following th e  d e tec tio n  of one or more 

eyemovements, a warning message was presen ted  to  the  su b je c t, and 

ph y sio lo g ica l da ta  were d iscarded  fo r  th a t  t r i a l .  Excessive eyemovements 

were de tec ted  on 4.0 _+ 4.6% of t r i a l s ,  averaged across a l l  su b je c ts .

The la rg e  standard  d ev ia tio n  asso c ia ted  w ith th is  mean r e f le c ts  

d iffe ren ce s  in  in d iv id u a l s u b je c ts ’ a b i l i t i e s  to  co n tro l th e i r  

eyemovements and eyeb links.

P ilo t  t e s t s  showed th e  r e l i a b i l i t y  o f th e  eyemovement t e s t  to  

be high , but as an a d d itio n a l p recau tion  the  EOGs recorded on non­

re je c te d  t r i a l s  were averaged to g e th e r by ta sk  condition  and 

saved fo r  o f f - l in e  in sp ec tio n . No evidence o f excessive eyemovements 

was apparent from th ese  tra c e s  (see Section 2 .9 ).

2 .6 .2  EEG and EOG da ta  saving

I f  both o f th e  above c r i t e r i a  were s a t i s f ie d ,  re lev an t sec tio n s  

o f the  d ig i t is e d  EEG and EOG d a ta  were averaged in to  ap p ro p ria te  da ta  

f i l e s  according to  cond ition  o f ta sk  and e lec tro d e  placem ent. These 

sec tio n s  o f d a ta  always contained SOOmS of p re-stim u lus a c t iv i ty  which 

was subsequently used to  determ ine th e  i s o e le c tr ic  ’zero ' or b ase lin e  of 

averaged responses (see Section  2 .7 ). A d e sc rip tio n  o f th e  tim ing and 

leng th  o f  EEG and EOG epochs saved i s  provided below and i s  summarised 

in  Table 2 .2 .

On a l l  s ig n a l t r i a l s ,  four stim ulus events occurred. These were 

th e  th re e  v isu a l even ts, c o n s is tin g  o f th e  f ix a tio n  c ro ss , f i r s t  l e t t e r  

and second l e t t e r ,  and th e  s in g le  aud ito ry  s ig n a l presen ted  w ith in  one 

o f th e  e ig h t s ig n a l windows. D ig itised  EEG da ta  recorded over these  

t r i a l s  were saved in  two ways. F i r s t ly ,  the  da ta  were averaged and saved 

so th a t  tra c e s  were tim e-locked to  the  v isu a l events o f the  ta sk . Data
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saving commenced SOOmS p r io r  to  the  onset o f the f ix a tio n  cross and 

continued fo r 3 seconds. These epochs were then averaged in to  data  

f i l e s  according to  e lec tro d e  placem ent, v isu a l le tte r-m a tch  condition  and 

s ig n a l cond ition . In th is  way a to t a l  o f fo r ty -e ig h t separa te  ’v is u a l ’ 

averages was saved fo r each su b jec t. Each average was based on a to ta l  

o f  up to  50 t r i a l s  and rep resen ts  a c t iv i ty  tim e-locked to  the  v isu a l 

events o f the task  p lus any tim e-unlocked or ’s tag g e red ’ a c t iv i ty  

asso c ia ted  with the  p re se n ta tio n  o f aud ito ry  s tim u li over the  lOOmS 

s ig n a l window.

Secondly, d a ta  were averaged and saved so th a t  tra c e s  were tim e- 

locked to  the aud ito ry  events o f a p a r t ic u la r  cond ition . Data saving 

commenced 500mS p r io r  to  th e  onset o f  the  aud ito ry  stim ulus and la s te d  

fo r  1.5 seconds. These d a ta  s im ila r ly  were averaged in to  da ta  f i l e s  

according to  e lec tro d e  placem ent, le tte r-m a tch  condition  and s ig n a l 

co n d itio n . A to ta l  o f  fo r ty -e ig h t ’a u d ito ry ’ averages was saved fo r 

each su b je c t, each average based on a to ta l  o f up to  50 t r i a l s .  I t  

should be s tre s se d  th a t  th ese  l a t t e r  averages were tim e-locked to  th e  

onset o f the  au d ito ry  s tim u li .  That i s ,  fo r  a p a r t ic u la r  s ig n a l condition , 

d a ta  saving commenced a t  p re c ise ly  500mS p r io r  to  the  onset o f every 

au d ito ry  stim ulus p resen ted  w ith in  the  lOOmS window, and these  data  were 

averaged so th a t  the  time o f onset of th e  aud ito ry  s tim u li was coincident 

across a l l  reco rds. The r e s u lt in g  averages, th e re fo re , rep resen t a c t iv i ty  

evoked by the  aud ito ry  s tim u li p lus any tim e-unlocked or ’s tag g ered ’ 

a c t iv i ty  a sso c ia ted  w ith the  onset or o f fs e t  o f one or more v isu a l events 

th a t  occurred during th e  1.5 second epoch. The e s se n tia l  po in t to  note 

is  th a t  corresponding averages in  both s e ts  o f ’v is u a l ’ and ’au d ito ry ’ 

records a re  generated from id e n tic a l  d a ta . They d i f f e r  only in  the  onset 

o f d a ta  saving and th e  du ra tio n  o f the  epoch saved.
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On non-signal t r i a l s ,  EEG data  again were co lle c te d  in  two ways. 

F i r s t ly ,  da ta  saving was tim e-locked to  the  v isu a l events of each t r i a l*  

These epochs commenced SOOmS p r io r  to  th e  onset o f the  f ix a tio n  cross and 

continued fo r  3 seconds. The da ta  were then averaged according to  

e lec tro d e  placement and le tte r-m a tch  cond ition . A to ta l  o f s ix  averages 

was saved, each o f which was derived from a maximum of 400 t r i a l s .  These 

averages w ill  be re fe r re d  to  as 'pu re  v is u a l ' averages as they rep resen t 

tim e-locked v isu a l a c t iv i ty  recorded in  th e  absence o f aud ito ry  ta sk  

s tim u li.

Secondly, th e  same data  were used to  derive  a s e r ie s  o f 's tag g ered  

pure v is u a l ' averages. For th ese  averages, da ta  saving commenced a t  one 

o f 25 sample in te rv a ls  between 500 and 400mS p r io r  to  the  onset o f th e  

f ix a tio n  c ro ss , and continued fo r  3 seconds. The onset o f d a ta  saving 

was randomly determined over th e  lOOmS in te rv a l ,  w ith the  c o n s tra in t th a t  

saving commenced a t  each time po in t an equal number o f tim es. These 

da ta  were averaged according to  e lec tro d e  placement and le tte r-m a tch  

condition  and a to ta l  of s ix  averages was saved, each based on a maximum 

o f 400 t r i a l s .  These staggered  pure v isu a l averages, th e re fo re , s im ulate  

th e  v isu a l component o f those averages recorded tim e-locked to  au d ito ry  

s tim u li over s ig n a l t r i a l s .

EOG da ta  saving always commenced 500mS p r io r  to  the  onset o f th e  

f ix a tio n  cross and continued fo r  3 seconds. EOG da ta  were averaged and 

saved sep a ra te ly  fo r  each ta sk  co n d itio n , and a to t a l  o f tw enty-seven 

EOG averages was computed fo r each su b jec t. Twenty-four o f th ese  

averages rep resen t EOG a c t iv i ty  during d u a l-ta sk  s ig n a l t r i a l s ,  

recorded sep a ra te ly  fo r  each le tte r-m a tc h  condition  and each s ig n a l 

cond ition . These averages are  based on a to ta l  o f up to  50 t r i a l s .

Three averages were recorded over non-signal t r i a l s ,  one corresponding to  

each le tte r-m a tch  cond ition . Each o f th ese  l a t t e r  averages i s  derived 

from a maximum o f 400 t r i a l s .
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2.7 E lec tro p h y sio lo g ica l da ta  condition ing

The analogue to  d ig i ta l  conversion of EEG and EOG a c t iv i ty  

y ielded  d ig i t is e d  values w ith in  the  range o f 1 to  4096 computer u n i ts ,  

w ith zero vo ltage rep resen ted  by the  value of 2048. To allow 

meaningful q u a n tif ic a tio n  and comparison of EEG and EOG averages, 

two transfo rm ations were applied  to  a l l  reco rds.

The f i r s t  transfo rm ation  involved su b trac tin g  the  mean 

prestim ulus a c t iv i ty ,  recorded over the  i n i t i a l  SOOmS p erio d , from 

every value in  the record . For EEG averages, the  mean prestim ulus 

lev e l was ca lcu la ted  from the f i r s t  125 samples o f each record ; 

fo r  EOG averages th is  value was derived from the  f i r s t  25 samples.

The transfo rm ation  removed any o f fs e t  from a d ig i ta l  

value o f zero due to  small b iase s  in  the  EEG and EOG am p lifica tio n  

system s, provided an i s o e le c tr ic  b ase lin e  ag a in st which ERP am plitudes 

and eyemovements could be measured, and ad justed  averages to  an 

o v e ra ll mean approaching zero (Buchsbaum and Coppola, 1974, p . 233).

The second transfo rm ation  scaled  EEG and EOG averages according 

to  the gain o f the  am p lifica tio n  system, and converted the  d ig i t is e d  

values to  m icrovolt eq u iv a len ts . This was achieved by m ultip ly ing  

each value in  a record  by an ap p rop ria te  sca lin g  fa c to r  determined 

during the  c a lib ra tio n  procedure conducted a t the  s t a r t  o f every 

recording  session  (see Section 2 .5 .4 ) . For every su b jec t, averages 

recorded over each o f the  th re e  experim ental sessions were saved 

se p a ra te ly , and the above transfo rm ations were applied  using the 

re sp ec tiv e  c a lib ra tio n  fa c to rs  obtained a t the s t a r t  o f the session .

The th ree  s e ts  of records were then averaged to g e th er to  provide 

'o v e ra ll*  averages fo r each su b jec t.
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Following the  data  condition ing  described above, a l l  e le c tro -  

physio log ica l da ta  were tra n s fe rre d  to  a Univac 1100/82 a t the 

A ustra lian  N ational U n iversity , Canberra, fo r  hard copy d a ta  p lo t t in g  

and fu r th e r  analysis.

2.8 E lec tro p h y sio lo g ica l da ta  p lo t t in g

P lo t f i l e s  were generated using a lo c a lly -w ritte n  l ib ra ry  o f 

F ortran - c a lla b le  p lo tt in g  subroutines (the PLOTLIB package). These 

f i l e s  were then copied onto magnetic tape  and p lo tte d  on a Calcorap 960 

electrom echanical p lo t te r  in te rfa c e d  with a Calcomp 925 c o n tro lle r .

The p o la r i ty  convention used in  a l l  p lo ts  i s  negative up. Upward 

d e fle c tio n  o f EEG tra c e s  s ig n if ie s  n e g a tiv ity  a t th e  a c tiv e  e lec tro d es  

w ith re sp ec t to  the refe ren ce  e lec tro d e , and upward d e f le c tio n  o f EOG 

tra c e s  s ig n if ie s  n e g a tiv ity  a t  the  lower o rb ita l  lead w ith re sp ec t to  

the  upper o rb i ta l  lead ( i . e .  an upward eyemovement). Table 2.3 provides 

a key to  a l l  f ig u res  presen ted  throughout th is  th e s is  which d ep ic t p lo ts  

of average waveforms.

2.9 P relim inary  r e s u l ts

The e lec tro p h y sio lo g ica l da ta  to  be presented  rep resen t 

group d a ta , averaged across a l l  su b je c ts . The to ta l  number o f t r i a l s  

co n trib u tin g  to  these  averages i s  given in  Table 2 .4 . A ll averages 

recorded under a p a r t ic u la r  d u a l-ta sk  condition  are  based on an id e n tic a l  

number o f t r i a l s .  For example, a t o t a l  o f f iv e  group averages was derived  

from data  recorded under the  n o n -sig n a l, physica l match cond ition  o f th e  

d u a l-ta sk . These a re : the  pure v isu a l averages recorded from both the  

Cz and the Pz placem ents, th e  staggered  pure v isu a l averages recorded 

from both the  Cz and Pz placements and the  EOG average recorded tim e- 

locked to  the v isu a l events o f the  ta sk . As in d ica ted  in  Table 2 .4 , 

a l l  o f these  averages are based on a to t a l  o f 3619 t r i a l s .
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Table 2 .3 . Key to  Figures dep ic ting  average waveforms.

Cz : C entral e lec tro d e  placement 0 : No aud ito ry  s ignal

Pz : P a r ie ta l  e lec tro d e  placement 1-8 : Auditory s ig n a l conditions

EOG : Electro-oculogram HH : Auditory s ig n a l window

PM : P hysical match condition V : F ixation  cross onset window

RM : Rule match condition Y : F i r s t  l e t t e r  onset window

MM : Mismatch condition Y
l—1

2off

: Second l e t t e r  onset window 

: Second l e t t e r  o f f s e t  window

Table 2.4 . Number o f t r i a l s  co n trib u tin g  to  average waveforms

§
•H4->
•H

i
a

•HCO

L e tte r  match condition

Physical Rule Mis
match match match

8 397 398 408

7 416 425 444

6 431 447 432

5 406 413 412

4 437 440 420

3 458 432 445

2 401 387 381

1 399 403 409

No
sig n a l

3619 3540 3487
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Figure 2.4 d ep ic ts  group averages recorded from Cz, Pz and 

EOG leads a t each lev e l o f le tte r-m atch  over non-signal t r i a l s .

A ll averages are tim e-locked to  the v isu a l task  s tim u li. Each EEG 

average shows th ree  d is t in c t  ERPs: the f i r s t  a sso c ia ted  w ith the onset 

o f the f ix a tio n  cross a t  zero seconds, the second asso c ia ted  w ith 

the onset o f the f i r s t  l e t t e r  a t  1 second, and the th i rd  asso c ia ted  

with the onset o f the second l e t t e r  a t  1.5 seconds. ERPs recorded 

from Cz and Pz placements show morphological d iffe ren ce s ; however, 

w ith in  each placem ent, the amplitudes and la te n c ie s  o f ERPs to  the 

f ix a tio n  cross and f i r s t  l e t t e r  are almost id e n t ic a l .  D ifferences 

asso c ia ted  w ith the th ree  conditions o f the v isu a l le tte r-m a tch in g  

task  become apparent only follow ing the onset o f the second l e t t e r ,  

when a large amplitude la te  p o s itiv e  wave (P^) d is tin g u ish es  the 

physica l match condition  from the ru le  match and mismatch co nd itions.

Averaged EOG a c t iv i ty ,  p resen ted  in  the lower p o rtio n  o f 

Figure 2 .4 , in d ica te s  the occurrence o f small v e r t ic a l  eyemovements, 

but no system atic e f fe c ts  which could d i f f e r e n t ia l ly  contaminate EEGs 

recorded over the th ree  le tte r-m atch  conditions are apparent.

Figure 2.5 shows the s ix  staggered pure v isu a l averages recorded 

over non-signal t r i a l s .  The mean time o f onset o f the f ix a tio n  cross

is  in d ica ted  a t  time zero seconds. I t  i s  c le a r  from these tra c e s  th a t

staggering  over a lOOmS in te rv a l f a i l s  to  e lim inate  v isu a l event-

re la te d  a c t iv i ty .  This find ing  is  not su rp ris in g  as the in te rv a l  used

i s  e f fe c tiv e  only in  removing frequencies down to  about lOHz 

(Ruchkin, 1965; see a lso  Section 1.3 o f Chapter 1). The s taggering  

procedure, th e re fo re , produces the e f fe c t  o f  a low pass f i l t e r  which
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removes high frequency components, bu t f a i l s  to  f i l t e r  out low 

frequency a c t iv i ty  which c h a rac te r ise s  the la te  components o f the 

ERP. These staggered pure v isu a l averages, however, can be used to  

assess  the ex ten t o f the ’v isu a l contam ination’ in  those averages 

recorded tim e-locked to  the aud ito ry  s tim u li over s ig n a l t r i a l s  

(see Chapter 3).

F igures 2.6 to  2.20 show group averages recorded over dual-task  

s ig n a l t r i a l s .  These f ig u res  are p resen ted  in  th ree  s e ts ,  each 

s e t  corresponding to  data  co lle c ted  over one o f the th re e  lev e ls  

o f v isu a l le tte r-m a tch . The follow ing d esc rip tio n  re fe r s  to  those 

d a ta  recorded during physica l match t r i a l s ,  p resen ted  in  Figures 

2.6 to  2 .10. This d esc rip tio n  i s  equally  app licab le  to  those data  

recorded during the ru le  match condition  o f the v isu a l task  (Figures 

2.11 to  2.15) and the mismatch condition  o f the v isu a l task  (Figures 

2.16 to  2 .20).

Figure 2.6 shows group averages recorded from the Cz lead during 

ph y sica l match t r i a l s ,  and tim e-locked to  v isu a l task  s tim u li. The 

e ig h t averages correspond to  those data  recorded under each o f the 

e ig h t s ig n a l cond itions, w ith the b a r under each tra c e  in d ic a tin g  the 

s ig n a l window fo r  th a t  cond ition . ERPs asso cia ted  w ith the th ree  

events o f the v isu a l task  can be id e n tif ie d  in  these tra c e s . However, a 

b ip h asic  waveform, d isp lay ing  varying degrees o f overlap w ith v isu a l ERPs 

a lso  i s  evident in  each tra c e . Each average, th e re fo re , co n s is ts  

o f  tim e-locked v isu a l e v e n t-re la te d  a c t iv i ty  p lus the p a r t ia l ly  time- 

unlocked aud ito ry  ev e n t-re la te d  a c t iv i ty ,  s ta r t in g  some time a f te r  the 

onset o f  the f i r s t  v isu a l event. Figure 2.7 shows the same data  

recorded tim e-locked to  the onset o f aud ito ry  s tim u li, which occur a t
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r- 0 . 5 0  0 .0 0 0 . 5 0  1 ,00
SECONDS

1 .50 2 .0 0 2 . 5 0

F ig u re  2 .6 . T im e-locked  v is u a l  av e rag es  re c o rd e d  from  th e  Cz le a d  u n d er
th e  p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .7 .  T im e-locked  a u d i to ry  av e rag es  re c o rd e d  from  th e  Cz le a d  u n d er
th e  p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .8 .  T im e-locked  v is u a l  av e rag es  re c o rd e d  from  th e  Pz le a d  u n d er
th e  p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .9 .  T im e-locked  a u d i to ry  av e rag es  re c o rd e d  from th e  Pz le a d  u nder
The p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 0 . EOG av erag es  re c o rd e d  u nder th e  p h y s ic a l  m atch c o n d i t io n  o f
d u a l - ta s k  s ig n a l  t r i a l s .



52

+
HH

+

0 . 5 0  o lo o .5 0  1 .00
SECONDS

1 .5 0  2 .0 0  2 .5 0

F ig u re  2 .1 1 . T im e-locked  v is u a l  av e ra g es  re c o rd e d  from  th e  Cz le a d  under
th e  r u le  m atch c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 2 . T im e-locked  a u d i to ry  av e rag es  re c o rd e d  from  th e  Cz le a d  u n d er
th e  r u le  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 3 . T im e-locked  v is u a l  av e ra g es  re c o rd e d  from  th e  Pz le a d  under
th e  r u le  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 4 . T im e-locked  a u d i to ry  av e rag es  re c o rd e d  from  th e  Pz le a d  u n d er
th e  r u le  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 6 . T im e-locked  v is u a l  av e ra g es  re c o rd e d  from  th e  Cz le a d  u n d e r
th e  mismatch c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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F ig u re  2 .1 9 . T im e-locked  a u d i to ry  av e ra g es  re c o rd e d  from  th e  Pz le a d  under
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zero seconds. The bars under each tra c e  in d ic a te  th e  lOOmS windows 

during which the  onset or o f f s e t  o f v isu a l ta sk  s tim u li occur w ithin  

th e  1.5 second epochs. Unwanted a c t iv i ty  s im ila r ly  i s  evident in  th ese  

tr a c e s ,  th is  time asso c ia ted  with the  v isu a l events of the  ta sk .

Equivalent d a ta , recorded from th e  Pz lead are  shown in  Figures

2.8 and 2 .9 . The amplitude of aud ito ry  ERPs i s  somewhat reduced in  

th ese  tra c e s ,  which i s  c o n s is ten t w ith s tu d ie s  o f scalp  d is tr ib u tio n  

which show th e  au d ito ry  ERP to  be maximal a t the  Cz placement (e .g . 

P ic ton , H illy a rd , Krausz and Galambos, 1974; Snyder, H illy ard  and 

Galambos, 1980). '

Figure 2.10 shows EOG a c t iv i ty  recorded during th e  e ig h t s ig n a l 

conditions over physica l match t r i a l s  and tim e-locked to  the  v isu a l 

events o f th e  ta sk . A ll tra c e s  are  s im ila r  in  form and show no 

evidence o f eyemovements which might d i f f e r e n t ia l ly  contaminate EEG 

averages recorded under d if fe re n t  experim ental cond itions.

2.10 Discussion

The d u a l-ta sk  experiment provides an example o f a paradigm which 

involves the c lo se  temporal p re sen ta tio n  o f v isu a l and aud ito ry  

s tim u li w ith the consequence th a t ,  under most experim ental cond itions, 

ERPs e l i c i t e d  by s tim u li in  one m odality overlap components o f  ERPs 

e l i c i t e d  by s tim u li in  the o th er m odality.

The f i r s t  s tep  towards sep ara tin g  out th ese  overlapping waveforms 

was to  s tagger the  p re se n ta tio n  o f aud ito ry  s tim u li with re sp ec t to  

v isu a l s tim u li over a window o f lOOmS, a t in te rv a ls  of 4mS. This 

staggering  procedure allowed two averages to  be generated from the  same 

d a ta , each average co n s is tin g  o f a wanted, tim e-locked response plus an 

unwanted, p a r t ia l ly  tim e-unlocked response.
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The two averages may be rep resen ted  th u s :-

Ry = V + f(A) {2.1}

R = A + /(V ) {2.2}

where: R is  th e  average recorded tim e-locked to  th e  v isu a l s tim u li,

R is  th e  average recorded tim e-locked to  th e  aud ito ry

stim u li,

V i s  the  id e a lise d  v isu a l response,

A is  the  id e a lise d  aud ito ry  response and

f  i s  the  function  app lied  through th e  s taggering  procedure.

The method o f stim ulus p re sen ta tio n  and d a ta  c o lle c tio n  allows 

the  unwanted responses, rep resen ted  by f(A) and f(V) in  th e  above 

equations, to  be defined p re c ise ly . Each takes th e  form o f the  

id e a lise d  response, A or V, a f te r  i t  has been passed through a 

'running* or 'moving* average d ig i ta l  f i l t e r .

I f  we assume th a t  th e  id e a lise d  v isu a l response and the  

id e a lise d  aud ito ry  response remain in v a ria n t over successive t r i a l s  

o f a p a r t ic u la r  d u a l-ta sk  co nd ition , then in  general each element of 

the  output v ecto r contain ing  /(A) and /(V) can be defined num erically  

as follow s:

= {2.3}

n=0

= / ( i )  = k  " " V  ( 2 - 4 )
n=0

where y i s  the  output vec to r con tain ing  the function  o f A o r V and 

N i s  the  number of samples over which staggering  takes p lace , 

in  th is  case N = 25.
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Each element of the output v ec to r, y, th e re fo re  contains the  

average of tw en ty -five  elements o f the  ’id e a l is e d ’ aud ito ry  or v isu a l 

inpu t v ec to r. The f i r s t  element of the input vec to r co n trib u tin g  to  

successive average values advances through the  time s e r ie s  a t  in te rv a ls  

o f one sample, and so the  average p ro g ressiv e ly  ’moves’ through the  

id e a lis e d  response.

More form ally the  ac tio n  o f such a f i l t e r  can be sp e c ifie d  as 

follow s (Otnes and Enochson, 1972, p .68):

{2.5}1 N-1
^ (i)  N Z ^(n) * ^(i+n) 

n=0

where: x i s  the  input time s e r ie s ,

g i s  the impulse response o f the  f i l t e r ,  

N i s  th e  length  o f the f i l t e r  s e r ie s  and 

y i s  the output v ec to r.

The f i l t e r  c o n s is ts  o f a s e t  o f fixed  w eights, , and the 

process of f i l t e r in g  c o n s is ts  o f determ ining the  sum of products from 

th e  s e t  of f i l t e r  weights and the  input v ec to r. Such a p rocess, termed 

’convolu tion’ , co n s is ts  e s s e n tia l ly  o f c o rre la tin g  one time s e r ie s  with 

ano ther. In the  p resen t case the  f i l t e r  weights are  s e t  to  u n ity  and 

hence g^^^ has been om itted from th e  numerical rep re sen ta tio n s  given in  

equations {2.3} and {2.4}.

The problem in  the fu r th e r  an a ly sis  o f th ese  da ta  i s  to  remove 

th e  running average o f a c t iv i ty  a sso c ia ted  with s tim u li in  one m odality 

from averages recorded tim e-locked to  s tim u li in  the  o th er m odality.

The follow ing chap ter explores the  ways in  which elem entary 

su b trac tio n  techniques can be app lied  to  th is  problem.
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CHAPTER 3: ELEMENTARY SUBTRACTION PROCEDURES
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3.1 In troduction

Elementary su b trac tio n  procedures provide one so lu tio n  to  

the problem of sep ara tin g  out tim e-locked and p a r t ia l ly  tim e-unlocked 

ERPs recorded over s ig n a l t r i a l s  of the d u a l-ta sk  experim ent. The 

use of these  procedures r e s ts  on two major assumptions.

The f i r s t  assumption is  th a t  o f e le c t r ic a l  a d d i t iv i ty  o f the  

tim e-locked and tim e-unlocked waveforms recorded over s ig n a l t r i a l s .  

That i s ,  the  output o f the v isu a l and aud ito ry  ERP generato rs is  

assumed to  sum l in e a r ly  a t  the  s i t e  of the  recording e lec tro d e  

(c f. equations {2.1} and {2 .2}). I f  th is  assumption i s  v a lid , and 

estim ates of /(A) and /(V) are  a v a ila b le , then th ese  unwanted 

responses can be removed from tim e-locked v isu a l and au d ito ry  tra c e s  

by means o f simple su b trac tio n :

V = R - f(A) {3.1}V

A = R  ̂- f(V) {3.2}

Such an estim ate  of /(V) is  av a ilab le  i f  we consider th a t  the

d is to r t io n  due to  /(V) is  sim ulated by the  staggered pure v isu a l

tra ce s  generated from data  c o lle c ted  over non-signal t r i a l s  (Section  

2 .6 .2 ; Figure 2 .5 ). The second assumption, th e re fo re , i s  th a t  fo r  

each lev e l o f v isu a l le tte r-m a tch  the  v isu a l ERPs recorded under 

d u a l-ta sk  conditions (s ig n a l t r i a l s )  are  id e n tic a l  to  v isu a l ERPs 

recorded under s in g le  task  conditions (non-signal t r i a l s ) . This 

assumption is  tenab le  to  the  ex ten t th a t  secondary ta sk  methodology, 

as described  in  Section 1.4 of Chapter 1, is  designed to  assess  the  

a llo c a tio n  of processing capacity  across task s  by m onitoring th e  

p a tte rn  o f secondary task  in te rfe re n c e  when primary ta sk  performance 

is  m aintained a t  some predeterm ined lev e l of speed or accuracy.

As the v isu a l le tte r-m atch in g  ta sk  was presented  to  su b jec ts  as
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the  primary ta sk  (Section 2 .4 .4  o f Chapter 2 ), i t  can be argued th a t 

any ’c o s ts ' asso c ia ted  with th e  in tro d u c tio n  o f the  secondary task  

w ill  be borne by th a t  ta sk , and th a t  m anipulations o f cogn itive  

load w ill  be re f le c te d  by ERPs evoked by secondary ta sk  aud ito ry  

s tim u li r a th e r  than primary ta sk  v isu a l s tim u li .  I f  we accept th is  

p ro p o sitio n  then /(V) can be removed from tim e-locked aud ito ry  tra c e s  

by su b trac tin g  ap p ro p ria te  sec tio n s  of th e  staggered pure v isu a l tra c e s . 

The re s id u a ls  of these  su b trac tio n s  w ill  be th e  id e a lise d  aud ito ry  

responses.

The assumption o f v isu a l response invariance over s ig n a l and 

non-signal cond itions renders the  estim ation  o f id e a lise d  v isu a l 

responses from tim e-locked v isu a l tra c e s  somewhat redundant. However, 

th ese  estim ations w ill  provide a check on v isu a l response 

in variance . Although /(A) was not independently measured during the  

d u a l-ta sk  experim ent, the  r e s u l ta n t  aud ito ry  tra c e s  from equation 

{3.2} may be used to  c a lc u la te  a running average o f th e  aud ito ry  

response. This average can then be su b trac ted  from appropria te  

sec tio n s  o f those tra c e s  recorded tim e-locked to  th e  v isu a l events of 

the  ta sk  over s ig n a l t r i a l s .

The follow ing sec tio n  i l l u s t r a t e s  the  a p p lica tio n  of these  

elem entary su b trac tio n  procedures. The assumptions and problems 

asso c ia ted  w ith the use o f th is  technique are  explored fu r th e r  in  

th is  sec tio n  and in  Section  3 .3 .

3.2 A pplication  o f elem entary su b trac tio n  procedures to  d u a l-ta sk  da ta

The elem entary su b trac tio n  technique i s  i l lu s t r a te d  using those 

averages recorded from th e  Cz placement over physica l match t r i a l s .
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The f i r s t  s tag e  in  the  procedure was to  estim ate th e  id e a lise d  • 

aud ito ry  responses. This requ ired  th a t  sec tio n s  o f the  app rop ria te  

staggered pure v isu a l tra c e  were su b trac ted  from tra c e s  recorded 

tim e-locked to  the  onset of aud ito ry  s tim u li. For purposes of 

i l l u s t r a t io n .  Figure 2.7 is  d up lica ted  as Figure 3 .1 , and shows 

tra c e s  tim e-locked to  the onset o f aud ito ry  s tim u li under the  e igh t 

s ig n a l co nd itions. The running average o f v isu a l a c t iv i ty  can be 

id e n tif ie d  in  these  tra c e s  as occurring  befo re , during and/or 

follow ing a c t iv i ty  asso c ia ted  w ith th e  aud ito ry  s tim u li. Sections 

of the app rop ria te  staggered pure v isu a l average (CzPM) shown in  

Figure 2.5 are p resen ted  in  Figure 3 .2 , w ith each sec tio n  corresponding 

to  a p a r t ic u la r  s ig n a l cond ition . These sec tio n s  were taken from th e  

staggered pure v isu a l tra c e  follow ing an in te rv a l equal to  the  minimum 

time period  between the  onset o f the  f ix a tio n  cross and the  

p re sen ta tio n  o f au d ito ry  s tim u li in  th a t  p a r t ic u la r  s ig n a l cond ition . 

These minimum tim es were: 100, 548, 1048, 1200, 1348, 1548, 1700 and 

1848mS re sp e c tiv e ly  (see Chapter 2, Section 2 .4 .3 ) . Those sec tio n s  o f 

tra c e  corresponding to  s ig n a l conditions 1 to  5 are  a l l  o f 1.5 seconds 

duration  (375 sam ples). Those sec tio n s  corresponding to  s ig n a l 

conditions 6, 7 and 8 are of 1 .45, 1.3 and 1.15 seconds re sp e c tiv e ly , 

being lim ited  by the  time period  over which staggered  pure v isu a l 

averages were saved.

The running average o f v isu a l a c t iv i ty  was removed from tim e- 

locked aud ito ry  tra c e s  by su b trac tin g  corresponding time p o in ts  o f 

th e  staggered pure v isu a l tra c e .  The r e s u l ts  o f th ese  su b trac tio n s  

are  p resented  in  Figure 3 .3 .
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F ig u re  3 .1 .  T im e-locked  a u d i to ry  av e ra g es  re c o rd e d  from  th e  Cz le a d  under
th e  p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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Figure 3 .2 . Sections o f staggered pure v isu a l tra c e  (CzPM) sim ulating  
'v is u a l d is to r t io n ' in  tim e-locked aud ito ry  averages.
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F ig u re  3 .3 .  T im e-locked  a u d i to ry  av e ra g es  (CzPM) fo llo w in g  s u b t r a c t io n
o f  v is u a l  d i s t o r t i o n .
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A comparison of Figure 3.3 w ith Figure 3.1 in d ic a te s  th a t  the  

su b trac tio n  procedure has su ccess fu lly  removed the v isu a l d is to r t io n  

from tim e-locked audito ry  tra c e s . The e f fe c t is  p a r t ic u la r ly  s tr ik in g  

fo r  s ig n a l condition  6 where the  second l e t t e r  onset preceded the  aud ito ry  

s tim u li by 48 - 148mS. Removal o f th e  v isu a l d is to r t io n  has re su lte d  

in  a s ig n if ic a n t  increase  in  the  am plitude o f the aud ito ry  ERP.

The second stage in  the  procedure was to  estim ate  th e  id e a lis e d  

v isu a l response by su b trac tin g  th e  aco u stic  running average from tim e- 

locked v isu a l tra c e s  recorded over s ig n a l t r i a l s .  Figure 3.4 r e p lic a te s  

Figure 2.6 and shows those tim e-locked v isu a l tra c e s  recorded from th e  

Cz placement during physical match t r i a l s .  The running sum o f each 

'id ea lised *  aud ito ry  response shown in  Figure 3.3 was ca lc u la ted  by 

summing the  value a t  each time p o in t w ith the values a t  the  follow ing 

24 time p o in ts , according to  the  algorithm  given below (see a lso  equation 

{2.3}):

N-l=24
f W  = / ( i )  = i  = 1,399 {3.3}

Note th a t  the  output vec to r y is  la rg e r  than the  input v ec to r A, 

and to  allow an estim ation  o f the  f i r s t  and la s t  24 values o f th e  running 

sum, the  v ec to r A was padded out w ith n u lls .  Special treatm ent o f th ese  

values was requ ired  to  produce co rrec t averages. Equations {3.4} to  {3.6} 

spec ify  the  algorithm s used to  ensure app ropria te  no rm alisa tion .

1 24
f W  = / ( i )  = J  A ( i + n )  ^  f 3 . 4 }

1 2“*
= / ( i )  = 25 J o  i  = 25,375 {3.5}
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1 24

= /C i) = 4ôïï: t  j o

Note, however, th a t  accuracy a t the  t a i l s  of th e  output vec to r 

i s  not e s se n tia l  to  the technique and v ec to rs  may be tru n ca ted  to  

ensure the v a l id i ty  o f the  data .

The f i r s t  125 samples of the  ca lcu la ted  running averages were 

d iscarded , as they rep resen ted  a c t iv i ty  over the  SOOmS period  p r io r  

to  the onset o f  the  aud ito ry  s tim u li. The remaining samples were 

padded out w ith n u lls  w ith in  a 3 second epoch to  provide temporal 

correspondence w ith aud ito ry  a c t iv i ty  co n trib u tin g  to  tim e-locked 

v isu a l tra c e s  (see Figure 3 .5 ). The p o in t by p o in t su b trac tio n  o f 

the  running average of aud ito ry  a c t iv i ty  from tim e-locked v isu a l tra c e s  

re su lte d  in  the  'id e a l i s e d ' v isu a l waveforms shown in  Figure 3 .6 , 

numbered 1-8. The lower tra c e  in  th is  f ig u re  rep resen ts  a c t iv i ty  

recorded tim e-locked to  v isu a l s tim u li over non-signal physical 

match t r i a l s  and has been included fo r  purposes o f comparison. Visual 

in sp ec tio n  o f these  tra c e s  in d ic a te s  th a t  the su b trac tio n  procedure 

has su ccess fu lly  removed the  aud ito ry  d is to r t io n  from tim e-locked 

v isu a l tra c e s . Furthermore, the  r e s u lta n t  tra c e s  a l l  c lo se ly  

resemble the pure v isu a l tra c e  recorded over non-signal t r i a l s .

The above procedures were app lied  a lso  to  those da ta  recorded from 

the Pz lead during physica l match t r i a l s ,  and the  re s u l ta n t  'id e a l is e d ' 

averages are shown in  Figures 3.7 and 3 .8 . Figures 3.9 to  3.12 show 

th e  'id e a l is e d ' aud ito ry  and v isu a l averages s im ila r ly  derived from 

tra ce s  recorded from Cz and Pz placements over ru le  match t r i a l s ,  and 

Figures 3.13 to  3.16 show equivalen t da ta  fo r mismatch t r i a l s .  Overlay 1 

shows the  lOOmS windows over which th e  onset and o f fs e t  o f v isu a l task  

s tim u li occurred w ith in  each 1.5 second epoch o f the  aud ito ry  tra c e s .
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F ig u re  3 .4 . T im e-locked  v is u a l  av e rag es  re c o rd e d  from  th e  Cz le a d  u n d er
th e  p h y s ic a l  match c o n d itio n  o f  d u a l - ta s k  s ig n a l  t r i a l s .
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Figure 3 .5 . Running averages o f ’id e a lis e d ' aud ito ry  ERPs (CzPM) 
sim ulating  d is to r t io n  in  tim e-locked v isu a l averages.
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F ig u re  3 .6 .  T im e-locked  v is u a l  av e ra g es  (CzPM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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F ig u re  3 .7 . T im e-locked  a u d i to ry  av e rag es  (PzPM) fo llo w in g  s u b tr a c t io n
o f  v is u a l  d i s t o r t i o n .
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F ig u re  3 .8 .  T im e-locked  v is u a l  av e rag es  (PzPM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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F ig u re  3 .9 .  T im e-locked  a u d i to ry  av e ra g es  (CzRM) fo llo w in g  s u b t r a c t io n
o f  v is u a l  d i s t o r t i o n .
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F ig u re  3 .1 0 . T im e-locked  v is u a l  av e rag es  (CzRM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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F ig u re  3 ,1 1 . T im e-locked  a u d i to ry  av e rag es  (PzRM) fo llo w in g  s u b t r a c t io n
o f  v is u a l  d i s t o r t i o n .
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F ig u re  3 .1 2 . T im e-locked  v is u a l  av e ra g es  (PzRM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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F ig u re  3 .1 3 . T im e-locked  a u d i to ry  av e ra g es  (CzMM) fo llo w in g  s u b tr a c t io n
o f  v is u a l  d i s t o r t i o n .
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F ig u re  3 .1 4 . T im e-locked  v is u a l  av e rag es  (CzMM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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F ig u re  3 .1 5 . T im e-locked  a u d ito ry  av erag es  (PzMM) fo llo w in g
s u b t r a c t io n  o f  v is u a l  d i s t o r t i o n .
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F ig u re  3 .1 6 . T im e-locked  v is u a l  av e ra g es  (PzMM) fo llo w in g  s u b t r a c t io n
o f  a u d i to ry  d i s t o r t i o n .
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and Overlay 2 in d ica te s  the  lOOmS windows over which the  onset of 

aud ito ry  s tim u li occurred with, re sp ec t to  those averages recorded 

tim e-locked to  the v isu a l ta sk  s tim u li. These overlays can be used on 

a l l  f ig u res  showing the ’ id e a l is e d ’ aud ito ry  and v isu a l responses, to  

check th e  adequacy w ith which elem entary su b trac tio n  procedures have 

removed the d is to r t io n  asso c ia ted  w ith the p re sen ta tio n  o f s tim u li in  

the  o th e r m odality.

In order to  assess the  s im ila r i ty  between v isu a l tra c e s  recorded 

over s ig n a l t r i a l s  and pure v isu a l averages recorded over non-signal 

t r i a l s ,  every ’id e a l is e d ’ v isu a l average was su b trac ted  from the pure 

v isu a l average recorded under the  same conditions o f l e t t e r  match and 

e lec tro d e  placement. The re su lt in g  ’d iffe re n c e ’ tra c e s  are shown in  

Figures 3.17 to  3.22. A ll tra c e s  show re s id u a l ’n o is e ’ , and th ere  is  

no evidence o f any system atic  e f fe c t  to  in d ic a te  th a t  v isu a l averages 

recorded over s ig n a l t r i a l s  d i f f e r  from v isu a l averages recorded over 

non-signal t r i a l s .  The use o f Overlay 2 confirms th a t  

these  d iffe ren ce  tra c e s  show no system atic  e f fe c ts  asso c ia ted  w ith the 

onset o f  aud ito ry  s tim u li in  any s ig n a l condition .

3.3 D iscussion

Elementary su b trac tio n  procedures provide one means o f sep ara tin g  

out tim e-locked and p a r t ia l ly  tim e-unlocked a c t iv i ty  recorded during 

the d u a l-ta sk  experiment. I t  w il l  be apparent, however, th a t  

s tag g erin g  the p re sen ta tio n  o f aud ito ry  s tim u li w ith re sp ec t to  v isu a l 

s tim u li i s  no t a necessary  requirem ent i f  elem entary su b trac tio n  

techniques are to  be used to  sep ara te  out overlapping waveforms. The 

su b trac tio n  procedure can be assumed to  work equally  w ell on overlapping, 

tim e-locked responses. Under these  co n d itio n s, tim e-locked v isu a l 

tra c e s  recorded over non-signal t r i a l s  can be su b trac ted  d ire c t ly  from 

the complex waveforms to  y ie ld  the ’id e a l is e d ’ aud ito ry  responses.
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The use o f  elem entary su b trac tio n  procedures hinges on two major 

assumptions. The f i r s t  assumption, th a t o f e le c t r ic a l  a d d i t iv i ty  o f the 

overlapping waveforms, is  no d if fe re n t  from the assumption which 

u n d erlie s  many aspects of ERP research . For example, i t  i s  in h e ren t in  

a l l  summation and averaging procedures used to  improve the  s ig n a l to  

no ise  r a t io  o f recorded ERPs, as i t  i s  assumed th a t  the wanted s ig n a l 

is  accompanied by no ise  which has simply been added to  i t  [see , fo r  

example, Vaughan, 1974, p . 165). I f  the s ig n a l and no ise  combine non- 

a d d itiv e ly , then the s ig n a l reso lved  by the  averaging technique would 

be, to  some degree, a product o f the no ise  which occurred during 

record ing , and not a tru e  rep re sen ta tio n  o f the underlying waveform.

The second assumption necessary  fo r  the  ap p lica tio n  o f elem entary 

su b trac tio n  procedures to  dual task  data  i s  th a t o f  v isu a l response 

invariance over s ig n a l and non-signal t r i a l s  of the  ta sk . Im p lic it in 

th is  assumption is  the fu rth e r  assumption th a t the  v isu a l component o f 

the  complex waveforms remains in v a ria n t to  the lo ca tio n  of th e  aud ito ry  

stim ulus w ith in  the lOOmS staggering  in te rv a l .  As noted above, s tag g e rin g  

the p re sen ta tio n  o f  aud ito ry  s tim u li w ith resp ec t to  v isu a l s tim u li i s  an 

unnecessary requirem ent fo r  the ap p lica tio n  of elem entary su b tra c tio n  

procedures. The need fo r th is  l a t t e r  assumption can e a s ily  be 

elim inated  by m aintaining a constant ISI between aud ito ry  and v isu a l 

s tim u li in  any p a r t ic u la r  experim ental condition . Consequently, i t  w ill  

not be considered fu r th e r  in  r e la t io n  to  these  elementary su b tra c tio n  

techniques. The assumption o f ERP invariance over s ig n a l and non-signal 

tr ia ls ,h o w e v er, is  more problem atic.
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I f  the  v isu a l and aud ito ry  components o f th e  complex waveforms 

recorded over s ig n a l t r i a l s  r e f le c t  any ph y sio lo g ica l or psychological 

in te ra c tio n  between the  evoking s tim u li, such th a t  the  ERPs to  v isu a l 

s tim u li presen ted  oh s ig n a l t r i a l s  d i f f e r  from ERPs to  v isu a l s tim u li 

p resented  on non-signal t r i a l s ,  then c le a r ly  th is  assumption is  not 

met. S im ilar c r itic ism s  have been ra ise d  by H illy ard  e t  a t.  (1978) 

w ith resp ec t to  the a p p lic a tio n  o f su b trac tio n  methods to  percep tual 

masking paradigms (e .g . Donchin and L indsley, 1965; Schwartz and 

P ritc h a rd , 1981), because o f p o ssib le  in te ra c tio n s  between the  masked 

and masking s tim u li.

I t  was argued (Section 3.1) th a t  any in crease  in  cogn itive  load due 

to  the in tro d u c tio n  o f the aud ito ry  s ignal d e tec tio n  task  would be 

re f le c te d  in  ERPs asso c ia ted  with aud ito ry  ta sk  s tim u li r a th e r  than ERPs 

a sso c ia ted  with v isu a l ta sk  s tim u li. The d iffe ren ce  tra c e s  p resented  

in  Figures 3.17 to  3.22 give support to  th is  argument as they provide 

no evidence o f system atic d iffe ren ces  between v isu a l ERPs recorded 

over s ig n a l t r i a l s  and non-signal t r i a l s .  Further support i s  provided 

through behavioural measures o f v isu a l ta sk  performance. Table 3.1 

shows the  mean p roportion  o f co rrec t v isu a l t r i a l s  fo r  each combination 

o f v isu a l task  and aud ito ry  task  co n d itio n s, averaged across a l l  12 

su b jec ts . In a d d itio n , the row m arginals show mean v isu a l task  

performance under the  th ree  le tte r-m a tch  con d itio n s, averaged across 

a l l  s ig n a l co n d itio n s, while the column m arginals rep resen t mean v is u a l- 

task  performance under each s ig n a l cond ition , averaged across a l l  l e t te r -  

match cond itions. A 2-way repeated  measures an a ly sis  o f variance (Kirk, 

1968, p .238) on the a rc s in  transform ation  o f these data  in d ica ted  a

1
An a rc s in  transform ation  was used to  remove the dependency between 
sample means and variances fo r  every experim ental condition (Kirk,
1968, p .6 6 ).
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s ig n if ic a n t  e f fe c t  due to  v isu a l task  condition  {F^ = 7 .1 3 6 ;

p < .005), no s ig n if ic a n t  e f fe c t  due to  s ig n a l condition  (F^ = 0 .5 5 1 ;
0 , 00

p > .815), and no s ig n if ic a n t  in te ra c tio n  1 7 6 "  0.801; p, > .684).

A Newman-Keuls t e s t  o f m u ltip le  comparisons in d ica ted  th a t  performance 

on physica l match t r i a l s  was s ig n if ic a n t ly  b e t te r  than performance on 

ru le  match t r i a l s  (p < .01), and mismatch t r i a l s  (p < .05), while th ere  

was no s ig n if ic a n t  d iffe ren ce  between performance on ru le  match and 

mismatch t r i a l s .  Therefore, while v isu a l task  performance is  in fluenced  

by the type o f le tte r-m a tch  to  be made, the in tro d u c tio n  o f  the aud ito ry  

s ig n a l d e tec tio n  task  does not a f fe c t  v isu a l task  performance. The 

above data  support the assumption o f  v isu a l response invariance over 

s ig n a l and non-signal t r i a l s .  There i s ,  however, much evidence to 

suggest the need fo r  caution concerning th is  assumption.

In the  d u a l-ta sk  experim ent, non-signal t r i a l s  d i f f e r  from 

s ig n a l t r i a l s  in  two ways. F i r s t ly ,  the  stim ulus environment is  

s u b s ta n tia l ly  d if fe re n t  - on non-signal t r i a l s  su b jec ts  receive  

s tim u li in  a s in g le  m odality , a t  le a s t  500mS a p a rt; on s ig n a l 

t r i a l s  su b jec ts  rece ive  s tim u li in  two m odalities and on some 

occasions these  are  separated  by as l i t t l e  as SOmS. Evidence i s  

provided through behavioural measures (Loveless, Brebner and 

Hamilton, 1970; F re ides, 1974) th a t  the  processing o f a stim ulus 

can be a lte re d  by the c lose  temporal p re sen ta tio n  of a second 

stim ulus in  the same or d if fe re n t m odality, even when the  second 

stim ulus i s  o f no psychological s ig n if ic an ce . ERP measures are 

a ffe c ted  s im ila r ly  by the  temporal re la tio n sh ip  between e l ic i t in g  

s tim u li. For example, Davis, Osterhammel, Weir and G jerdinger 

(1972) dem onstrated intram odal and crossmodal depression o f vertex  

p o te n tia ls  to  s tim u li 0.5 seconds apart when compared with vertex  

p o te n tia ls  to  the same s tim u li a t ISIs o f approximately 5 seconds.

I t  could be th a t  such d iffe ren ces  do e x is t  between v isu a l ERPs
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recorded over s ig n a l t r i a l s  and non-signal t r i a l s  o f the p resen t 

experiment, but th a t  these d iffe ren ces  are not large  enough o r 

system atic enough to  be evident in  Figures 3.17 to  3.22.

Secondly, the cogn itive  demands o f the  task  a l t e r  between non­

s ig n a l t r i a l s  and s ig n a l t r i a l s ,  and th is  change could r e s u l t  in  

a t ra d e -o f f  between primary and secondary ta sk  performance which 

is  re f le c te d  in  the  concom itantly recorded ERPs. While the 

behavioural da ta  presented  above show th a t  in  the p resen t experiment 

su b jec ts  managed to  m aintain th e i r  v isu a l ta sk  performance, 

attem pts to  keep primary task  performance in v a ria n t are  o ften  

unsuccessful (Rolfe, 1971; Kerr, 1973; Ogden, Levine and E isner,

1979). Even i f  su b jec ts  s t r iv e  to  m aintain th e i r  prim ary task  

performance, Kerr (1973, p .405) c i te s  those c r i t i c s  who suggest 

th a t the in tro d u c tio n  o f a second ta sk  in  i t s e l f  a f fe c ts  th e  

processing capacity  av a ila b le  fo r  primary ta sk  demands. Although 

Kerr suggests th a t  the p resen t paradigm is  r e la t iv e ly  immune to  

such an e f f e c t ,  as s in g le  and d u a l-ta sk  t r i a l s  are  presen ted  randomly, 

any technique used fo r  sep ara tin g  out overlapping waveforms should 

id e a lly  g en era lise  to  those paradigms which are  le ss  robust in  th is  

re sp ec t.

There a re , moreover, those experim ental paradigms which are  

designed s p e c if ic a l ly  to  assess  the degree of in te ra c tio n  between 

concurrently  performed ta sk s . By m anipulating the  r e la t iv e  

p r io r i t i e s  o f the component ta sk s  Performance Operating C h a ra c te r is tic  

(POC) curves o f d u a l-ta sk  performance can be obtained to  provide a 

comprehensive assessment o f how two tasks are tim e-shared (Norman 

and Bobrow, 1975; Navon and Gopher, 1979, 1980). ERPs recorded 

under such conditions would be eo::peoted to  d i f f e r  from ERPs recorded 

under s in g le  task  cond itions. A lte rn a tiv e  methods o f sep ara tin g  out
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overlapping ERPs, th e re fo re , are necessary  to  provide an accurate  

estim ation  o f component waveforms.

An a lte rn a tiv e  approach to  the an a ly sis  o f  ERPs recorded to 

near-sim ultaneous s tim u li i s  considered in  the follow ing chap ter. This 

method req u ires  the a p p lica tio n  o f a d ig i ta l  f i l t e r  in  both the time 

domain and the frequency domain and u t i l i s e s  only those data  recorded 

over du a l-ta sk  s ig n a l t r i a l s .
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CHAPTER 4: DIGITAL FILTERING PROCEDURES



1 0 1

4.1 In troduction

As discussed in  the  previous ch ap ter, the use of elem entary 

su b trac tio n  procedures to  separa te  out overlapping waveforms hinges on 

two major assumptions. I t  was argued th a t  the  f i r s t  assumption, th a t  

of e le c t r ic a l  a d d i t iv i ty  o f the component waveforms, is  no more 

remarkable than the  assumption which u n d erlie s  the  m ajo rity  o f ERP 

research . However, the  second assumption, th a t  o f ERP invariance 

over s ig n a l and non-signal t r i a l s ,  i s  o f dubious v a l id i ty  i f  ERPs 

recorded to  near-sim ultaneous s tim u li r e f le c t  any in te ra c tio n  between 

th e  evoking s tim u li. Furthermore, any technique fo r  sep a ra tin g  out 

overlapping waveforms id e a lly  should g en e ra lise  to  those experim ental 

paradigms which are  designed s p e c if ic a l ly  to  d e tec t and assess 

p o ssib le  in te ra c tio n s  between s tim u li.

Equations {4.1} and {4.2} r e s ta te  equations {2.1} and {2.2} 

and rep resen t averages recorded tim e-locked to  v isu a l and aud ito ry  

s tim u li, re sp e c tiv e ly :

Ry = V + /(A) {4.1}

R  ̂ = A + f(V) {4.2}

where: R  ̂ is  the  tra c e  recorded tim e-locked to  the  v isu a l s tim u li ,

R  ̂ is  the tra c e  recorded tim e-locked to  the aud ito ry  s tim u li ,  

V i s  the id e a lise d  v isu a l response,

A is  the  id e a lise d  aud ito ry  response and 

f  i s  the function  app lied , a running average.

Id ea lised  v isu a l and aud ito ry  responses can be estim ated 

accu ra te ly  only i f  the  unwanted a c t iv i ty ,  /(A ) and /(V ), can be 

defined p re c ise ly  and removed com pletely from the composite waveforms. 

The p resen t approach to  the problem of removing the  unwanted a c t iv i ty
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r e s ts  on the f a c t  th a t  i t  is  o f a w ell-defined  type. I t  should be 

noted however, th a t the  follow ing exposition  assumes the  absence of 

any no ise component in  the  composite waveforms. The im p lications of 

th is  assumption are  addressed in  Section 4 .3 .4 .

The means o f removing th e  unwanted a c t iv i ty  are im plied by the  

above equations. As a r e s u l t  o f the  staggering  used, the  unwanted 

component of each tra c e  co n s is ts  o f the  wanted component o f the  o ther 

tra c e  a f te r  i t  has been passed through a running average f i l t e r  (see 

Section  2.10 o f Chapter 2). I f  the  running average o f the R tra c e  is3.
c a lc u la te d , th e  r e s u l t  i s :

f(Rg) = f(A) + f[f (V )]  {4.3}

S ub trac ting  {4.3} from {4.1} com pletely removes the  aud ito ry  

d is to r t io n  from the  v isu a l tra c e  and g ives:

- f(R^) = V - /[ f (V )]  {4.4}

S im ilar arguments apply to  the  removal o f the v isu a l d is to r t io n  from

the aud ito ry  tr a c e ,  where the  r e s u l t  of c a lc u la tin g  the  running average 

o f the  R tra c e  i s :V

= f(V) + {4.5}

and su b trac tin g  {4.5} from {4.2} gives:

\  - fC%) = A - {4.6}

Thus the  d is to r t io n  which appears as a r e s u l t  o f the o ther 

tra c e  may be removed by su b trac tin g  the running average of one recorded 

waveform from the  o ther waveform. However, what is  l e f t  i s  not the 

id e a lise d  waveform as can be seen from equations {4.4} and {4.6}. In 

fa c t  each waveform comprises the id e a lise d  tra c e  a f te r  i t  has been 

passed through a running average f i l t e r  tw ice, and sub trac ted  from
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the o r ig in a l .  The problem now becomes one of removing the  'second 

order* d is to r t io n  r e s u lt in g  from the ap p lica tio n  of such a f i l t e r .

F o rtunate ly , the  ac tio n  of the  f i l t e r  can be expressed p re c ise ly  

in  the  frequency domain, and i t s  e f fe c t  i s  e a s ily  reversed  by passing 

the waveform through a f i l t e r  which has ex ac tly  the  opposite  frequency 

response. The d e riv a tio n  of the  f i l t e r  can be shown by expressing 

equations {4.1} to  {4.6} in  the  frequency domain.

In the  case where an average has been tim e-locked to  the  v isu a l 

events of the  ta sk , the  v isu a l inpu t may be rep resen ted  as an impulse 

to  th e  v isu a l processor (V) which has a response in  th e  frequency

domain. The input to  the aud ito ry  processor (A), which has a response 

H, . in  the  frequency domain, occurs a t some minimum delay , t  seconds, 

and a lso  is  represen ted  by a rec tan g u la r function  over the  time period  

T seconds. This is  a r e s u l t  of the  staggering  procedure. The two 

e le c t r ic a l  a c t iv i t i e s  add and are  recorded as a composite waveform, 

whose rep re sen ta tio n  (Y^) in  the  frequency domain i s :

where : s i s  the  complex Laplace v a ria b le  , s - jw, w ith j = and 

w is  2ïïf, frequency in  ra d ia n s .

The second term on the  r ig h t  hand s id e  of equation {4.7} is  

simply the  re p re sen ta tio n  of a running average f i l t e r  in  th e  frequency 

domain (see fo r  example, Thomson, 1957, p .222).

In the case where an average has been tim e-locked to  the  au d ito ry  

events o f th e  ta sk  (c f. equation {4 .2}), the  v isu a l events precede the  

aud ito ry  events by a maximum time period  of (T+t-A) seconds, where A is  

the sampling in te rv a l (in  th is  case 4mS), and the  v isu a l response a lso
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i s  rep resen ted  by a rec tan g u la r function  over the  time period  T seconds. 

The frequency domain re p re se n ta tio n  o f the  composite waveform (Y2 ) is  

thus ;

» ■ «

where {4*8} is  in  the  same form as {4.7} with the  ap p ro p ria te  synchron­

is a t io n  term.

Removing th e  aud ito ry  d is to r t io n  from the  tim e-locked v isu a l

t r a c e ,  Y^, req u ire s  the running average o f th e  tim e-locked aud ito ry

t r a c e ,  Y  ̂ to  be c a lc u la ted . As convolution in  the  time domain is

equ ivalen t to  m u ltip lic a tio n  in  the  frequency domain (see Beauchamp and

Yuen, 1979, p .229), th is  is  achieved by m ultip ly ing  {4.8} through by

exp ( - -—■̂- - "), to  give :
sT

Y- exp-st ( l i s a i t )  = H, . exp-®P
sT I J sT

/ h , , exp^tT-à) (4.9}
sT

which may then be su b trac ted  from {4.7} to  give:

Y. - Y, exp-®P (iz S æ Z -}  . [l-expS(T-A)
sT I J sT

{4.10}

Symmetrical arguments can be applied  to  the  aud ito ry  t ra c e ,  f i r s t l y
-sT

by m ultip ly ing  {4.7} through by exp^(^*^"^^ ( ---- ) to  give:
sT

Y, exp®(T"P-^) ■= H, , exp® f^*P-^h^^2SE:^)
sT sT

cT
+ H a expS(T-A)(l:SSE___)2 

I J sT

{4.11}
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and then su b trac tin g  {4.11} from {4.8}:

Y - = H. . [l-exp^^^~^^ (..llf fP ,..! ! ) 2 ]
sT sT

{4.12}

The l e f t  hand s id e  of equations {4.10} and {4.12} amount to  the  

su b trac tio n  o f the running average o f Ŷ  from Y^, and the su b tra c tio n  

o f the  running average o f Ŷ  from Y_, re sp e c tiv e ly . The re s u l ta n t  

waveforms are  rep resen ted  by the r ig h t  hand s id e  o f th ese  equations.

Each takes the form of the  wanted response in  the frequency domain, 

which has been m odified by the  f i l t e r  given by the values in  paren theses 

The f i r s t  term o f the  f i l t e r  i s  a synchron isation  term. The second 

term corresponds to  a t r ia n g u la r  function  which is  the  frequency 

domain rep re sen ta tio n  o f the double running average f i l t e r  (see Thomson, 

1957, p .222).

The f i l t e r  i s  id e n tic a l  fo r both v isu a l and aud ito ry  tra c e s  and 

is  a f in i t e  impulse response (FIR) f i l t e r  having zero phase s h i f t .  I t s  

frequency response i s  p lo tte d  in  Figure 4.1A, fo r  T = 0.1 seconds and 

A = 0.004 seconds. I t  can be seen th a t  the  f i l t e r  ac ts  as a high 

pass f i l t e r  which s ig n if ic a n tly  a tten u a te s  frequency components of 

the wanted waveform below approxim ately 9Hz. This e f f e c t ,  however, 

can be reversed  by passing the  waveforms represen ted  by equations 

{4.10} and {4.12} through a f i l t e r  having the  opposite  frequency 

response. The frequency response o f th is  inverse  f i l t e r  is  p lo tte d  

in  Figure 4 . IB.

The inverse  f i l t e r  c o e ff ic ie n ts  can be ca lcu la ted  ex ac tly  fo r 

any frequency from the  rec ip ro ca l of the  f i l t e r  function  rep resen ted  

on the  r ig h t  hand s id e  of equations {4.10} and {4.12}, as long as the 

time period of the s taggering  window, T, and the sampling in te rv a l ,

A, are  known.
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A tw o-stage procedure i s  necessary , th e re fo re , to  remove the 

d is to r t io n  sp ec ified  by equations {4.1} and {4.2}. F i r s t ly ,  the  running 

average of each tra c e  i s  ca lcu la ted  and su b trac ted  from th e  o th er tra c e . 

Secondly, th e  inverse  f i l t e r  i s  applied  by performing a F ourier 

transform  on the  waveform re s u lt in g  from th e  su b tra c tio n , m ultip ly ing  

th e  various frequency c o e f f ic ie n ts  by the ap p ro p ria te  f i l t e r  co n s ta n ts , 

and then performing an inverse  Fourier transform  to  reg en era te  th e  da ta  

in  the  time domain.

P rio r to  applying th is  so lu tio n  to  experim ental d a ta  th e  technique 

was te s te d  on sim ulated da ta  spanning d if fe re n t  frequency ranges, and 

using staggering  windows o f d if f e r e n t  d u ra tio n s . Examples o f these  

te s t s  are provided in  Section 4 .3 . By way of background in form ation , 

the follow ing sec tio n  o u tlin e s  the  p r in c ip le s  of F ourier a n a ly s is , th e  

ap p lica tio n  o f which i s  c e n tra l to  the  use o f th is  technique.

4.2 The Fourier transform

The Fourier transform  converts a function  in  the  tim e domain in to  

an expression in  th e  frequency domain. Each non-zero value o f the  

re s u lta n t  frequency function  in d ic a te s  th a t  a sinuso id  a t  th a t  frequency 

is  a component of th e  o r ig in a l time function .

For a continuous waveform, the  continuous F ourier transform  

(CFT) can be w ritten :

H(f) = h ( t)  exp’ ^^^^^dt {4.13}
-0 0

and the  inverse CFT can be w ritten :

h ( t)  = /  H(f) exp^^^^^df {4.14}
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where: j =

h ( t)  is  the  time function  to  be transform ed,

H(f) i s  the Fourier transform  o f h ( t ) , 

t  i s  tim e, and

f  i s  frequency in  cycles per second.

However, when a waveform is  sampled and o f f i n i t e  d u ra tio n , 

the  d is c re te  Fourier transform  [OFT) algorithm  is  used to  approximate 

the  CFT. The forward DFT can be w ritte n  in  the form:

h(k&) fo r  n = 0 , 1 , 2 , . . . .  ,N-1 {4.15}
k=0

and the  inverse  DFT can be w ritte n  as:

h(kA) = i  H{ ^  ) exp^^™^^^ fo r  n = 0 ,1 ,2 , ------,N-1 {4.16}
n=0

where, in  ad d itio n  to  the above d e f in it io n s :

N is  the  number o f samples taken from h ( t)  or H(f)

A is  th e  sampling in te rv a l .

T herefore, the  DFT provides a re v e rs ib le  mapping of N terms

of H ( j^ )  in to  N terms of h(kA ), and equation {4.15} shows th a t  the

r e s u l t  o f the forward DFT conversion is  a s e r ie s  o f c o e f f ic ie n ts  of

harm onically re la te d  frequencies w ith the  low est, or fundamental,
1frequency o f the  s e r ie s  being given b y ^  .

While the  f i r s t  ~  terms o f the  DFT provide a good approximation

to  the CFT, the  l a t t e r  h a l f  o f th e  frequency function  is  not a good

approxim ation, but ra th e r  can be considered to  be the 'n e g a tiv e ' frequency 

harmonics between and -1 . This lack of correspondence a r ise s  because 

th e  input to  the  DFT is  a f in i t e  s e t  o f d is c re te  samples ra th e r  than a 

continuous waveform (Bergland, 1969). Consequently, th e  output of the
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forward DFT can be considered to  be asso c ia ted  with th e  frequency range:

In genera l, the  output vec to r of the  forward DFT i s  a complex 

s e r ie s  whereby the r e a l  p a r t  of each Fourier c o e f f ic ie n t  con tains the  

value o f sinuso ids th a t  are  even functions (cosines) and th e  imaginary 

p a r t con tains the  value o f sinuso ids th a t  are  odd functions ( s in e s ) .

The amplitude o f the  s e r ie s  is^ u su a lly  expressed in  terms o f the  sum of 

the  am plitudes o f odd and even s in u so id s , by tak ing  th e  abso lu te  

value o r modulus o f each F ourier c o e f f ic ie n t:

= / R e H ( i )  2 .  '

where: ReH (J^) is  th e  re a l  p a r t  o f the  Fourier c o e f f ic ie n t and

Im H (j^) is  the imaginary p a r t  o f the  Fourier c o e f f ic ie n t .

The amplitude spectrum o f the  transform ed time s e r ie s  i s  

constructed  by p lo t t in g  these  abso lu te  values as a fu n ctio n  o f 

frequency ( ^  ) ,  or as a function  of the  Fourier number (n ) , which 

i s  a simple l in e a r  transfo rm ation  o f the ac tu a l frequency. The 

amplitude spectrum, th e re fo re , describes the  importance o f each 

frequency component w ithin  the  o r ig in a l time s e r ie s .

The transform ed se r ie s  a lso  can b e ,d escrib ed  in  terms of 

i t s  phase, which is  the  r a t io  o f th e  co n trib u tio n s  in  th e  s in e  spectrum 

to  the  co n trib u tio n s  in  the cosine spectrum a t  a p a r t ic u la r  frequency. 

The phase spectrum is  defined by:

= arc  tan  [lniH(jIi}/ReH( i ) ]

where, in  ad d itio n  to  the above d e f in it io n s ,  0 i s  th e  phase angle in  

ra d ia n s .



n o

The use o f a f in i t e  s e t  o f d is c re te  samples o f da ta  as input 

in to  th e  DFT poses sp ec ia l problems in  th e  estim ation  o f the  frequency 

c h a ra c te r is t ic s  o f a time s e r ie s .  For th e  DFT to  y ie ld  a good 

approximation to  the  CFT, w ith in  the  frequency range sp e c ifie d  above, 

th e  input d a ta  must s a t i s fy  two cond itions:

1. The function  to  be transform ed must be band-lim ited  

and sampled a t a r a te  which i s  a t  le a s t  tw ice th a t  

o f the h ighest frequency component;

2. The function  to  be transform ed must be p e rio d ic  and 

should be tru n ca ted  a t  exac tly  one non-zero in teg e r  

m u ltip le  o f th e  fu n c tio n 's  period .

The f i r s t  cond ition  ap p lies  to  the  rep re sen ta tio n  o f a l l  

continuous s ig n a ls  by d is c re te  d ig i ta l  samples and the  f a i lu r e  to  meet 

th is  requirem ent r e s u l ts  in  a v io la tio n  o f th e  sampling theorem (Shannon, 

1949) and gives r i s e  to  the  phenomenon o f a l ia s in g . This means th a t  

h ig h er-o rd er freq u en c ies , which cannot be rep resen ted  by the  sampled 

d a ta , ’im personate' lower frequency components. The frequency beyond 

which a lia s in g  occurs, the  Nyquist or fo ld in g  frequency, i s  determined 

com pletely by th e  sampling in te rv a l  o f  the tim e fu n c tio n , where the 

fo ld in g  frequency ^  • Problems o f a l ia s in g  can be avoided by

ensuring th a t  the da ta  are  sampled a t a s u f f ic ie n t ly  high r a te  to  

provide an exact re p re se n ta tio n  o f the h ighest frequency o f in te r e s t ,

. and by removing a l l  frequency components above the fo ld ing  frequency 

w ith low pass f i l t e r i n g  procedures p r io r  to  A to  D conversion.

The second condition  r e la te s  to  the  f in i t e  na tu re  of the 

d a ta  input to  th e  DFT. The input waveform i s  e f fe c tiv e ly  'view ed' 

through a rec tan g u la r da ta  window which has i t s  own Fourier transform  

rep re sen ta tio n  in  the  frequency domain (the s in  x /x  function)
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c o n sis tin g  o f a main lobe and a s e r ie s  of h ighly  o s c il la to ry  s id e lo b es . 

The Fourier estim ation  o f the  input waveform, th e re fo re , r e s u l ts  from 

the convolution of the  input waveform with the rec tan g u la r window in  

the  frequency domain (see , fo r  example, Otnes and Enochson, 1972; 

p .200). The e f fe c t  o f the tru n c a tio n  fa c to r  i s  n e g lig ib le  i f  the  

frequency composition o f the  function  to  be transform ed corresponds 

exactly  to  non-zero in te g e r  m u ltip les  ( i . e .  harmonics) o f th e  fundamental 

frequency o f  the  Fourier s e r ie s  (Bergland, 1969, p .45). However in  

p ra c tic e  th is  requirem ent ra re ly  is  s a t i s f ie d .  As a r e s u l t ,  s p e c tra l 

'leakage* occurs whereby the function  is  not lo c a lise d  to  a given 

frequency but has a s e r ie s  o f spurious peaks or s ide lobes corresponding 

to  those of th e  transform ed da ta  window. The power o f th e  s ig n a l is  

smeared or spread out over a much broader range o f freq u en c ies .

The im p lication  of sp e c tra l leakage fo r the su ccessfu l 

a p p lica tio n  of the p resen t technique is  d iscussed  in  Section 4 .3 .3  and 

methods fo r reducing the degree o f leakage are  considered.

The follow ing sec tio n s  describe  the  ap p lica tio n  o f the 

f i l t e r in g  procedures to  sim ulated data  and data  recorded during the 

d u a l-ta sk  experiment. In a l l  cases, Fourier transfo rm ation  was achieved 

using a F o rtra n -c a lla b le  f a s t  Fourier transform  (FFT) subrou tine  (FFT2C) 

from the  In te rn a tio n a l Mathematical and S t a t i s t i c a l  L ib ra rie s  package 

(IMSL, 9th e d i t io n ) . The FFT is  based on the DFT algorithm , but provides 

a com putationally more economical method of moving between th e  time 

domain and the  frequency domain (see Bergland, 1969).
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4 .3  T e s t d a ta

The d ig i ta l  f i l t e r i n g  technique was te s te d  using sim ulated 

da ta  c o n s is tin g  JSfcf-sine waves o f  various frequencies . Examples 

o f th ese  t e s t s  are given below.

A s im ila r  procedure was followed fo r  a l l  t e s t s  and the  re s u l ts  

o f each t e s t  are  presented  as a s e t  of e ig h t graphs. A d e sc rip tio n  of 

th e  general procedure fo llow s, while sp e c if ic  t e s t  m anipulations are 

described  p r io r  to  the p re se n ta tio n  o f t e s t  r e s u l ts .

4 .3 .1  General procedure

The f i r s t  s tage in  te s t in g  involved th e  generation  o f two wave­

forms to  sim ulate the  ’id e a l is e d ' v isu a l and aud ito ry  responses. These 

waveforms are  graphed sep a ra te ly  and are  la b e lled  VISl and ACl, 

re sp e c tiv e ly .

Next, the  running average o f each waveform was ca lcu la ted  using 

a staggering  window of 25 samples. Each staggered tra c e  was 

a p p ro p ria te ly  norm alised and added to  the  'id e a l is e d ' version  o f the  

o th er . tra c e  to  sim ulate the  tim e-locked v isu a l and aud ito ry  tra ce s  

rep resen ted  by equations {4.1} and {4.2}. Each waveform, th e re fo re , 

co n sis ted  of the  id e a lise d  waveform plus the  ' f i r s t  o rd e r ' d is to r t io n  

rep resen ted  by /(A) or /(V ). These da ta  are p lo tte d  sep a ra te ly  and 

la b e lle d  VIS2 and AC2.

The f i r s t  order d is to r t io n  was removed by c a lc u la tin g  the running 

average o f VIS2 and AC2 and su b trac tin g  each staggered waveform from 

th e  unstaggered version  of th e  o th er waveform. The r e s u lta n t  tra c e s ,  

rep resen ted  by equations {4.4} and {4.6} are p lo tte d  as graphs VIS3 and 

AC3.



113

F in a lly , the  'second o rd e r ' d is to r t io n  was removed by tak ing  the  

FFT o f VIS3 and AC3, m ultip ly ing  each Fourier c o e f f ic ie n t by the 

app rop ria te  f i l t e r  constant and then applying the inverse  FFT to  

regenera te  the da ta  in  the time domain. The f i l t e r e d  waveforms are  

presen ted  as VIS4 and AC4, re sp e c tiv e ly . The success o f the  technique 

can be assessed  by comparing VIS4 with VISl and AC4 with AGI.

A ll sim ulated tra c e s  co n sis ted  o f 304 da ta  p o in ts . The f i r s t  

and la s t  24 da ta  p o in ts , however, were tru n cated  p r io r  to  graph p lo t t in g  

and p r io r  to  the  a p p lic a tio n  of the  inverse  f i l t e r ,  in  order to  remove 

spurious d a ta  values re su lt in g  from the  s taggering  process (see S ection

3.2 of Chapter 3 ). Following tru n c a tio n , a l l  time s e r ie s  co n s is ted  o f 

256 data  p o in ts  and with an assumed sampling in te rv a l  o f 0.004 seconds 

each corresponds to  a du ra tion  o f 1.024 seconds. The fundamental 

frequency o f the  Fourier s e r ie s  was thus 0.977Hz and the  fo ld in g  

frequency was 125Hz.

The inverse  f i l t e r  constan ts  ap p ro p ria te  to  th ese  t e s t  d a ta  

(fo r T = 0.1 seconds and A = 0.004 seconds) are p lo tte d  in  F igure 4.2 

as a function  of Fourier number (n ) , where n=l corresponds to

0.977Hz. As the  double running average f i l t e r  has a n e g lig ib le  e f fe c t  

on frequencies above lOHz (see Figure 4.1A), the  inverse  f i l t e r  was 

applied  only to  the  f i r s t  eleven F ourier c o e f f ic ie n ts  re tu rned  by the  

forward FFT. These c o e ff ic ie n ts  correspond to  frequencies between OHz 

and 9.77Hz. I t  should be noted th a t  a f i l t e r  value corresponding to  

th e  f i r s t  Fourier c o e ff ic ie n t (n=0) cannot be ca lcu la te d . Consequently, 

th is  value was s e t  to  u n ity .
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At every s tage  of the  t e s t  procedure the am plitude spectrum o f 

each waveform was c a lc u la ted , and th is  is  p lo tte d  below the  time domain 

rep re sen ta tio n  of the  tra c e . These sp ec tra  are  p lo tte d  as a function  

of th e  Fourier number, up to  n = 50 only, as the am plitude o f the 

F ourier c o e ff ic ie n ts  beyond th is  frequency g en era lly  i s  n e g lig ib le  

fo r  these  d a ta . Note th a t  in  a l l  graphs, the  am plitude of th e  waveform 

as a function  o f tim e has been termed ’v o lta g e ',  to  d is tin g u ish  th ese  

p lo ts  from those which p resen t am plitude as a function  of frequency.

4 .3 .2  Test 1: Simulated p e rio d ic  waveforms

Figures 4.3 to  4.10 show the r e s u l ts  o f te s t in g  the 

f i l t e r in g  procedures using sim ulated p e rio d ic  waveforms. The phase 

sp ec tra  o f these  waveforms a lso  are p lo tte d  to  dem onstrate th a t  

n e ith e r  the  double running average f i l t e r ,  app lied  through the  su b tra c tio n  

p rocess, nor i t s  inverse  r e s u l ts  in  any phase s h i f t  occurring  a t  any 

frequency.

The id e a lise d  ’v is u a l ’ and ’au d ito ry ’ t ra c e s ,  p lo tte d  in  

Figures 4.3 and 4 .4 , co n s is t o f one cycle o f a 2.5Hz and 5Hz s in e  wave, 

re sp e c tiv e ly . Each sinuso id  was padded with n u lls  to  provide a tra c e  

of 304 samples. Figures 4.5 and 4 .6  show the  e f fe c t  o f adding the  

o r ig in a l  waveform and the staggered  version  of the  o th e r t r a c e .  The 

e f fe c t of removing the  f i r s t  order d is to r t io n  is  shown in  F igures 4.7 

and 4.8 and the re s u l ta n t  second order d is to r t io n  i s  evidenced by a 

marked reduction  in  frequencies below approximately 1GHz when compared 

w ith the o r ig in a l waveforms.
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The second order d is to r t io n  was removed by m ultip ly ing  the  F ourier 

c o e ff ic ie n ts  of the transform ed tra ce s  by the corresponding f i l t e r  

co n stan ts . The f i l t e r e d  waveforms are p resen ted  in  Figures 4.9 and 

4 .10, and the id e a lise d  waves are regenerated  so ex ac tly  th a t  they 

can be superimposed over the o r ig in a l tra c e s .

4 .3 .3  Tests 2 and 3: L im itations of the technique

While the preceding t e s t  in d ic a te s  th a t  the f i l t e r in g  

technique provides a powerful method fo r sep ara tin g  out the components of 

overlapping waveforms, fu r th e r  te s t s  using sim ulated d a ta  id e n t i f ie d  

th re e  conditions under which the  so lu tio n  was le ss  than optim al. These 

are th a t :

1. Any DC o f fs e t  i s  com pletely removed by the  double running average

f i l t e r  and so cannot be re s to re d  by the ap p lica tio n  o f the

inverse f i l t e r ;

2. I f  th e  waveform includes a frequency too high fo r  the sampling 

r a te  used, d is to r t io n  occurs as a r e s u l t  o f a lia s in g  in  the 

FFT; and

3. Problems of sp e c tra l leakage in  the FFT can lead to  severe 

d is to r t io n s  in  the recovered waveforms.

The f i r s t  l im ita tio n  can genera lly  be considered a minor one as any 

DC o f fs e ts  of in te r e s t  can be evaluated  e a s ily  p r io r  to  the re s to ra tio n  

procedure and then added to  the recovered waveforms. There are , however, 

conditions under which th is  lim ita tio n  can be more problem atic, as 

demonstrated by Test 2 below. "

The second lim ita tio n  re s u l ts  simply from a v io la tio n  of the sampling 

theorem as discussed in  Section 4 .2 , and can be avoided i f  a l l  waveforms 

are bandlim ited a t a frequency equal to , o r below the fo ld ing  frequency

of the FFT.
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The th i rd  problem, th a t  of sp e c tra l  leakage in  the  FFT, i s  le ss  

e a s i ly  overcome and occurs i f  any component of the transformed waveform 

is  of  a frequency o ther than a harmonic of the fundamental frequency 

of the s e r ie s .  Figures 4.11 to  4.18 i l l u s t r a t e  th i s  problem using low 

frequency t e s t  data . VISl, shown in  Figure 4 .11, co n s is ts  of one 

cycle of a 0.977Hz s inusoid  and thereby corresponds to  the fundamental 

frequency of the  s e r ie s .  ACl, shown in  Figure 4.12, i s  a t  a frequency 

of 0.488Hz which i s  lower than the  lowest frequency reso lvab le  by 

the  FFT. The amplitude sp ec tra  of these waveforms demonstrate th a t  

whereas the  power of VISl i s  lo c a l ise d  a t  the  second Fourier c o e f f ic ie n t ,  

the power of ACl i s  maximal a t  the  f i r s t  c o e f f ic ie n t  (OHz) and i s  

leaked across a l l  c o e f f ic ie n ts  up to  approximately n = 30.

Figures 4.13 and 4.14 show each waveform contaminated by the 

running average of the o ther waveform and Figures 4.15 and 4.16 show 

the e f fe c t  of removing the f i r s t  order d is to r t io n .  Note the  changes 

in  scale  of these  l a t t e r  p lo t s ,  and the  marked reduction  in  amplitude 

of the  f i r s t  Fourier c o e f f ic ie n t  fo r  AC3.

Figures 4.17 and 4.18 show the re s to red  waveforms a f t e r  the  

app lica tion  of the inverse f i l t e r .  While the  'v i s u a l '  waveform has 

been res to red  f u l ly ,  the  'auditory* waveform is  not re s to re d  accu ra te ly  

due to  the  m isrepresen ta tion  of i t s  component frequencies in  the  FFT 

combined with the loss of a l l  'DC components r e s u l t in g  from the 

app lica tion  of the f i r s t  f i l t e r .

Test 3 (Figures 4.19 to  4.26) provides a second example o f  the e f f e c t  

o f  s p e c t ra l  leakage on.the accuracy of the f i l t e r i n g  procedure, 

th is  time using t e s t  data a t  frequencies rep re sen ta t iv e  o f  the h ig h es t  

frequency components of ERPs. The id e a l ise d  traces  shown in  Figures 

4.19 and 4.20 are of 12.5Hz and 25Hz, re sp ec tiv e ly .
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Spectra l leakage i s  evident in  the  amplitude spec tra  of both 

id e a l ise d  waveform and the power of each waveform is  leaked across a l l  

Fourier c o e f f ic ie n ts  up to  and beyond n = 50. Figures 4.21 and 4.22 

show each t ra c e  contaminated by the  staggered version o f  the  o ther 

t ra c e  and the con tr ib u tio n  o f  th i s  ' f i r s t  order* d i s to r t io n  i s  c le a r ly  

evident in  the corresponding amplitude sp ec tra .

Figures 4.23 and 4.24 show the e f fe c t  of  removing the  f i r s t  

order d i s to r t io n .  The r e l a t iv e ly  high frequencies of the o r ig in a l  

waveforms mean th a t  these  s ig n a ls  are only m ildly a ffec ted  by the 

double running average f i l t e r .  However, ap p lica tio n  of the  inverse 

f i l t e r  (Figures 4.25 and 4.26) enhances the spurious low frequency 

content o f  the  FFT and r e s u l t s  in  a gross m isrepresen ta tion  of the 

id e a l ise d  waveforms.

Therefore, sp e c tra l  leakage, p a r t ic u la r ly  in to  the lower frequency 

components of  the  FFT, c o n s t i tu te s  a serious problem fo r  the accurate 

es tim ation  of the  wanted waveforms.

The problem of  sp e c tra l  leakage i s  inheren t in  a l l  procedures 

which depend on DFT or FFT ana lys is  and r e s u l t s  from the  fa c t  th a t  the 

input waveform i s  of a f i n i t e  r a th e r  than an i n f i n i t e  duration  (see 

Section 4 .2 ) .  Two techniques can be employed to  reduce the  degree of 

sp e c tra l  leakage. The f i r s t  i s  to  increase  the  duration  of the  input 

time se r ie s  and hence increase  the frequency re so lu t io n  in  the FFT.

As the  time s e r ie s  approaches i n f i n i t y  sp e c tra l  leakage w il l  be 

elim inated completely. C learly , th i s  i s  an uneconomical so lu t io n ,  

and im prac tica l i f  only short da ta  records are av a ilab le .  An a l te rn a t iv e  

approach i s  to  u t i l i z e  'windowing' procedures, whereby a non-uniform 

data  window i s  applied  to  the time s e r ie s .  The window smoothly brings 

the  data  to  zero a t  the boundaries and consequently forces a l l  component 

frequencies to  be period ic  within the time span av a ilab le .  In the
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frequency domain the e f fe c t  of windowing i s  to  lo c a l i s e  the  con tr ibu tion  

of a given frequency by reducing the amount o f  leakage through the 

s idelobes of the transformed window. Hence a window i s  chosen which 

has lower sidelobes in  the frequency domain than the  rec tangu la r  

data  window. The penalty  fo r  the reduction in  s ide lobes ,  however, i s  

a broadening of the mainlobe o f  the  window transform which r e s u l t s  in  a

decrease in  the re so lu t io n  of the  sp e c tra l  estim ate.

H arris  (1978) provides a comprehensive d esc r ip t io n  and comparison 

of the  performance of da ta  windows fo r  use with the  DFT or FFT. A da ta

window commonly used fo r  the ap p lica tio n  of d ig i t a l  f i l t e r s  i s  the

Hanning or ra ised  cosine window as i t  can be applied  to  da ta  conveniently  

e i th e r  in  the time domain or the frequency domain (H arr is ,  1978, p . 62). 

Figures 4.27 and 4.28 p resen t the time domain and frequency domain 

rep resen ta tio n  of the  rec tangular and Hanning data  windows, r e sp e c t iv e ly .  

The sp e c tra l  transform of the Hanning window demonstrates a marked 

decrease in  sidelobe leve ls  when compared with th a t  of the  rec tan g u la r  

window, but a lso  shows an increase  in  the width of the  main lobe, 

in d ica tin g  i t s  poorer re so lu t io n .

The Hanning window fo r  app lica tion  in the time domain p r io r  

to  the  DFT or FFT i s  defined by:

w(n) = sin^[^ïï] = 0 .5 [ l .  0 - c o s [ - ^ ] ]  n = 0 , 1 , 2 , . . .  ,N-1 {4.16}

Figures 4.29 and 4.30 demonstrate the ap p lica tio n  of the Hanning 

window to  those time se r ie s  presented in  Figures 4.23 and 4.24. Each 

value of these l a t t e r  tra ces  was m u ltip lied  by the corresponding value 

of the Hanning window ca lcu la ted  from equation {4.16} fo r  N = 256. The 

data  then were f i l t e r e d  in  the usual way.
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A s t r ik in g  e f fe c t  due to  the  ap p lica tio n  of the window is  th a t

a s ig n if ic a n t  proportion  of the  recovered time s e r ie s  i s  ’l o s t ’ due to

the  window p rogress ive ly  reducing the  input s e r ie s  to  zero a t  the 

boundaries. This lo ss ,  however, can be p a r t i a l l y  overcome through the 

use of overlapping ana lys is  (see H arr is ,  1978, p . 56).

More im portantly , the  ap p lica t io n  of the Hanning window has

e f fe c t iv e ly  confined the s p e c tra l  estim ates to  frequencies above those 

a f fec ted  by the inverse f i l t e r .  Note, however, th a t  the  frequency 

rep resen ta tio n  of the recovered waveforms i s  s t i l l  b iased . The sp ec tra l  

estim ates are not r e s t r i c t e d  to  a s in g le  Fourier c o e f f ic ie n t  but r a th e r  

are spread over a range of approximately SHz. This r e s u l t s  from the 

decreased re so lu t io n  due to  the data  window, together  with the re s id u a l  

e f fe c ts  of  sp e c tra l  leakage through i t s  s idelobes . This m isrepresen ta tion  

i s  o f  l i t t l e  importance in  the p resent example, but does have serious 

im plications fo r  the  accurate  recovery of low frequency s ignals  such 

as those charac te r ized  by the  middle and la te  components of the ERP.

4 .3 .4  Test 4: The e f fe c ts  of the  so lu tio n  on the noise component

of ERP waveforms

The above t e s t s  considered the l im ita t io n s  of the f i l t e r i n g  

so lu t io n  using simulated data  which were n o ise - f re e .  The present t e s t  

was designed s p e c i f i c a l ly  to  examine the  ways in  which random 

disturbances due to  in te rfe re n c e  and noise are a ffec ted  by the 

f i l t e r i n g  procedures.

The f i r s t  p a r t  of the  t e s t  considered the e f fe c ts  of the 

f i l t e r i n g  procedures on noise  alone, with no s ignal added. The 

second p a r t  of the t e s t  involved the recovery of id ea l ised  v isu a l  

and auditory  responses following the addition  of noise to those 

simulated time-locked v isu a l  and auditory  t ra ces  used in Test 1 

(Figures 4.5 and 4 .6 ) .
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Random normal dev ia tes  having a mean of zero and a standard 

dev ia tion  of 50 were generated using pseudo-random number generator 

rou tines  from the Numerical Algorithms Group subroutine l ib ra ry .  

Twenty-five d i f f e r e n t  sequences of 304 random numbers were generated, 

each sequence s im ulating the noise component recorded over a s in g le  

experimental t r i a l .  The noise con tr ib u tio n  to  time-locked v isu a l  

t ra c e s  was derived simply by a lign ing  the tw enty-five sequences and 

then c a lcu la t in g  the average value of every coincident o rd in a te .  The 

r e s u l ta n t  t ra c e  i s  presented in  Figure 4.31, la b e l le d  VIS2. The same 

tw enty-five sequences then were used to  sim ulate noise co n tr ib u tin g  

to  time-locked aud ito ry  t r a c e s .  This was achieved by s taggering  the 

s t a r t  o f  each sequence with respec t to  the  previous sequence over a 

window of tw enty-five samples. The average of every coincident o rd in a te  

then was ca lcu la ted  and the r e s u l ta n t  t ra c e  of 328 values was trunca ted  

to  304 values by removing the l a s t  24 data  p o in ts .  Figure 4 .32, la b e l le d  

AC2, show th i s  'a u d ito ry ' noise component. Both v isua l  and aud ito ry  

noise components, th e re fo re ,  were derived from id e n t ic a l  da ta  but the 

l a t t e r  t ra c e  was subjected to  the same data  c o l le c t io n  procedures used 

to generate time-locked aud ito ry  averages.

The Fourier rep resen ta tio n  o f  both t ra ces  i s  g enera lly  uniform 

across a l l  frequencies , r e f le c t in g  the  'white n o ise ' s t r u c tu re  of 

these p rocesses, and the only obvious e f fe c t  due to  the  s taggering  

procedure i s  the  a l t e r a t io n  in  phase of AC2 compared with th a t  o f  VIS2. 

Due to  the frequency c h a ra c te r is t ic s  of the noise, however, i t  can be 

assumed th a t  both Fourier rep resen ta tio n s  are contaminated by sp e c tra l  

leakage a t  a l l  frequencies.

The tra ces  presented in  Figures 4.31 and 4.32 were staggered 

over tw enty-five samples and each staggered t ra c e  was sub trac ted  from 

the unstaggered version of the o ther t ra c e .  The r e s u l t s  of these
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sub trac tio n s  are  shown in  Figures 4.33 and 4.34. I t  i s  evident th a t  

the double running average f i l t e r ,  applied  through the sub trac tion  

process, only midly a f fe c ts  the  frequency composition of both t ra c e s  

below lOHz, but th a t  the ap p lica t io n  of the inverse f i l t e r  (Figures 

3.35 and 3.36) introduces a low frequency d i s to r t io n  of d i f fe r in g  

phase in to  both noise  processes. The e f fe c t  of the f i l t e r i n g  

so lu t io n  on no ise ,  th e re fo re ,  i s  to  amplify low frequency components 

r e s u l t in g  from sp e c tra l  leakage in to  the  FFT.

Figures 4.37 and 4.38 show the add it ion  of the  simulated 

noise processes presented  in  Figures 4.31 and 4.32 to  those simulated 

time-locked v isu a l  and audito ry  tra c e s  presented in Figures 4.5 and 

4 .6 , re sp e c t iv e ly .  Figures 4.39 and 4.40 show the v isua l  and 

aud ito ry  t ra ces  following removal of  the f i r s t  order d is to r t io n  

through the su b trac t io n  process, and Figures 4.41 and 4.42 show the 

recovered v isu a l  and audito ry  responses following the  app lica tion  

of the inverse f i l t e r .  D is to r t io n  in  both recovered waveforms is  

evidenced by a low frequency base line  s h i f t .  The source of these 

low frequency d is to r t io n s  was assessed by su b trac tin g  the respec tive  

id e a l ise d  waveform (Figures 4.3 and 4.4) from these recovered v isu a l  

and aud ito ry  responses. The r e s u l t s  of these  sub trac tio n s  were 

id e n t ic a l  to  the 'recovered ' v isu a l  and aud ito ry  noise submitted to  

the f i l t e r i n g  procedure in  the absence of any s ignal (Figures 3.35 

and 3 .36). Thus the f i l t e r i n g  procedures ac t independently on both 

the s igna l and noise  components o f  waveforms submitted to  the 

so lu t io n ,  and both outputs combine a d d i t iv e ly  to  produce the 

recovered waveforms. The im plica tion  of t h i s  finding  is  th a t  

d is to r t io n s  in  the recovered waveforms r e su l t in g  from noise and 

in te rfe re n c e  w ill  be inverse ly  re la te d  to the s ignal to noise 

r a t io  o f  those waveforms submitted to  the f i l t e r i n g  so lu tion .
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The following sec tion  describes the app lica tion  o f  the f i l t e r i n g  

procedures to dual-task  data.

4.4 Application of the f i l t e r i n g  procedures to  dual ta sk -d a ta

The f i r s t  stage in  the app lica tio n  o f  the f i l t e r i n g  procedures 

to dual-task  data  involved removing the * f i r s t - o r d e r '  d i s to r t io n  

from time-locked v isua l  and aud ito ry  t ra c e s .

Removal o f  the running average o f  auditory  a c t iv i ty  from time-locked 

v isua l  t races  was achieved by s taggering  the time-locked audito ry  

averages and then sub trac tin g  these staggered traces  from appropria te  

sec tions  o f  the corresponding time-locked v isu a l  t ra c e s .  The running 

average o f  every auditory  trace  was ca lcu la ted  according to  the algorithm

given by equations {3.3} to  {3.6}, and the f i r s t  and l a s t  24 data  

po in ts  were truncated  to remove spurious values a t  the beginning and 

end o f  each t ra c e .  To ensure s u f f ic ie n t  data  poin ts  fo r  ap p lica tio n  

o f  the inverse f i l t e r ,  the staggered auditory  t ra ces  included those 

data  values recorded p r io r  to  the onset o f  the auditory  s t im u l i .  A t o t a l  

o f  351 data  values was thus av a ilab le  fo r  su b trac tio n .

The staggered waveforms were sub trac ted  from corresponding v isua l  

traces  following an in te rv a l  equal to  the minimum delay between the  onset 

o f  the f ix a t io n  cross and the onset of the  auditory s tim u li  in  th a t  

condition , plus an add itional delay o f  24 samples to  allow fo r  t ru n c a tio n  

o f  the staggered auditory  t ra c e .  The f u l l  complement o f  351 samples was 

sub trac ted  from v isual tra ces  recorded over s ignal conditions 1-5. A 

to ta l  o f  339, 301 and 264 data values were sub trac ted  from tra c e s  recorded 

over s igna l conditions 6, 7 and 8 resp ec tiv e ly ,  being l im ited  by the  length 

of the  v isua l t ra c e s .  The r e su l ts  of these  sub trac tions  fo r  averages
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recorded from the  Cz lead under the  physical match condition are 

shown in Figure 4.43. Each sec tion  o f  t ra c e  is  shown padded out 

with n u l ls  a t  i t s  r e l a t iv e  p o s it io n  within the th ree  second epoch.

A symmetrical procedure was followed fo r  removal of  the 

' f i r s t  o rd e r ' d i s to r t io n  from time-locked aud ito ry  t ra c e s .  Every 

time-locked v isua l  t ra c e  was staggered over i t s  e n t i r e  length and 

the f i r s t  and l a s t  24 da ta  values were trunca ted . Appropriate 

sec tions  of these  staggered t ra c e s  were then sub trac ted  from 

corresponding audito ry  t ra c e s .  For s ignal conditions 1-5 a to t a l  

o f  375 data  poin ts  were sub trac ted , fo r  s igna l conditions 6, 7 and 

8 a  to t a l  of 339, 301 and 264 data  po in ts  were sub trac ted , respec tive ly .  

The r e s u l t s  of these su b trac tio n s  fo r  averages recorded from the Cz 

lead over physical match t r i a l s  are shown in Figure 4.44.

The t ra ces  presented in  Figures 4.43 and 4.44 in d ica te  th a t  

the double running average f i l t e r ,  applied through the  sub trac tion  

process, has e f fe c t iv e ly  removed the ' f i r s t  o rd e r ' d i s to r t io n  from 

time-locked v isua l  and aud ito ry  averages. Removal of the re su l ta n t  

'second o rd e r ' d i s to r t io n  was achieved by ap p lica tio n  of the inverse 

f i l t e r  to  256 data  values taken from each of the waveforms obtained 

from the sub trac tion  process . The FFT rou tin e  described in 

Section 4.2 was used to  mediate conversion between the time domain 

and the  frequency domain, and the f i l t e r  constants by which each 

Fourier c o e f f ic ie n t  was m u ltip lied  are those presented in 

Figure 4.2.
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A number of windows were applied to  the data , p r io r  to  the 

ap p lica tio n  of the inverse f i l t e r ,  in an attempt to  reduce the 

e f fe c ts  of sp ec tra l  leakage in the FFT. These windows included 

the Hanning, the 20% and 40% cosine taper  windows and the  Blackman- 

H arris  window (see H arr is ,  1978). The r e s u l t s  of these  procedures 

were le ss  than s a t i s f a c to ry  as the recovered waveforms a l l  exhib ited  

low frequency d is to r t io n s  which could be a t t r ib u te d  to  sp e c tra l  

leakage in  the FFT. For example. Figures 4.45 and 4.46 show the 

waveforms recovered from those data  presented in Figures 4.43 and 

4.44 following the ap p lica tio n  of the 20% cosine tap e r  window.

The recovered v isua l  waveforms (Figure 4.45) are those sec tio n s  of 

t ra c e  bounded by the arrow heads which have been in se r te d  a t  t h e i r  

r e l a t iv e  pos it io n s  w ithin the o r ig in a l  time-locked v isu a l  t ra c e s .

The pure v isua l  average recorded over non-signal t r i a l s  has been 

included also fo r  purposes of comparison. In Figure 4 .46, the 

recovered auditory  waveforms are  shown padded out with n u l ls  a t  

t h e i r  r e l a t iv e  po s it io n s  w ithin the l.Ssecond epoch.

Low frequency d is to r t io n s  are evident in both s e ts  of 

t ra c e s .  In p a r t ic u la r ,  note the d i s to r t io n  of those recovered 

v isua l t ra ces  which include the very low frequency components 

assoc ia ted  with the onset of the  second l e t t e r  s tim u li  (v isua l 

t races  recorded under s ignal conditions 3-8). Note a lso  the 

d i s to r t io n  o f  the  pre-stim ulus base line  of auditory  ERPs recorded 

under s ignal conditions 7 and 8, and the lack of re so lu t io n  o f  

the pos itive-go ing  (P^) component of  the auditory  ERP recorded under 

the f i r s t  s ignal condition.
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o f  th e  20% c o s in e  t a p e r  window (CzPM).
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As the inverse  f i l t e r  has i t s  g re a te s t  e f fe c t  on frequencies 

o f 0.977Hz, corresponding to  the second F ourier c o e f f ic ie n t (see 

Figure 4 .2 ), the major source o f d is to r t io n  in  the recovered 

waveforms r e s u lts  from sp e c tra l leakage in to  th is  component o f 

the FFT. A method o f avoiding th is  obvious source o f d is to r t io n  

is  to  modify the inverse  f i l t e r  by s e tt in g  the second f i l t e r  

constan t to  u n ity . This has the e f fe c t  o f 'f i l t e r i n g  o u t ' both 

wanted and unwanted component frequencies o f 0.977Hz from the 

recovered waveforms.

Figures 4.47 to  4.58 show the r e s u l ts  o f applying the 20% 

cosine ta p e r  window and the m odified inverse  f i l t e r  to  v isu a l and 

au d ito ry  tra c e s  recorded from Cz and Pz leads over a l l  conditions 

o f the d u a l-ta sk  experim ent, follow ing removal o f the f i r s t  order 

d is to r t io n . A ll recovered v isu a l tra c e s , bounded by the arrow­

heads, are in se r te d  w ith in  the corresponding o r ig in a l tim e-locked 

v isu a l averages. The use o f the m odified f i l t e r  r e s u l ts  in  a much 

more acceptable s ig n a l recovery. Overlays 1 and 2 can be used on 

these recovered waveforms to  check fo r  the removal o f the f i r s t  

o rder d is to r t io n  r e s u lt in g  from the running average o f a c t iv i ty  

to  s tim u li in  the o ther m odality.
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F ig u re  4 .4 7 .  Recovered v i s u a l  averages  fo l lo w in g  a p p l i c a t i o n  o f  th e
20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (CzPM).
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th e  20% co s in e  t a p e r  window and m od if ied  f i l t e r  (CzPM)
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F ig u re  4 .4 9 .  Recovered v i s u a l  av e rag es  fo l lo w in g  a p p l i c a t i o n  o f  th e
20% co s in e  t a p e r  window and m o d if ied  f i l t e r  (PzPM).
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F ig u re  4 .5 1 .  Recovered v i s u a l  averages  fo l lo w in g  a p p l i c a t i o n  o f  th e
20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (CzRM).
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F ig u re  4 .5 2 .  Recovered a u d i to r y  averages  fo l lo w in g  a p p l i c a t i o n  o f
th e  20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (CzRM)
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F ig u re  4 .5 3 .  Recovered v i s u a l  averages  fo l lo w in g  a p p l i c a t i o n  o f  th e
20% co s in e  t a p e r  window and m od if ied  f i l t e r  (PzRM).
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F ig u re  4 .5 4 .  Recovered a u d i to r y  averages  fo l lo w in g  a p p l i c a t i o n  o f
th e  20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (PzRM)
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F igu re  4 .5 5 .  Recovered v i s u a l  averages  fo l lo w in g  a p p l i c a t i o n  o f  th e
20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (CzMM).
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F ig u re  4 .5 6 .  Recovered a u d i to r y  averages  fo l lo w in g  a p p l i c a t i o n  o f
th e  20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (CzMM)
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20% c o s in e  t a p e r  window and m o d if ied  f i l t e r  (PzMM).
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4 .5  D isc u ss io n

The previous sec tio n s  dem onstrate th a t  the d ig i ta l  f i l t e r i n g  

procedure provides a powerful technique fo r separa ting  out over­

lapping waveforms to  near-sim ultaneous s tim u li. C entral to  the 

so lu tio n  i s  the  method o f staggering  the  p re sen ta tio n  o f s tim u li 

in  one m odality with re sp ec t to  s tim u li in  the  o th er m odality to  

e f fe c t  the  p a r t ia l  tim e-unlocking o f average ERPs. The so lu tio n  

hinges on the fa c t th a t the  e f fe c t  o f th is  s taggering  can be defined 

p re c ise ly . I f  the assumptions inheren t in  the  an a ly s is  ho ld , then 

the  d is to r t io n  p resen t in  each complex waveform must be com pletely 

removed by su b trac tio n  o f the  ap p ro p ria te ly  p o sitioned  running 

average o f the  o ther complex waveform. F u rther, th e  fa c t  th a t  th e  

f i l t e r  responsib le  fo r  the  ’second o rd e r ' d is to r t io n  can be defined  

p re c ise ly , means th a t i t s  inverse  is  capable of p re c ise ly  recovering  

the o r ig in a l waveforms, w ith the  exception o f those l im ita tio n s  o u tlin ed  

in  Sections 4 .3 .3  and 4 .3 .4 .

What are  the  assumptions inheren t in  th is  procedure? The f i r s t  

is  th a t  the e le c t r ic a l  output o f the  v isu a l and aud ito ry  processors 

sum l in e a r ly ,  as p rev iously  d iscussed  in  Section 3.3 o f Chapter 3.

This does not mean th a t  the  two processors are assumed not to  

in te ra c t .  Indeed, a major use o f th is  technique is  to  allow  th e  

d e tec tio n  of such in te ra c tio n s  [c f. Section 3 .3 ). Only the  

e le c t r ic a l  output of the processors is  assumed to  add.

The second major assumption is  th a t the e le c t r ic a l  a c t iv i ty  

o f the two p rocessors , th a t  i s  the v isu a l and aud ito ry  ERPs, do 

not vary over the duration  of the  staggering  window. To the 

ex ten t th a t  th is  technique is  u se fu l in  d e tec tin g  in te ra c tio n s  which 

occur between the p rocessors, th is  assumption, in  the  l im it ,  

must be fa ls e .  That i s ,  the wanted s ig n a ls  could be expected
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to  vary sy stem atica lly  according to  the temporal in te rv a l  between 

the  two s tim u li. C learly , i f  th i s  happens to  any g rea t ex ten t, 

then the  a n a ly tic  technique is  suspect.

However, th is  problem i s  minimised, i f  not com pletely overcome, 

by good experim ental technique. For example, in  the  d u a l-ta sk  

experim ent, ph y sio lo g ica l da ta  were saved only i f  su b jec ts  responded 

c o r re c tly  to  both v isu a l and aud ito ry  task s  in  order to  minimise 

th e  v a r ia tio n  in  ERPs to  s tim u li p resen ted  a t d if fe re n t  p o s itio n s  

w ith in  the  staggering  in te rv a l  (see Section 2 .6 .1 ) .  Furthermore, 

the sm aller the  window used to  c rea te  the  two s ig n a ls , the  le ss  

w ill  be the  d is to r t io n  due to  system atic v a r ia tio n s  in  the  shape 

o f th e  underlying waveforms. Thus, i f  the  window s iz e  i s  kept 

small in  comparison to  th e  time over which in te ra c tio n s  are  being 

examined, then d iffe ren ces  can be a t tr ib u te d  to  these  in te ra c tio n s  

i f  they  are  la rge  enough and system atic enough. Care i s  needed, 

however, to  d e tec t re s id u a l d is to r t io n  which may appear from the 

in te r fe r in g  s ig n a l, as a r e s u l t  o f i t s  changing i t s  na tu re  over 

th e  s taggering  window. A way o f v a lid a tin g  the  technique fu r th e r  

is  to  use windows o f d if f e re n t  s ize s  so th a t  the time course o f 

changes in  the underlying s ig n a ls  can be accu ra te ly  mapped.

While in  theory  the p resen t technique provides an optim al so lu tio n  

to  the problem o f sep ara tin g  out overlapping waveforms, a serious 

l im ita tio n  in  i t s  use concerns the accuracy o f the s ig n a ls  recovered 

through the ap p lica tio n  o f the inverse  f i l t e r  in  the frequency domain.

The previous sec tio n s  demonstrated th a t  sp e c tra l leakage, p a r t ic u la r ly  

in to  the lowest frequency range o f the FFT where the f i l t e r  has i t s  

g re a te s t  e f f e c t ,  can r e s u l t  in  severe d is to r t io n s  in  the recovered 

waveforms. S e ttin g  the second f i l t e r  c o e ff ic ie n t to  u n ity  avoids 

the more obvious d is to r t io n s  but does not e lim inate  any m isrep resen ta tion
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re su lt in g  from sp e c tra l leakage in to  or from o th er frequency 

components, and the frequency composition of the  recovered 

waveforms can be expected to  be biased to  some degree. F u rth er­

more, the modified f i l t e r  f a i l s  to re s to re  the wanted 0.977Hz 

component o f the  id e a lise d  responses. This may r e s u l t  in  reduced 

peak to  peak amplitudes and/or a change in  peak la te n c ie s  (see, 

fo r  example, Goff, 1974, p . 126).

The follow ing chap ter considers an a l te rn a t iv e  method of 

an a ly s is  in  an attem pt to  overcome the lim ita tio n s  o f th e  p resen t 

technique. Again, the  tim e-locked v isu a l and au d ito ry  averages 

provide th e  b asis  fo r  the a n a ly s is , but the  follow ing so lu tio n  

estim ates the id e a lise d  waveforms by means o f a reg ress io n  an a ly s is  

c a rried  out in  the time domain.
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CHAPTER 5: , GENERALISED LEAST SQUARES ESTIMATION
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5.1 In troduction

The th ird  method of an a ly sis  to  be considered 

employs the c la s s ic a l  lin e a r  reg ressio n  model and estim ation  of 

the  id e a lise d  v isu a l and aud ito ry  responses is  achieved through 

the method of le a s t  squares. This approach has an immediate 

advantage over the f i l t e r in g  procedure in  th a t  the  an a ly s is  is  

c a rrie d  out in  the time domain and hence obviates the problems 

of sp e c tra l leakage asso c ia ted  with an a ly sis  in  the frequency 

domain.

The d e riv a tio n  o f the equation which provides the  b as is  

fo r estim ation  o f the id e a lise d  v isu a l and aud ito ry  responses 

is  provided in the follow ing sec tio n . The adequacy o f the 

model hinges on the accurate  s p e c if ic a tio n  of the  transfo rm ations 

applied  to  the id e a lise d  responses through the method of 

stim ulus p re sen ta tio n  and da ta  c o lle c tio n . I t  should be noted 

th a t the model to  be presen ted  incorporates some 

departu res from the ac tu a l methods used during the d u a l-ta sk  

experiment. These departu res are d iscussed in  Section 5 .4 .

5.2 S p ec ific a tio n  of the reg ressio n  equation

The data  recorded over s ig n a l t r i a l s  of the dual ta sk  experiment 

can be described in  the follow ing s im p lified  way. Every t r i a l  in  

a p a r t ic u la r  s ig n a l condition  provides the record of e v e n t-re la te d  

a c t iv i ty  to  two s tim u li, a v isu a l stim ulus and an aud ito ry  s tim ulus, 

and the delay between the onset o f the v isu a l and aud ito ry  s tim u li is
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d if fe re n t fo r every t r i a l  as a r e s u l t  o f the s taggering  procedure.

Over the whole s e t  o f  t r i a l s ,  however, every time delay th a t  i s  an 

in te g ra l  m ultip le  o f the sample in te rv a l and l ie s  between a minimum 

delay o f k samples and a maximum delay o f t  samples i s  used once.

The staggering  window can be defined  as extending over -k+1) 

sample in te rv a ls .

For the  follow ing d a ta  compression i t  i s  assumed th a t  on every 

t r i a l  a record  o f  N samples follow ing the onset of the  v isu a l 

stim ulus i s  saved. I t  i s  fu r th e r  assumed th a t  the responses to  the 

two s tim u li are in v a ria n t over th e  du ra tion  o f the  s taggering  window. 

That i s ,  they can be rep resen ted  by separa te  time s e r ie s  which are 

in d iv id u a lly  u n a lte red  by the time delay between the  s tim u li. An 

a d d itio n a l assumption i s  th a t  the two responses add l in e a r ly  a t the 

s i t e  o f  the recording e lec tro d e .

The id e a lise d  response to  the  v isu a l stim ulus can be w ritte n  as 

h^ where N-1 i s  the number o f sample in te rv a ls  a f te r  the  onset of the 

stim ulus and the  terms h^, hg, h^, h^ up to  h^ are th e  time se r ie s  

rep re sen ta tio n  o f the 'id e a l i s e d ' v isu a l response. S im ila rly , the 

id e a lis e d  response to  th e  aud ito ry  stim ulus can be w ritte n  as g^ where 

th is  time the  su ff ix  rep resen ts  the  number o f  sample in te rv a ls  a f te r  

the  onset o f the aud ito ry  stim ulus. The record from any one t r i a l  

can thus be divided in to  two p a r ts :  the f i r s t  a f te r  the  onset o f the 

v isu a l stim ulus but before the onset o f the aud ito ry  s tim ulus, and the 

second a f te r  the onset o f  the aud ito ry  stim ulus, when both v isu a l and 

aud ito ry  responses overlap . I f  the experim ental response from one 

t r i a l  i s  w ritte n  as y^ where the onset o f the v isu a l stim ulus is  

rep resen ted  by y^ then;
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772+1 > n % 1 

N  ̂ n 3 772+1

where: n i s  the  number o f the  sample in te rv a l ,

772 is  the delay between the onset of the  v isu a l and aud ito ry  

s tim u li (Z % m % k ) , and

is  the e r ro r  in  the observations due to  in te rfe re n c e  and 

n o ise .

The above equations can be w ritte n  in  m atrix n o ta tio n  as follow s :

y y

y 2 " 2

• = I • +

5n ’’N

Nxl NxN Nxl

(  772 X  N - k )

I 1 
1

0

(N- 772 • ( N - 7 7 2
X  ‘ X

N- 772) 1 m-k)

h " 1

§2 " 2

• + •

% -k

N-kxl Nxl

{5.1}

NxN-k

where I i s  the id e n ti ty  m atrix  and sub-m atrix  and 

0 i s  the n u ll sub-m atrix .

Note th a t the e f fe c t  o f s taggering  the  onset o f the aud ito ry  stim ulus 

w ith re sp ec t to  the v isu a l stim ulus i s  incorporated  in  equation {5.1} 

through the (NxN-k) m atrix  which modulates the  co n trib u tio n  o f  the  

elements w ithin  the v ec to r ĝ . The maximum id e a lise d  aud ito ry  response 

of N-k samples is  recorded when the delay between the onset o f  the  

v isu a l and aud ito ry  s tim u li is  a t a minimum (772=k), while the  minimum 

auditory  con tribu tion  of N-Z- samples is  recorded when m=l.
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Using the su ff ix  m to  in d ic a te  th a t  the equation re fe rs  to  the 

t r i a l  w ith a delay o f m sample in te rv a ls  between s tim u li, the  above 

equation can be w ritten  in  a more compact form:

-m {5.2}

where y is  the vecto r o f  o b servations,

h i s  the  v ecto r o f  the  time s e r ie s  rep re sen ta tio n  o f the

id e a lise d  response to  the  v isu a l stim u lus, 

rep resen ts  the  (NxN-k) m atrix which sp e c if ie s  the 

co n trib u tio n  o f the  id e a lise d  aud ito ry  response,

I g i s  the v ec to r o f the  time s e r ie s  rep re sen ta tio n  o f the

id e a lis e d  response to  the aud ito ry  s tim u lus, and 

£ i s  the vecto r o f  observation  e r ro rs .
— 777

The r e s u l ts  o f a l l  t r i a l s  p resen ted  under a p a r t ic u la r  s ig n a l 

condition  can now be ordered in  a sequence according to  the delay

between s tim u li and combined in  a new vecto r equation:

& I
'

I ^ + 1

• = ' h + • g + •

U -1 I V i -7-1

_ u  _ I

{5.3}

The data  defined by equation {5.3} were saved in  two ways, and 

the  two records crea ted  are the d a ta  from which the time s e r ie s  h^ and 

g^ are to  be estim ated . For s im p lic ity  the  summation ra th e r  than 

averaging o f da ta  records w ill  be assumed.
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The f i r s t  da ta  saving process involved lin in g  up each record 

so th a t  the in s ta n t  a t which the v isu a l stim ulus occurred was 

coincident in  a l l  records. Then a t each time in te rv a l a sum o f a l l  

the co incident o rd in a te s  from each record  was crea ted  over the  

in te rv a ls  1 to  N. The r e s u lt in g  tra c e  of N samples i s  thus the 

'average* recorded tim e-locked to  the v isu a l events o f the d u a l-ta sk .

In the second da ta  saving process the in s ta n t  a t which the  

aud ito ry  stim ulus occurred in  each record  was aligned with the same 

in s ta n t in  the o ther records. A new tra c e  o f  N samples was c rea ted  by 

summing the o rd in a te s  o f each record , s ta r t in g  k samples p r io r  to  the 

aud ito ry  stim ulus onset and continuing fo r  N-k samples follow ing the  

onset o f the aud ito ry  stim ulus. The re su lt in g  tra c e  i s  thus the 

'av erag e ' recorded tim e-locked to  the aud ito ry  events o f the d u a l-ta sk .

Table 5.1 i l l u s t r a t e s  the  two data  c o lle c tio n  processes using 

sim ulated data . In th is  example a to t a l  o f 19 samples follow ing the  

onset of the v isu a l stim ulus i s  recorded on every t r i a l .  The da ta  

fo r each t r i a l  provide a sep ara te  time s e r ie s  fo r  th e  id e a lis e d  

v isu a l response (upper row) and a sep ara te  time s e r ie s  fo r  th e  id e a lise d  

aud ito ry  response (lower row). The minimum delay between th e  onset o f 

the v isu a l stim ulus and the onset o f the  aud ito ry  stim ulus i s  5 samples 

( t r i a l  T l ) , and th e  maximum delay is  9 samples ( t r i a l  T5). T herefore , 

in  terms of equations {5.1} and {5.3}, N = 19, k - S and 7 = 9 ,

The upper p o rtio n  o f Table 5.1 i l l u s t r a t e s  the alignment of data  

records so th a t  the  onset o f  the v isu a l stim ulus i s  co inciden t across 

records. The row of fig u res  la b e lled  r^ provides the  summation o f a l l  

co incident o rd ina tes from each record . This rep resen ts  the  tim e-locked 

v isu a l tra c e .
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The lower p o rtio n  o f  Table 5.1 i l l u s t r a t e s  the  alignment o f da ta  

records so th a t  the onset o f  the aud ito ry  stim ulus i s  co inciden t across 

a l l  records. The row o f fig u res  lab e lled  r^ provides the summation o f 

a l l  o rd in a tes  from each record  and rep resen ts  the tim e-locked aud ito ry  

tra c e . Note the tru n c a tio n  of d a ta  preceding the onset o f  the  

aud ito ry  stim ulus by more than k samples, and the e f fe c t  th a t  the 

c o lle c tio n  process has on the  l a s t  l-k  samples o f the r^ tra c e .

The ac tion  o f these two data  transform ations can be shown 

form ally by p rem ultip ly ing  equation {5.3} by app ropria te  m atrices.

The f i r s t  transfo rm ation , the  alignment and summation o f  d a ta  

records co incident w ith the onset o f the v isu a l s tim u lus, involves
I

p rem u ltip lic a tio n  by th e  m atrix  W.

where
I _ » t I

Wi ■= . . . . .  CD̂]

Nx(7-k+l)N

and = [ l ]  , the id e n ti ty  m atrix .
NxN

The r e s u l t  o f th is  transform ation  i s :

+ Zk+i •••• + y%] = h + [Q% + Qfc.i ----Qz]g +
-k+1

- I  

{5.4}

The second transfo rm ation , the alignment and summation o f d a ta  records 

coincident with the onset of the aud ito ry  s tim ulus, involves p re -
t

m ultip ly ing  by the m atrix
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where w} = ■ ' ■ ■

NxC7-k+l)N

and

2 m

0

N+(k-m)
X

m-k

N+(k-m)
X

N+Ck-m)
0

m-kxN

Applying th is  transfo rm ation  gives the  equation:

'^2k % ^ 2 k + l  %+l  + "^7 2^] = + ^k+l"'"* 7̂-

[^2k %  ^ ^2k+l % +l ■*■-------- ^27 ^7^^ ^ ^2

where P = ,m 2m*

^ + 1

and w ritin g :

0 I I
I

N+(k-m) IN+(k-m)
X  I X

m-k I N+(k-m)
0

m-kxN
NxN

0

mxN-k 
-  - T  -
I 1 0

N - / 7 7  I N-m
X  I X

N-m 1 m-k
NxN-- k

0
kxN-k

-  T 0I 1
N-m 1 N-m

X  • X

N-m * m-k
— — —  -d — —  —  —

0
_ k-m X  N-k  . J

N: X N-k
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allows [w2 % + f^2k+l % +l ‘ ‘ ’ "27

to  be re w ritten  as :

k̂+1 ------- 7̂̂

The re s u l t  o f th is  second transform ation  can now be w ritten  as

[*2% %  * “ 2fe+l Zk+1 °  tPj, + P%+i + • • • +  P j ] i l

*  *  S%+1 + • • • +  S j ] £  + V<2 -S&+1

{5 .51

I f  the r e s u l t  o f the f i r s t  transform ation  is  the N length  vecto r

r^ and the r e s u l t  o f the  second transform ation  is  the N leng th  vecto r —i
£ 2  then the r e s u l ts  of the two transform ations can be incorporated  in to  

one m atrix equation:

1 %  1
21 (7-k+l) I ' :  %  , 

1 m=k h

(Nxl) (NxN) j (NxN-k) (N X 1)

-2
7
:  Pm

m=k 1 V1 m-k
g

+

"'2

(Nxl) (NxN) * (NxN-k) (N-kxl)

^ + 1

- 7 {5.6}

The transform ations applied  to  the id ea lise d  v isu a l and aud ito ry  

responses are sp ec ified  completely by the (2N x N+N-k) design m atrix  of 

equation {5.6}. The design m atrix appropria te  to  those data  p resen ted  in  

Table 5.1 is  given in  Table 5 .2 .
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Table 5 .2 : Design m atrix  fo r  data  given in  Table 5.1

5000000000000000000 00000000000000 
0500000000000000000 00000000000000 
0050000000000000000 00000000000000 
0005000000000000000 00000000000000 
0000500000000000000 00000000000000 
0000050000000000000 10000000000000 
0000005000000000000 11000000000000 
0000000500000000000 11100000000000 
0000000050000000000 11110000000000 
0000000005000000000 11111000000000 
0000000000500000000 01111100000000 
0000000000050000000 00111110000000 
0000000000005000000 00011111000000 
0000000000000500000 00001111100000 
0000000000000050000 00000111110000 
0000000000000005000 00000011111000 
0000000000000000500 00000001111100 
0000000000000000050 00000000111110 
0000000000000000005 00000000011111
1111100000000000000 00000000000000 
0111110000000000000 00000000000000 
0011111000000000000 00000000000000 
0001111100000000000 00000000000000 
0000111110000000000 00000000000000 
0000011111000000000 50000000000000 
0000001111100000000 05000000000000 
0000000111110000000 00500000000000 
0000000011111000000 00050000000000 
0000000001111100000 00005000000000 
0000000000111110000 00000500000000 
0000000000011111000 00000050000000 
0000000000001111100 00000005000000 
0000000000000111110 00000000500000 
0000000000000011111 00000000050000 
0000000000000001111 00000000004000 
0000000000000000111 00000000000300 
0000000000000000011 00000000000020 
0000000000000000001 OOUOOOOOOOOüOl
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Equation {5.6} can be ad justed  to  describe  the  averaging ra th e r  

than summation o f da ta  reco rd s, by d iv id ing  through by (7-k+ l):

(7—k+1)

2 i

I 
z S

(7-k+l) ' (7-k+l) m=k
m

(7-k+l)

W,

2k+l

{5.7}

Note th a t th is  equation assumes th a t every value rep resen ted  by and 

is  divided by (7 -k + l) , which r e s u l ts  in  the in ap p ro p ria te  norm alisa tion  

of the  l a s t  7-k samples of the  vecto r ( re fe r  to  Table 5 .1 ). The 

equation can e a s ily  be modified to  accommodate the c o rrec t no rm alisa tion  

o f ac tu a l da ta  i f  necessary . For th e  follow ing a p p lic a tio n s , however, 

the above equation is  ap p ro p ria te .

Equation {5.6} or {5.7} can now be used as the b as is  fo r  

estim ating  the id e a lise d  v isu a l and aud ito ry  responses. Equation {5.8} 

expresses the general lin e a r  reg ressio n  model in  m atrix  n o ta tio n  (Kendall 

and S tu a r t, 1967, p .76), and the correspondence between th is  equation 

and equations {5.6} and {5.7} i s  noted;
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Y = XB + e {5.8}

where Y i s  a vec to r of observations corresponding to  r^ and r^  in  

equations {5.6} and {5.7}

X is  a m atrix  o f known c o e f f ic ie n ts  corresponding to  the  

design m atrix  o f equations {5.6} and {5.7}

3 i s  a v ec to r o f unknown param eters which corresponds to

the id e a lise d  v isu a l and aud ito ry  responses rep resen ted  by 

h and £  in  equations {5.6} and {5.7}, and 

c i s  the  v ecto r o f ’e r ro r ' random v a r ia b le s .

The param eters 3 o f the model can be estim ated through the 

method o f o rd inary  le a s t  squares (OLS) (Kendall and S tu a r t ,  1967):

3 = (x 'x )" l  x ’y {5.9}

where, in  ad d itio n  to  the  above d e f in it io n s ,

X is  the  transpose o f the design m atrix  X, and 

, -1
(X X) is  the  inverse  o f the  sums o f squares and cross-products o f the 

elements w ith in  X.

Note th a t  an in te rc e p t term 3^ can be added to  the model by 

in co rpo ra ting  a v ec to r of I s  in  the  f i r s t  column p o s itio n  o f th e  X

m atrix  (Neter and Wasserman, 1974, p . 234).

The OLS estim ato rs are  unbiased and o f minimum variance i f  a 

number o f assumptions are  s a t is f ie d  (see Bennett, 1979, p .244 fo r  a 

comprehensive account o f these  assum ptions). The major assumptions 

include:

1. That the  model is  c o rre c tly  sp e c ifie d . That i s ,  the  design m atrix 

must accu ra te ly  describe  the re la tio n sh ip  between the  observations 

and the param eters o f the model.
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2. That the d istu rbances or e rro rs  {s} in  the equation are random

and have an expected value o f zero (E{&} = 0).

3. That the  e rro rs  are  of constant variance (the hom oscedasticity

co n d itio n ), w ith a variance-covariance m atrix E{ee'} = a^ I .

4. That the  e rro rs  are independent o f each o th e r, E le^, = 0,

fo r  a l l  T /  0.

The importance o f th e  assumptions concerning the  e r ro r  term of 

the  model is  re a lis e d  i f  we consider th a t  the  b as is  o f le a s t  squares 

param eter estim ation  is  to  minimize the  sum of the squared re s id u a ls  

which are a l in e a r  function  o f the  unknown d istu rb an ces. I t  w ill  be 

noted th a t  the  comparison made between the  proposed model 

(equations {5.6} and {5.7}) and the  general lin e a r  model (equation 

{5.8}) fa i le d  to  take in to  account the  e f fe c t  o f the  transfo rm ation
t !

m atrices and on the e rro r  term of the proposed model. These 

transform ations may re s u l t  in  departu res from e i th e r  or both of 

assumptions 3 and 4 given above.

Departures from the  hom oscedasticity  condition  w ill  r e s u l t  in  

OLS estim ato rs which are s t i l l  unbiased and co n s is ten t but which are  no 

longer minimum variance estim ato rs  (Neter and Wasserman, 1974, p . 131). 

S im ila rly , OLS estim ation  in  the presence of au to co rre la ted  

d istu rbances w ill be asym pto tica lly  unbiased and c o n s is te n t, but 

the estim ato r w ill be in e f f ic ie n t  and hence no longer minimum 

variance. Also, the  estim ates o f the param eter v ariance , var(3) 

and e r ro r  v arian ce , w ill  be b iased  (Hibbs, 1974, p . 256). The 

im portant im plication  fo r the p resen t so lu tio n  is  th a t  departu res 

from these  assum ptions, re su lt in g  from the  transfo rm ations app lied  

through the  data  saving p rocess, w ill y ie ld  OLS estim ates of id e a lis e d  

v isu a l and audito ry  responses which have need lessly  la rg e  v arian ces.
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The assumptions o f hom oscedasticity  and independence o f the 

e rro r  process imply th a t  th e  e r ro r  variance-covariance m atrix  is  

constant in  the diagonal elements (hom oscedasticity) and zero in  the 

o ff-d iagonal elements (no a u to c o rre la tio n ) . That i s :

E{ee'} = a^I {5.10}

where is  the  population  e rro r  variance and

I is  the id e n ti ty  m atrix .

In cases where the d istu rbances depart from e i th e r  o f these

assumptions the  d isp e rs io n  m atrix  can no longer be described  as

above but ra th e r  corresponds to  a^V, where the  diagonal elements 

o f V r e f le c t  the variance o f the  e rro r  terms w hile the  o ff-d iagonal 

elements r e f le c t  the mechanism generating  the  d istu rbance time 

dependence.

I f  p r io r  inform ation about V is  av a ilab le  then param eter 

estim ation  can be undertaken using A itken’s (1935) method of g en era l­

ised  le a s t  squares (GLS), whereby equation {5.9} g en era lises  to :

= (x ’V^X)"^ x 'v ’ ^Y {5.11}

Hibbs (1974, p . 260) provides proof th a t  the GLS estim ato r 

i s  asym pto tica lly  unbiased, minimum variance and provides unbiased 

estim ates o f the param eter variance and e rro r  variance. Therefore, 

GLS provides in  theory the  optimum so lu tio n  to  the problems created  

by departu res from those assumptions concerning the e r ro r  term of 

the general l in e a r  model.
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In general p r io r  knowledge of th e  d istu rbance variance-covariance, 

m atrix is  not av a ila b le  and, in  the  case of au to co rre la ted  

d is tu rb an ces , the  ch a rac te r o f V must be deduced from sample data  

by id e n tify in g  the  s t a t i c  model which b es t describes the  noise 

process (Hibbs, 1974). In the  p resen t case, however, knowledge of
f I

th e  form of and allows the  e rro r  variance-covariance m atrix 

re su lt in g  from th ese  transfo rm ations to  be sp e c ifie d . The d isp ers io n  

m atrix  of the transform ed e rro rs  from equation {5.6} can be w ritten :

E (ee’) W,

Since, from equation {5.10}, is  a s c a la r  q u an tity  and the 

id e n ti ty  m atrix  can be suppressed, the  above becomes :

V =
w;

w w J  =

w'
L J

w ’ w, w'2 _ 2 1 2 2

{5.12}

and the component m atrices of the e rro r  variance-covariance m atrix  

can be sp ec ified  as follow s:

=

0)1
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= (7-k+l)

NxN

W2  w 2 *2% ^2%+! '21

2k
^2k+l

2̂m 2̂mm-k

where
0 1 I 0 I

N + ( k - m )  j N + ( k - m ) m - k x  I 0
x m - k  1 x N + ( k - 7 7 7 )  1 N + ( k - / 7 2 )  • N x

0
777- k x N

------------- 1 m-k
I 1

N + ( k - m Q  1 
x N + ( k - m ) l

N+ (k-m)x 
N+(k-m)

0

N+Ck-m)
xm-k

0
m-kxN

W2 “ 2fe “ 2fe+l‘ • 7Z. 1 • -  ■>
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where w2m 1

0

N+{k-m)

•m-k
N+{k-m)

X
N+{k —m)

0
m-kxN

I

NxN

0

N +{k-m)  

'm -k

N+ {k—m)
X

N+{k-m)

0
m-kxN

and

“ l "'2
I t

0)1 0)̂

2k
'2k+l

' 21

I
I

i7p=k 2?7Z

where I
NxN

m-kx  I 0

N+ (k-77z) I Nx
 ^  ^

N+(k-m)x I 
N+{k-m)  I

0

m-kx  

N+{k-m) ; °
 J  Nx

I I m-k  
N+(k-mQ I 

xN+(k-m) I
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The d iv is io n  o f each element o f the  above sub-m atrices by (Z-k+1) 

i s  app rop ria te  i f  the  transfo rm ations involve the  averaging ra th e r  than 

summation of d a ta .

The e rro r  variance-covariance m atrix , V, fo r  those da ta  presen ted  

in  Table 5.1 is  given in  Table 5 .3 . Note th a t  the  transform ations remove 

th e  assumed independence o f the  e rro rs  and r e s u l t  a lso  in  a mild departu re  

from the  hom oscedasticity  cond ition .

The follow ing Section  uses sim ulated da ta  to  t e s t  the  assumption 

th a t  the  design m atrix  of the  proposed model i s  c o rre c tly  sp ec ified .

The e f fe c t  of the  transfo rm ations on the  e r ro r  term o f the  model and the  

im plica tions fo r  param eter estim ation  are  a lso  considered fu rth e r .

5.3 T esting  the  model

For the follow ing t e s t s  the  id e a lise d  v isu a l and aud ito ry  

responses are rep resen ted  by a s in g le  cycle o f a s inuso id  comprising 45 

d a ta  values and 40 d a ta  values re sp e c tiv e ly . These id e a lise d  tra ce s  are 

shown in  Figure 5.1A.

The f i r s t  s tage in  te s t in g  involved sim ulating  tim e-locked v isu a l 

and aud ito ry  averages by c a lc u la tin g  the  running average o f each id e a lise d  

tra c e  and adding the  re s u l ta n t  waveform to  the unstaggered version  of 

the o ther tra c e . A .staggering  window of 5 samples was used while the 

minimum delay between the onset of the  v isu a l response and the onset of 

the  aud ito ry  response was 5 samples, and the  maximum delay was 9 sam ples. 

Thus, N = 45, k = 5 and 1 = 9 .  Note th a t  a l l  da ta  values o f each running 

sum were divided by (Z-k+1) = 5 to  produce averages app ropria te  to  the  

model sp e c ifie d  by equation {5.7}. The sim ulated tim e-locked v isu a l and 

aud ito ry  responses are  shown in  Figure 5 . IB, each co n s is tin g  of 45 data  

v a lu e s .
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Table 5 .3 : E rror variance-covariance m atrix fo r da ta  given in
Table 5.1

5000000000000000000 1000000000000000000 
0500000000000000000 1100000000000000000 
0050000000000000000 1110000000000000000 
0005000000000000000 1111000000000000000 
0000500000000000000 1111100000000000000 
0000050000000000000 0111110000000000000 
0000005000000000000 0011111000000000000 
0000000500000000000 0001111100000000000 
0000000050000000000 0000111110000000000 
0000000005000000000 0000011111000000000 
0000000000500000000 0000001111100000000 
0000000000050000000 0000000111110000000 
0000000000005000000 0000000011111000000 
0000000000000500000 0000000001111100000 
0000000000000050000 0000000000111110000 
0000000000000005000 0000000000011111000 
0000000000000000500 0000000000001111100 
0000000000000000050 0000000000000111110 
0000000000000000005 0000000000000011111
1111100000000000000 5000000000000000000 
0111110000000000000 0500000000000000000 
0011111000000000000 0050000000000000000 
0001111100000000000 0005000000000000000 
0000111110000000000 0000500000000000000 
0000011111000000000 0000050000000000000 
0000001111100000000 0000005000000000000 
0000000111110000000 0000000500000000000 
0000000011111000000 0000000050000000000 
0000000001111100000 0000000005000000000 
0000000000111110000 0000000000500000000 
0000000000011111000 0000000000050000000 
0000000000001111100 0000000000005000000 
0000000000000111110 0000000000000500000 
0000000000000011111 0000000000000050000 
0000000000000001111 0000000000000004000 
0000000000000000111 0000000000000000300 
0000000000000000011 0000000000000000020 
0000000000000000001 0000000000000000001
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OLS estim ation  o f the id e a lise d  responses was achieved through 

the use of the reg ressio n  an a ly sis  program provided as p a r t  o f the 

GENSTAT softw are package (Numerical Algorithms Group L td ., 1980). The 

sim ulated tim e-locked v isu a l and aud ito ry  responses were combined in to  

a s in g le  v ec to r o f 90 elements fo r  inpu t in to  the program, and the

design m atrix fo r  the an a ly sis  was generated from equation {5.7}

with an ad d itio n a l column o f Is to  allow estim ation  o f the in te rc e p t

term. The order o f the design m atrix  was thus 90 x 86. A to ta l  o f 85

param eter estim ates (excluding 3^) was re tu rned  from the a n a ly s is , the 

f i r s t  45 values corresponding to  the estim ated  id e a lis e d  v isu a l response 

and the l a t t e r  40 values corresponding to  the estim ated  id e a lis e d  

aud ito ry  response. These are p lo tte d  sep a ra te ly  in  Figure 5.1C. Each 

recovered waveform re p lic a te s  the o r ig in a l exactly  and confirms the 

accurate  sp e c if ic a tio n  o f the design m atrix  fo r  these  data .

A second t e s t  was conducted to  compare OLS and GLS param eter 

estim ation  follow ing the add ition  to  those input data  p resen ted  in  

Figure 5 . IB o f random normal dev ia tes which had been transform ed to
1 I

sim ulate the e f fe c t  o f the transform ation  m atrices and .

Random normal dev ia tes having a mean o f zero and a standard  

dev ia tion  o f 5 were generated using pseudo-random number genera to r ro u tin e s  

from the Numerical Algorithms Group subroutine l ib ra ry . Five d if f e re n t  

sequences o f 45 random numbers were generated, each sequence rep re sen tin g  

the e rro r  component recorded over a s in g le  t r i a l .  The tran sfo rm atio n s ,
t »

and Ŵ , were then applied  to  these sequences to  sim ulate the 

d isturbances co n trib u tin g  to  the tim e-locked v isu a l tra ce  and tim e-locked 

aud ito ry  tra c e , re sp e c tiv e ly . F i r s t ly ,  the i n i t i a l  values o f the  f iv e  e r ro r  

sequences were aligned  and the average value o f each co inciden t o rd in a te  

was ca lcu la ted . This average was added to the sim ulated tim e-locked v isu a l 

tra c e  presen ted  in  Figure 5 . IB and the r e s u l t  i s  shown as the upper
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t ra c e  in  Figure 5.2A. Secondly, the  e rro r  sequences were staggered 

according to  the transfo rm ation  and a l l  co inciden t o rd in a te s  were 

averaged to g e th er to  sim ulate th e  e rro rs  co n trib u tin g  to  the  tim e-locked 

audito ry  response. This average was added to  the  aud ito ry  tra c e  

presen ted  in  Figure 5 .IB and the  r e s u l t  is  shown as the  lower tra c e  in  

Figure 5 .2A.

OLS estim ation  o f the  id e a lise d  responses was achieved using 

th e  GENSTAT program described above. The estim ated id e a lise d  v isu a l 

and aud ito ry  responses are p resen ted  in  Figure S.2B. GLS estim ation  

involved generating the  90 by 90 variance-covariance m atrix  from 

equation {5.12}. Note th a t  every element o f the  V m atrix  was divided 

by (Z.-/C+1) as the  input da ta  rep resen ted  the  average ra th e r  than sum of

da ta  values. GLS estim ates o f the  id e a lise d  responses were ca lcu la ted

according to  equation {5.11} using the  m atrix  operation  subroutines . 

supplied  as p a r t of the  GENSTAT softw are package. The recovered 

waveforms are shown in  Figure 5.2C.

Visual in spec tion  of Figure 5.2B and Figure 5.2C suggests th a t  

both OLS and GLS so lu tio n s  provide a s a tis fa c to ry  estim ation  o f  the 

id e a lise d  v isu a l and aud ito ry  responses. The d iffe ren ces  waves shown 

in  Figure 5 .3 , however, dem onstrate th a t  the GLS estim ates correspond 

more c lo se ly  to  the o r ig in a l waveforms. Figure 5.3A and Figure 5.3B 

show the  r e s u l ts  of su b trac tin g  the  id e a lise d  waveforms presented  in 

Figure 5.1A from the OLS estim ates (Figure 5.2B) and the GLS estim ates 

(Figure 5.2C), re sp e c tiv e ly . These 'r e s id u a ls ’ in d ica te  th a t OLS 

p ro g ressiv e ly  overestim ates the  n e g a tiv ity  of the recovered v isu a l

response and underestim ates the  n e g a tiv ity  of the  recovered aud ito ry

response. The ’r e s id u a ls ’ involving the  GLS estim ates on the  o ther 

hand f lu c tu a te  more or le ss  randomly about zero, in d ica tin g  the  near 

p e rfe c t recovery of the id e a lise d  waveforms.
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Note a lso  th a t the variance o f the  estim ated param eters can be 

obtained by tak ing  the square o f these  d iffe ren ce  values (Hibbs, 1974, 

p .255):

var(3) = E[(§ - 3) (B - B) ']

Figure 5.3 th e re fo re  provides confirm ation th a t ,  in  the  presence 

of transform ed e r ro rs ,  the variances o f estim ates secured through GLS 

are appreciably  sm aller than those of estim ates derived through OLS.

5.4 Comparison between the proposed model and d u a l-ta sk  experim ental 

procedures

As in d ica ted  in  Section 5.1 the proposed model assumes some 

departu res from the ac tu a l methods of stim ulus p re se n ta tio n  and data  

c o lle c tio n  used in  the d u a l-ta sk  experiment. These are  as fo llow s:

1. The proposed model assumes th a t ,  under a p a r t ic u la r  s ig n a l co nd ition , 

the  aud ito ry  stim ulus is  p resented  once a t each in te rv a l  w ith in  the  

staggering  window. In the d u a l-ta sk  experim ent, however, each 

s ig n a l was in  fa c t  presented  tw ice to  each su b je c t. This departu re  

can be considered t r i v i a l  as the model rep resen ted  by equation {5.7} 

is  s t i l l  v a lid  i f  the input data  c o n s is ts  o f th e  averages o f da ta  

records. A lte rn a tiv e ly , the  design m atrix  given in  equation {5.6} 

can be re a d ily  ad justed  to  accommodate any d u p lica tio n  o f stim ulus 

p resen ta tio n s  i f  the  input da ta  rep resen t the summation o f 

ind iv idual data  records.

2. A more serio u s departu re  is  th a t  the  proposed model assumes th a t  

an equal number o f aud ito ry  s tim u li are  presented  a t every sample 

in te rv a l over the  s taggering  window. In the d u a l-ta sk  experim ent, 

however, data  were not saved fo r those t r i a l s  on which su b jec ts  

responded in c o rre c tly  or made excessive eye movements, re s u l t in g  

in  the re je c tio n  of approximately 30% of t r i a l s  under every 

experim ental condition  (c f. Section 2 .6 .1 ) . I f  th is  r e je c t io n
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d i f f e r e n t ia l ly  a ffec ted  t r i a l s  corresponding to  s ig n a ls  presented  

a t p a r t ic u la r  sample in te rv a ls  w ith in  the s taggering  window, then 

estim ates o f v isu a l and aud ito ry  responses w ill be le ss  than

optim al. In fu tu re  experiments replacem ent t r i a l s  should be

included to  ensure a f u l l  complement of da ta  and to  maximise the

accuracy o f the so lu tio n .

3. A th ird  departu re  from the proposed model concerns the  method of 

da ta  saving employed in  the d u a l-ta sk  experiment to  generate the

tim e-locked aud ito ry  tra c e s . Reference to  Table 5.1 w ill  help

i l l u s t r a t e  th is  d iffe re n c e . The model presen ted  in  equations {5.6} 

and {5.7} assumes th a t  th e  tim e-locked v isu a l and aud ito ry  responses 

are  generated from tra c e s  comprising a maximum o f N samples follow ing 

the  onset of the v isu a l stim ulus. This re s u l ts  in  the  p rog ressive

reduction  in  the number o f data  values co n trib u tin g  to  the  f in a l

l -k samples o f the tim e-locked aud ito ry  response, and u ltim a te ly  

to  the  departu re  from the hom oscedasticity  condition  evident in  

the e r ro r  variance-covariance m atrix . In the d u a l-ta sk  experiment, 

however, i t  w ill  be re c a lle d  th a t  a to ta l  o f 375 da ta  values (1.5 

seconds duration) was always averaged in to  the  tim e-locked 

aud ito ry  tra c e s ,  ir re s p e c tiv e  of th e  delay between the  onset of the 

v isu a l and aud ito ry  s tim u li. While th is  departu re  from the  

proposed model can e a s ily  be r e c t i f ie d  in  fu tu re  experiments by 

tru n c a tin g  da ta  values occurring beyond N samples, the f a i lu r e  to  do 

so in  the p resen t experiment means th a t the l a s t  24 p o in ts  of the 

tim e-locked aud ito ry  tra c e s  do not conform to  the  sp e c if ic a tio n  

of the  design m atrix , and th is  could lead to  b iased  estim ates of 

the  id e a lise d  responses. Inspection  o f Table 5.2 w ill confirm 

th a t  the  method of da ta  saving used in  the d u a l-ta sk  experiment 

cannot be accu ra te ly  described  by any m odification  to  the design
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m atrix  which does not in troduce l in e a r  dependencies in to  the 

m atrix . That i s ,  the  only con figu ra tion  which can accu ra te ly  

describe  the p resen t da ta  i s  a m atrix  which has a g re a te r  number 

of columns than rows and hence w ill be s in g u la r . The la s t  24 

samples o f the p resen t d a ta , however, can be weighted in  an 

attem pt to  compensate fo r  the departu re  from the  model s p e c if ic a tio n s . 

Note th a t  the  co rrec t method of da ta  saving (as sp ec ified  by the  

proposed model) req u ire s  an a p r io r i  decision  concerning the  leng th  

o f the time s e r ie s  to  be en tered  in to  the  reg ressio n  an a ly s is  fo r  

estim ation  o f th e  id e a lise d  responses.

5.5 A pplication  o f the GLS so lu tio n  to  d u a l-ta sk  data

GLS estim ation  was achieved using F o r tra n -c a lla b le  m atrix  

subroutines av a ila b le  as p a r t  o f the Numerical Algorithm Group subroutine 

l ib ra ry . The design m atrix  was ca lcu la ted  from equation {5.7} fo r  N=170, 

k - 25 and  ̂ = 49. A n o n -in te rcep t model was u t i l iz e d  as previous t e s t s  

had re su lte d  in  a n e g lig ib le  in te rc e p t term. The order o f the  design 

m atrix  was thus 340 by 315, while the  order o f th e  corresponding variance- 

covariance m atrix  was 340 by 340. These m atrices were the  la rg e s t  th a t  

could be accommodated w ith in  the  program -size r e s t r ic t io n s  governing u sers  

o f the Univac 1100.

The input da ta  fo r  the an a ly sis  co n sis ted  o f 340 data  va lues,

170 values taken from the  tim e-locked v isu a l tra c e  and 170 values taken 

from the corresponding tim e-locked aud ito ry  tra c e . P rio r  to  c o lle c tin g  

these data  a comparison was made between the  mean value o f the v isu a l 

tra c e  ca lcu la ted  from 100 samples p r io r  to  the s t a r t  o f the  au d ito ry  

s ig n a l window, and the  mean value of the  aud ito ry  tra c e , a lso  ca lcu la ted
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from 100 samples immediately p r io r  to  the au d ito ry  s ig n a l onset.

The d iffe ren ce  in  th ese  values was added to  every value of the 

tim e-locked au d ito ry  tra c e  to  ensure th a t  the  i n i t i a l  o f fs e ts  o f  both 

sec tio n s  o f tra c e  subm itted to  the  an a ly s is  were equ iv a len t. This 

adjustm ent is  c ru c ia l to  the  success of the  an a ly s is  as d i f f e r e n t ia l  

o f fs e ts  can r e s u l t  in  h igh ly  spurious estim ates of the id e a lise d  

responses.

Following the  above adjustm ent the v isu a l component o f the 

input d a ta  was c o lle c te d  s ta r t in g  25 samples before the onset o f the  

s ig n a l window and the  au d ito ry  d a ta  were s im ila r ly  c o lle c te d , s ta r t in g  

25 samples p r io r  to  the  aud ito ry  stim ulus onset. Note th a t  the  v isu a l

input in to  the  an a ly s is  does not need to  s t a r t  a t  th e  po in t o f onset

o f a v isu a l s tim ulus, but r a th e r  must s t a r t  k samples p r io r  to  the 

onset of the f i r s t  au d ito ry  stim ulus w ith in  the  s ig n a l window. Hence 

th e  design m atrix  used in  the  p resen t an a ly sis  i s  ap p ro p ria te  fo r 

analysing  da ta  recorded under a l l  s ig n a l conditions o f the d u a l-ta sk .

F in a lly , the  la s t  24 values o f the  au d ito ry  da ta  were weighted

in  an attem pt to  compensate fo r  the departu re  o f these  data  from the 

sp e c ified  model. Each da ta  value was scaled  by a fa c to r  equal to  a 

m u ltip le  o f 0.04 which rep resen ts  the  p ro p o rtio n a l co n trib u tio n  of 

one tra c e  to  an average based on a to ta l  o f 25 tra c e s . That i s ,  the  

tw enty-fourth  da ta  value from the end of the  aud ito ry  tra c e  was 

m u ltip lied  by 0 .96, the  next was m u ltip lied  by 0.92, the  next by 0.88, 

and so on, while the  f in a l  value was m u ltip lied  by 0.04. Hence the 

l a s t  t-k  da ta  values were p ro g ressiv e ly  reduced in  magnitude to  provide 

a c lo se r  correspondence to  the sp e c if ic a tio n s  o f the proposed model 

(see Table 5 .1 ).
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Figure 5.4 provides examples o f the data  subm itted to  the  GLS 

an a ly s is . Each tra c e  shows da ta  recorded from the Cz placement under 

physical match t r i a l s .  The v e r t ic a l  l in e  separa tes  the  v isu a l 

component of the input da ta  from the aud ito ry  component. Figure

5.5 shows the GLS estim ates o f those data  presented  in  Figure 5 .4 .

The id e a lise d  v isu a l response co n s is ts  of 170 da ta  values (680mS) 

while the  id ea lise d  au d ito ry  response co n s is ts  o f 145 da ta  values 

(580mS). Again, the  responses are separated  by a v e r t ic a l  l in e .

The f i r s t  25 values o f the  estim ates v isu a l tra c e s  are 

id e n tic a l to  the i n i t i a l  25 values of the input da ta  as they 

rep resen t a c t iv i ty  recorded p r io r  to  the onset o f any aud ito ry  

stim ulus. These values were used to  f i t  the  estim ated v isu a l 

responses a t th e i r  ap p ro p ria te  p o s itio n s  w ith in  the  tim e-locked 

v isu a l tra c e . Figure 5.6 shows the v isu a l components of the GLS 

estim ates from Figure 5 .5 , po sitio n ed  w ith in  the tim e-locked v isu a l 

tra c e s  recorded from the  Cz placement over physical match t r i a l s  

of th e  dual ta sk . The estim ated sec tio n s  o f tra c e  are bounded by 

arrow heads.

The b ase lin e  of every estim ated aud ito ry  response was ad justed  

by su b trac tin g  the  mean of the f i r s t  20 data  values from every value 

comprising the  tra c e , and then the tra c e  was padded out w ith n u lls  

and f i t t e d  w ithin a 1.5 second epoch. Figure 5.7 shows the  aud ito ry  

components of the GLS estim ates from Figure 5 .5 .

Figures 5.8 to  5.17 show the re s u l ts  o f applying the  an a ly s is  to  

v isua l and audito ry  traces, recorded from Cz and Pz placements over a l l  

remaining conditions of the d u a l-ta sk  experiment. Overlays 1 and 2 

can be used to  check fo r the removal o f the d is to r t io n  re su lt in g  

from the running average of a c t iv i ty  recorded to  s tim u li in  the  

other m odality.
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F ig u re  5 .4 .  Example in p u t  d a ta  f o r  GLS e s t im a t io n  (CzPM)
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VISUAL AUDITORY

F igu re  5 .5 .  Example o u tp u t  fo l lo w in g  GLS e s t im a t io n  (CzPM)
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F ig u re  5 .6 .  GLS e s t im a te s  o£ v i s u a l  re sp o n ses  (CzPM).
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F ig u re  5 .7 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n se s  (CzPM)
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F igu re  5 .8 .  GLS e s t im a te s  o f  v i s u a l  re sp o n se s  (PzPM).
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F igu re  5 .9 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n ses  (PzPM)
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F igu re  5 .1 0 .  GLS e s t im a te s  o£ v i s u a l  re sp o n se s  (CzRM).
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1.00

F ig u re  5 .1 1 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n ses  (CzRM)
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F igu re  5 . 1 2 . GLS e s t im a te s  o f  v i s u a l  re sp o n ses  (PzRM).
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F igu re  5 .1 3 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n ses  (PzRM)
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F ig u re  5 .1 4 .  GLS e s t im a te s  o f  v i s u a l  re sp o n se s  (CzMM).
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F igu re  5 .1 5 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n ses  (CzMM)
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F ig u re  5 .1 6 .  GLS e s t im a te s  o f  v i s u a l  re sp o n ses  (PzMM).
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F igu re  5 .1 7 .  GLS e s t im a te s  o f  a u d i to r y  re sp o n ses  (PzMM)
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5 .6  D iscu ss io n

The present chapter has explored the use of regression analysis 

to separate overlapping components of waveforms recorded to near- 

simultaneous stimuli. The solution hinges on the fact that the 

transformations applied to the time-locked visual and auditory traces 

during the data collection process, can be defined precisely and 

incorporated into a design matrix which expresses the relationship 

between the observed data and the idealised visual and auditory 

responses.

The assumptions which underlie the analysis are identical to 

those which underlie the filtering procedures discussed in Chapter 

4. That is, the idealised visual and auditory responses are assumed 

to combine additively and to be invariant over the duration of the 

staggering window. As previously discussed, this latter assumption 

must in the limit be false although the problem can be minimised 

through good experimental technique and by using staggering windows 

of short duration. For example, an optimal solution was obtained with 

test data using a staggering window of only five samples (see Section

5.3).

The advantage of the present solution over the filtering 

procedures presented in Chapter 4 is that it obviates those problems 

of spectral leakage inherent in the use of frequency domain analysis. 

Furthermore, the solution can readily be adjusted to control for 

problems created by autocorrelated disturbances and departures from 

homoscedasticity. Inspection of Figures 5.6 to 5.17, however, 

indicates that the GLS solution is less than optimal when applied to 

the present dual-task data. For example, reference to Figure 5.14 

shows that the solution has only partially removed the auditory 

distortion from traces 1 , 3 and 8 and this is reflected in the small
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amplitudes of the corresponding auditory waves presented in 

Figure 5.15. Conversely, the recovery of visual and auditory 

waveforms presented in traces 2, 4 and 5 of Figures 5.14 and 5.15 

is acceptable.

The GLS solution is in fact itself a filtering procedure whereby 

each value of the idealised waveforms is derived through the 

summation of weighted contributions from every data value comprising 

the input time series. Inaccuracies in one part of the input time 

series can, therefore, adversely affect the estimation of large 

sections of the ’idealised’ responses. Section 5.4 has discussed 

the ways in which the methods of data collection used in the dual­

task experiment depart from the model used as the basis for GLS 

estimation. The most serious of these departures results from the 

lack of replacement trials during the dual-task experiment to ensure 

the full complement of trials at each sample interval within the 

staggering window, and the failure to truncate data values at the 

tails of the time-locked auditory responses. While a weighting 

procedure was applied to the last 24 data values of all auditory 

sections of trace submitted to the analysis, this clearly results in 

a crude approximation of the true input data values, and is likely 

to yield a less than optimal solution. The accuracy of the solution 

can be maximised by the close adherence to the specifications of 

the proposed model.

It could be argued that the dissimilarity between recovered 

visual traces and those pure visual traces recorded over non-signal 

trials results from an interaction between visual and auditory stimuli 

presented on signal trials, and that the recovered traces are thus a 

faithful representation of the component visual and auditory waveforms.
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This interpretation, however, is unlikely on three counts. Firstly, 

the departures of the dual-task data from the specifications of the 

proposed model militate against such an explanation; secondly, the 

effects are not systematic (for example, compare the recovered visual 

trace under signal condition 1 over letter-match condition and electrode 

placement); and thirdly, the previous treatment of these data by both 

elementary subtraction procedures and filtering procedures supports 

the assumption of visual response invariance over signal and non­

signal trials for these particular iata..

The following chapter presents the behavioural results of the 

dual-task experiment, and analyses those ERPs recovered by means of 

elementary subtraction procedures. Chapter 7 presents a comparison between 

those waveforms recovered through the traditional method of 

elementary subtraction and those ERPs recovered by means of the 

filtering procedures and GLS solution.
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CHAPTER 6 : EVALUATION OF THE DUAL-TASK EXPERIMENT
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6 .1  I n t r o d u c t io n

An important assumption underlying the use of elementary 

subtraction procedures to separate overlapping visual and auditory 

ERPs is that of visual ERP invariance over non-signal and signal 

trials. The behavioural data support this assumption (see Table 3.1) 

and confirm that subjects managed to maintain their primary task 

performance following the introduction of the secondary task, and under 

all conditions of the secondary task. More importantly, the difference 

traces presented in Figures 3.17 to 3.22 indicate that visual ERPs 

recovered through elementary subtraction procedures have the same 

form as visual ERPs recorded over non-signal trials. This is particularly 

convincing as visual ERPs were estimated from time-locked visual averages 

by an indirect method which involved subtracting the staggered version 

of auditory responses which themselves had been estimated through the 

subtraction process. If the assumption of visual response invariance 

is incorrect, then the recovered auditory responses would be biased and 

this would be reflected in the subsequent recovery of the idealised 

visual ERPs.

A further method of assessing the similarity of visual ERPs 

recorded over non-signal trials and visual ERPs estimated through 

the subtraction process is to calculate the Pearson product-moment 

correlation coefficient between every recovered visual trace and the 

pure visual average recorded under the same visual task condition 

(see John, Ruchkin and Villegas, 1964; Donchin and Lindsley, 1965).

A correlation coefficient of unity will be obtained if a pair of 

waveforms is identical in shape while a correlation approaching zero 

will result if there is no similarity in the shape of the waves.

Table 6.1 shows the correlation coefficients calculated between 

every recovered visual average and the respective pure visual average.
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All correlations are based on group averages (averaged across all 

subjects) and derived from a total of 750 pairs of data values 

comprising the 3 second epochs over which averages were saved. These 

coefficients indicate a high degree of consistency between recovered 

visual waveforms and pure visual averages. The average coefficients 

presented in the lower row of Table 6.1 represent the mean correlation 

coefficient for each level of letter match and electrode placement, 

averaged across signal condition. The generally lower correlations 

obtained from the Pz placement can be attributed to the poorer signal 

to noise ratio of recordings made from this location.

The above data indicate that the use of elementary subtraction 

to separate overlapping visual and auditory ERPs is a valid procedure 

when applied to the present data. Consequently, the following Sections 

evaluate the results of the dual-task experiment by assessing the 

relationship between behavioural measures of dual-task performance and 

visual and auditory ERPs estimated through the subtraction process. For 

the purpose of this evaluation, visual and auditory ERPs were estimated 

separately for each subject through the procedures outlined in 

Chapter 3.

6.2 Visual letter-matching task

6.2.1 Behavioural measures of visual task performance

The behavioural data for the visual task component of the 

dual-task experiment were presented in Chapter 3 (see Table 3.1).

Visual task performance was near perfect under all conditions of 

the dual-task with an overall error rate of approximately 1.3%.

A 2-way repeated measures analysis of variance (ANOVA) on the arcsin 

transformation of the proportion of correct visual responses 

indicated a significant effect due to visual task condition, no
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significant effect due to signal condition, and no significant 

interaction. A Newman-Keuls test of multiple comparisons showed that 

performance on physical match trials was significantly better than 

performance on either rule match or mismatch trials. The magnitude of 

the effect of letter match condition is minimal, however, as it accounts 

for only 3.72% of the total variance (see Winer, 1971; p428) and the 

mean improvement in terms of proportion of correct responses is 1 .1% 

for physical matches when compared with rule matches, and 0.7% for physical 

matches when compared with mismatches.

6.2.2 Visual ERP measures

Due to the similarity of visual traces recorded over signal and 

non-signal trials, an assessment of visual ERPs recorded under different 

letter match conditions was conducted on pure visual averages recorded 

over non-signal trials. Figure 2.4 indicates that, irrespective of letter- 

match condition, visual ERPs recorded at a particular electrode placement 

are identical prior to second letter onset (see Section 2.9). This 

finding is to be expected as subjects could not determine the type of 

letter match a particular trial conformed to until after the onset of 

the second letter.

In general the long latency components of ERPs to second letter 

stimuli are characterised as follows (refer to Figure 2.4): a negative 

component (N̂ ) having a peak latency at approximately 120mS, a positive 

component (P̂ ) having a peak latency at approximately 230mS, and a second 

positive component (P̂ ) peaking at approximately 400mS. While a second 

negative component (N̂ ) is evident in some traces, peaking at approximately 

300mS, it is difficult to identify in ERPs recorded to physical matches.

The Ng wave either is evident as a small inflection on the positive- 

going wave which resolves to become the P^ (see the PzPM trace of Figure

2.4), or cannot be individually identified as the P^ and P^ waves combine 

to form one extended positive wave (see the CzPM trace of Figure 2.4).



218

Due to the inconsistent nature of the component it was not measured 

for the following analyses.

ERP components are traditionally measured in terms of peak 

amplitudes and peak latencies. An alternative measure, however, is 

that of area (see Hillyard, Squires, Bauer and Lindsay, 1973). Area 

measures are taken as the total area contained in either a positive 

or negative deflection within a particular latency range and are 

calculated by multiplying the sum of all positive or negative values by 

the duration of the latency range. Thus the measure is expressed in 

terms of pV x mS. These measures are useful in reducing the variability 

inherent in determining a single peak value on broad ERP components 

such as the P^ wave, and complement the information provided by pure 

amplitude measures.

The following measures were taken for each subject from pure 

visual averages recorded over non-signal trials:

a) N. amplitude: taken as the value of the most negative deflection
within the interval 100-140raS following second 
letter onset, measured relative to the mean value 
of the SOOmS pre-fixation cross baseline.
Expressed in pVs.

b) N. area: taken as the total area contained in the negative
deflection within the interval 100-140mS following 
second letter onset. Expressed in yV x mS.

c) P^ amplitude: taken as the value of the most positive deflection
within the interval 212-252mS following second 
letter onset, measured relative to the mean value 
of the SOOmS pre-fixation cross baseline.

d) P« area: taken as the total area contained in the positive
deflection within the interval 212-252mS.

e) P, amplitude: taken as the value of the most positive deflection
within the interval 260-560mS following second letter 
onset, measured relative to the mean value of the 
SOOmS pre-fixation cross baseline.
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f) P area; taken as the total area contained in the positive
deflection within the interval 300-500mS.

g) Peak latencies: the latencies of N^, P^ and P^ peak amplitudes,
measured with respect to second letter onset. 
Expressed in mS.

Table 6.2 presents the mean values, averaged across subjects, 

of ERP components recorded under the three letter match conditions for 

both Cz and Pz placements. Separate 2-way repeated measured ANOVAS 

were used to assess the effects of type of letter match and the effects

of electrode placement on each ERP component. The results 

of these analyses are provided in the following Sections.

6 .2.2.1 amplitude and area measures. A significant effect due to

electrode placement was found for both amplitude (F^ = 7.515;

p < .02) and area measures (F^ n  ~ 7.001; p < .05), with mean 

values of both measures being significantly larger (in terms of 

absolute values) at Cz than Pz. There were no effects due to type 

of letter match and no significant interactions for either measure.

6 .2.2.2 P^ amplitude and area measures. No significant effect due 

to electrode placement or type of letter match, and no significant 

interaction was found for either amplitude or P^ area measures.

6 .2.2.3 P^ amplitude and area measures. For P^ amplitude a signif­

icant placement effect (F^ = 16.470; p < .003) and a significant

letter match effect (F2 2 = 4.638; p < .025) were evident. P^ 

amplitudes were significantly larger at Pz than at the Cz placement,

the mean amplitude at Pz being 4.057yV and at Cz being 2.429yV, collapsed 

across letter match conditions. A Newman-Keuls analysis indicated 

that mean P^ amplitudes were significantly larger under the physical 

match condition than either the rule match or mismatch condition 

(p < .05 for both comparisons). Mean P^ amplitudes, collapsed across



220

4-> C to
•P 0 p
0 X 3r-4 ol 0

p 2
T) 0
C to Ü
o 0 3
o fHr-t
0 3 CL
(/) tort N
00 0 CL
c s

T3•rH
3

o X d
1-4 0
iH P N
o ol u
44 21 p
to P 3
P 0
c P XI
0 p 0
c 0 X
o p P
CL o
2 44 o
O o 0
O

1—1 p
CL 0 to
oc > 0
w 0 00

rH 3
r-4 P
01X 0
D o >
to ol 3

•H 0
> P

p 3
44 01 3
O tofi •H
to o >
0 •H
3 P 01—1 Ol P
ol P 3
> 3

0
CL

fi to 2ol 0 O
0 p P

Z  A  44

CM

vO
0

r-H

dH

X
o O 00 T7
t J rH Tf (33
3 <33 vO X 00 VO <33
2
to o P CM vO to X X r r LO•H 1 t o 03 CM tH to <33

1 to tH CM t o

LD <33 00
X <33 LO

0  0 03 00 "3" CM o rHCL rH P
5  jS C CM 03 ■X CM vO 00 X
cc  s 1 to 00 vO tH to r-4

1 t o tH CM '3 '

rH
cd o t o tH
0  X rH X CM

•H 0 <33 CM to iH X- to
to P
X  3 O o CM o T7 X vO CM <331 to C33 vO rH t o <33CL 1 LO rH CM to

X
0 CM toP \ o vO CM
3 CM to tH X
2
to iH o to CM X 00 LO

•H 1 VO rH to CM CM CVI
s 1 iH rH rH CM r t

<33 X tH
X 00 iH X

0  0 00 X X vO rH to
CJ tH  p

5  iS P vO CM rH CM t o o CM
ÛC Z 1 VO <33 to CM to to

1 tH tH CM T7

rH
3 CM t o CM
0  X O 03 <33•H 0 X 03 O <33 to
to P
X  3 tH vO CM O CM rH Ĉ l X O
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Cz and Pz placements, were 3.706, 3.115 and 2.908yV for physical 

matches, rule matches and mismatches respectively.

For area, a significant placement effect (F̂  = 19.809;

p < .002), a significant letter match effect (F^ = 8.320; p < .005)

and a significant interaction (F^ 22 ~ 9-354; p < .001) were 

obtained. Tests of simple main effects (Kirk, 1968; pl79, p240, p265) 

revealed that areas were larger at the Pz placement than at the 

Cz placement under all levels of letter match (p < .001 for all 

comparisons); but that a significant effect due to letter match was 

evident at the Pz placement only (p < .001). Newman-Keuls tests 

showed that at Pz, P^ area was significantly larger under the physical 

letter match condition than either the rule match or mismatch 

conditions (p < .01 for both comparisons).

6 .2.2.4 N^, P3 latency measures. A significant placement effect

was found for latency (F^ = 5.645; p < .05) with the mean

latency at Cz being 124mS and at Pz being 116mS, collapsed across 

letter match conditions. No significant effect of letter match or 

significant interaction was found. P^ latency was found to be stable 

across both electrode placements, and across letter match condition, 

and no interaction effect was evident.

For P^ latency, a significant effect of type of letter match 

(F̂  22 ” 4.198; p < .05) and a significant placement by letter match 

interaction (F^ 2? “ 4.554; p < .05) were found. Tests of simple 

main effects revealed a significant placement effect under the 

physical match condition (p < .005) with P^ latency being shorter at 

the Cz placement than at the Pz placement. A significant effect of 

letter match was found at Cz (p < .001), and a Newman-Keuls test 

showed that at this placement, P latency was significantly reduced
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under the physical match condition when compared with both the rule 

match and mismatch conditions (p < .01 for both comparisons).

In summary, the main differences between ERP components 

measured from pure visual averages following second letter onset 

were as follows:

amplitude and area measures were found to be significantly 

larger (in terms of absolute values) at Cz when compared with Pz; 

while P^ amplitude and area measures were consistently larger 

at the Pz placement when compared with those recorded at the 

Cz placement.

P^ amplitude was consistently larger over physical matches 

than either rule matches or mismatches; while P^ area followed 

this trend significant differences were obtained at Pz only.

latency was significantly longer at Cz than at Pz, while P3 

latencies recorded from the Cz placement were significantly 

reduced over physical match conditions when compared with the . 

rule match and mismatch conditions. There were no differences 

between P^ latencies recorded from the Pz placement.

6.2.3 Discussion

Performance on sequential letter-matching tasks, such as that 

used in the present dual-task experiment, is usually measured in terms 

of speed of responding to second letter stimuli. A consistently 

reported finding is that RTs to physically same judgements are 

significantly faster than those to physically different judgements, be 

they rule matches or mismatches. Moreover, those studies which have 

reported error rates as well as RTs, have indicated that the relative 

efficiency of physically same judgements is reflected in significantly 

fewer errors associated with these judgements when compared with
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physically different judgements (Posner and Mitchell, 1967; Posner and 

Boies, 1971; Posner, Klein, Summers and Buggie, 1973).

The behavioural data from the present matching task, therefore, are 

consistent with those of previous studies and, while RTs were not measured, 

it may be assumed that physical matches are evaluated more quickly than 

either rule matches or mismatches^. This assumption is consistent with 

the differences found between ERPs recorded to second letter stimuli under 

the three letter match conditions of the visual task.

While both and P^ components of visual ERPs showed differences 

as a function of electrode placement, the manipulation of type of letter 

match was manifested only by changes in the endogenous P^ component.

P2 amplitude and area were found to be generally larger under the physical 

match condition than under the rule match and mismatch conditions and, 

at the Cz placement, P^ latency under the physical match condition was 

on average at least 95mS shorter than under the other conditions.

These findings are consistent with those of Posner, Klein, Summers 

and Buggie (1973) who presented subjects with a sequential letter-matching 

task, with physically same and physically different letter pairs occurring 

with equal probability. Subjects were required to make a manual ’same' 

or 'different' response O.SS following the onset of the second letter.

The Pg component of ERPs recorded from the Cz placement was found to be 

of larger amplitude and shorter latency when second letter stimuli conformed

^Support for the assumption that subjects were evaluating PMs more quickly 
as well as more accurately than RMs and MMs is provided by the results of 
a follow-up study in which subjects each received two blocks (192 trials) 
of the visual letter-matching task and were requested to respond as 
quickly as possible following the onset of the second letter. All other 
conditions were identical to the non-signal trials of the dual-task 
experiment. Mean RTs for PM, RM and MM trials were 556 ± 163mS, 835 ± 200mS 
and 828 ± 128mS, respectively. While error rates were generally higher 
when responses were speeded than when they were delayed, errors for PMs 
were substantially lower than for RMs and MMs (0.4%, 3.1% and 3.4%, 
respectively).
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to a ’same' judgement than when they conformed to a 'different' judgement. 

Evidence that these effects were related to cognitive manipulations rather 

than to stimulus parameters was provided by a further experiment in which 

subjects were presented with a word-matching task. Word pairs were either 

the same or different with equal probability. In separate runs subjects 

were required to count either matches or mismatches, and a comparison was 

made between ERPs recorded under the same letter-match condition when task 

relevant (counted) and when task irrelevant (not counted). It was found 

that the P^ component elicited by the counted stimulus was substantially 

larger than that elicited by the uncounted stimulus. Furthermore, this 

amplitude difference emerged lOOmS earlier when the second stimulus matched 

the first stimulus than when it was physically different. This time 

difference is consistent with the difference in P^ latency observed at the 

Cz placement in the present experiment. The lack of a reduced P^ latency 

at the Pz placement may be due to a greater variability in the latency 

of this component over individual trials of the dual-task experiment. For 

seven subjects P^ latency was shorter on physical match trials than rule 

match or mismatch trials, while for five subjects P^ latency was either 

the same over all conditions or longer on physical match trials.

Posner and his colleagues concluded from their experiments that the 

Pg component for physical matches is shifted forward in latency from its 

value for mismatches, and that the difference in P^ latency and the 

facilitation of RTs to matches are both consequences of an increase in the 

rate of encoding in the sensory-memory system due to the presentation 

of the first letter. This explanation is similar to that of Proctor (1981) 

who proposes that encoding and identification of a second stimulus is 

facilitated if it is identical to the first stimulus. In addition Proctor 

suggests that while mismatches lose the benefits of facilitation they 

are delayed further due to inhibition in the identification of a second
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stimulus which has a name code different from that already activated.

Some indication of the processes which account for the slower response 

to mismatches when compared with matches is provided by a study of 

Duncan-Johnson and Donchin (1982). They measured RT and latency to letter 

stimuli which followed three types of stimuli: an identical letter, a 

neutral (non-letter) stimulus or a different letter. A comparison between 

mismatch and neutral trials (a cost analysis) revealed an increase in both 

RT and P^ latency on mismatch trials. As evidence suggests that P^ latency 

reflects stimulus evaluation and identification rather than response-related 

processes (Squires, Donchin, Squires and Grossberg, 1977; Donchin, 1978; 

Duncan-Johnson and Donchin, 1982), it was proposed that the cost of a 

mismatch results from an increase in stimulus processing as well as a 

delay due to response competition. A comparison between match trials and 

neutral trials (a benefit analysis), however, found no difference in RT 

or P^ latency. The authors pointed out that the failure to find a benefit 

on match trials could be due to match and neutral trials being equally 

facilitated through extensive practice (p. 40). An alternative explanation 

may relate to the requirements of their task, as subjects were asked 

only to perform a choice reaction time task in response to second letter 

stimuli, rather than make any comparison between first and second stimuli.

In summary, the results from the visual task component of the dual­

task experiment indicate that subjects process physical matches more 

accurately and more quickly than physical mismatches. Although type of 

letter match produced only minimal differences in behavioural measures of 

task performance, visual ERPs prove to be extremely sensitive to this 

manipulation.

Dual-task methodology is designed to assess the processing demands 

of a primary task by reference to performance on a secondary task, and in 

the present experiment two aspects of secondary task performance are of
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interest. These are, firstly the extent to which different stages of 

the primary task affect performance on the secondary task, and, secondly, 

the extent to which manipulations of the primary task affect performance 

on the secondary task. In the present paradigm, any effect due to type 

of letter match would be expected to be evidenced by behavioural and/or 

ERP data associated with auditory stimuli presented under signal conditions 

6 , 7 and 8 , which coincide with the evaluation of the second letter and 

the selection of an appropriate visual task response. The following Sections 

provide the results of the auditory signal detection task.
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6.3 Auditory signal detection task

6.3.1 Behavioural measures of signal detection performance

Subjects' responses to the signal detection task were categorised 

according to four possible outcomes. These were, hits: correctly 

reporting the presence of a signal; misses: incorrectly reporting 

the absence of a signal; correct rejections: correctly reporting the 

absence of a signal; and false alarms: reporting the presence of a 

signal when in fact no signal was presented. The rates of these 

possible outcomes are determined by two distinct processes: the 

sensitivity of the subject in terms of his or her ability to dis­

criminate between signal and noise, and all other factors which 

influence a particular response, that is, the subject's response bias 

or decision criterion. The use of measures from signal detection 

theory (Green and Swets, 1966) allows the separation of these processes.

The signal detection measure, d', provides an index of perceptual 

sensitivity, uncontaminated by response bias while the likelihood 

ratio, 6 , provides information about the subject's decision criterion.

Both measures are derived from a knowledge of the proportion of hits 

and false alarms given under a particular experimental condition.

While in the present experiment the number of hits reported by 

every subject under a particular combination of signal condition and 

letter match condition can be calculated, a unique false alarm rate 

cannot be derived for every combination of conditions. This is because non­

signal trials were common to all auditory task conditions associated with a 

particular type of letter match. Consequently, performance on the 

signal detection task cannot be evaluated using measures of d' and g. 

However, if subjects demonstrate a stable response criterion over the 

different levels of letter match, hit rates can be assumed to provide 

a relatively pure index of perceptual sensitivity.
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To test the stability of subjects' response criteria, three 

3 values were calculated for every subject by taking the ratio of the 

proportion of misses to that of false alarms associated with each type 

of letter match. The proportion of misses was determined from the 

400 signal trials presented to each subject under the eight signal 

conditions associated with a particular type of letter match, while 

the proportion of false alarms was derived from the 400 non-signal 

trials associated with a particular level of letter match. Mean 

values of 3 for physical match, rule match and mismatch trials were 

1.35, 1.21 and 1.14, respectively, averaged across all subjects. A 

1-way repeated measures ANOVA confirmed that these values were not 

significantly different (^2 22 ~ 2.303; p >0.12).

Signal detection performance was assessed by calculating the 

proportion of correct detections (hits) for every subject under the 

twenty-four combinations of signal condition and letter match 

condition. As visual task performance was near perfect under all 

signal conditions, the calculation of hit rates included those trials 

on which visual task errors were made. Figure 6.1 shows the mean 

proportion of correct detections averaged across subjects for each 

signal condition and letter match condition.

A 2-way repeated measures ANOVA on the proportion of correct 

detections^ indicated no effect due to letter match condition 

(p2 22 ~ 0.099; p > 0.90), a significant effect due to signal 

condition (Fy yy = 9.464; p < 0.001) and no visual task by auditory 

1
To assess the homogeneity of variance of the proportion of correct 
detections, the mean and variance for each of the twenty-four 
experimental conditions were calculated. As the correlation between 
these values was not significant, no transformation was applied to 
the data.
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Figure 6.1. Mean proportion of correct detections (hits) averaged 
across all 12 subjects as a function of letter-match 
condition and signal condition.
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task interaction = 0.843; p > 0.620). Newman-Keuls analysis

showed that there was no difference in the detection of signals 

presented at positions 1, 2, 5 and 8 , but that signal detection at 

these positions was significantly worse than detection performance 

at positions 3, 4 and 6 (p < 0.05 for all comparisons). Detection 

at signal position 7 was signficantly better than performance at 

positions 2 and 8 (p < 0.05 for both comparisons).

Signal detection performance, therefore, improves by 

approximately 1 0% following the onset of the first letter (signal 

conditions 3 and 4), falls sharply at signal position 5 prior to 

the onset of the second letter, increases again during the 

exposure of the second letter (signal condition 6), and finally 

drops back to the level of performance achieved for those signals 

presented in the warning interval.

6.3.2 Auditory ERP measures

For average auditory ERPs a negative component (N̂ ) with a peak 

latency of approximately 200mS, and a positive component (P̂ ) with a 

peak latency of approximately 430mS could readily be identified. A 

second positive component (P^), preceding the P^ component, was generally 

undetected although for some ERPs it was discernable as a small 

inflection on the positive-going wave, with a latency ranging between 

250 and 300mS. Due to the inconsistent nature of this component, 

however, its measurement was excluded from the present analysis.

The following measures were taken for every subject, from 

auditory ERPs recorded from the Cz and Pz placements under all signal 

conditions of the dual-task experiment and estimated through the 

elementary subtraction process (see Chapter 3).
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a) am plitude: taken as the value of the most negative d e f le c tio n  
w ith in  the in te rv a l  100-300mS follow ing s ig n a l 
o nse t, measured r e la t iv e  to  the  mean b ase lin e  
value ca lcu la ted  over the f i r s t  SOraS follow ing 
stim ulus onse t.

b) area: taken as the to t a l  area o f the  negative d e fle c tio n  
w ith in  the  in te rv a l  160-260raS follow ing s ig n a l 
onset.

c) Pg am plitude: taken as the  value o f the most p o s itiv e  d e f le c tio n  
w ithin  the  in te rv a l  320-540raS follow ing s ig n a l 
o nse t, measured r e la t iv e  to  the 80mS p o s t­
stim ulus b a se lin e .

d) area: taken as the  to ta l  area  o f the  p o s itiv e  d e f le c tio n  
w ith in  the in te rv a l  336-536mS follow ing s ig n a l 
onset.

e) Peak la te n c ie s : the  la te n c ie s  o f and peak am plitudes, measured
with re sp ec t to  stim ulus onset.

Treatment e f fe c ts  of l e t t e r  match and s ig n a l co n d itio n , and 

d iffe ren ces  between e lec tro d e  placements were assessed  fo r  every 

aud ito ry  ERP measure by means o f a 3-way repeated  measures ANOVA.

The r e s u l ts  o f these  analyses are  d e ta ile d  in  the follow ing S ections.

6 .3 .2 .1  amplitude and area  measures. A s ig n if ic a n t  e f fe c t  due to

e lec tro d e  placement (F^ = 13.25; p < .005) and type o f l e t t e r  match

(F2 2 2  ~ 4.950; p < .020) was found fo r am plitude. There was no 

s ig n if ic a n t e f fe c t  due to  s ig n a l con d itio n , and no s ig n if ic a n t 

in te ra c tio n s . The mean absolu te am plitude was s ig n if ic a n tly  la rg e r  

when recorded from the  Cz placement [mean value co llapsed  over a l l  

o ther conditions = -5.018yV) than the  Pz placement (mean value 

collapsed  over a l l  o ther conditions = -4.196yV). A Newman-Keuls t e s t  

showed th a t  the mean absolute N̂  amplitude recorded on mismatch 

t r i a l s  was s ig n if ic a n tly  la rg e r  than th a t  recorded on physica l 

match t r i a l s  (p < 0 .0 5 ), while th e re  was no s ig n if ic a n t d iffe ren c e

between amplitudes recorded on mismatch and ru le  match t r i a l s ,  or

ru le  match and physical match t r i a l s .
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A: Cz p lacem en t;  B: Pz p lacem en t.



2 3 4

Figure 6 .2 shows the mean values o f am plitudes and 

area fo r each lev e l of l e t t e r  match averaged across s ig n a l 

cond ition , fo r A:Cz and B:Pz. While area measures follow  the 

same trend  as amplitude measures, and d isp lay  a s ig n if ic a n t 

e f fe c t  of e lec tro d e  placement (F^ = 16.622; p < .003), th e re

was no s ig n if ic a n t e f fe c t  due to  l e t t e r  match or s ig n a l condition  

and no s ig n if ic a n t in te ra c tio n s .

6 .3 .2 .2  P^ amplitude and area measures. Figure 6.3 shows the  mean P^ 

amplitudes o f aud ito ry  ERPs recorded from A:Cz and B:Pz. Analysis 

of variance revealed  a s ig n if ic a n t e lec tro d e  placement by s ig n a l 

condition  in te ra c tio n  (Fy yy = 2.626; p < . 0 2 ) and a s ig n if ic a n t 

s ig n a l condition  by type o f l e t t e r  match in te ra c tio n  (F^^ = 2.092;

p < . 0 2 ) .

Tests o f simple main e f fe c ts  in d ica ted  th a t  d iffe ren ces  in  

P^ amplitudes due to  e lec tro d e  placement were evident only under 

s ig n a l condition  1 (F^ gg = 11.239; p < .005), P^ am plitudes being 

s ig n if ic a n tly  la rg e r  a t  the Pz placement than a t the  Cz placement. 

Analysis o f the s ig n a l condition  by type o f l e t t e r  match in te ra c tio n  

in d ica ted  th a t  an e f fe c t  due to  type o f l e t t e r  match was evident only 

under s ig n a l condition  8  (F^ = 5.983; p < .005) and Newman-Keuls

an a ly sis  confirmed th a t ,  under th is  s ig n a l cond ition , P^ am plitudes on 

physical match t r i a l s  were s ig n if ic a n tly  la rg e r  than P^ am plitudes on 

ru le  match or mismatch t r i a l s  (p < . 0 1  fo r  both com parisons).

Analysis of variance on P  ̂ area measures a lso  showed a s ig n if ic a n t  

s ig n a l condition by type of l e t t e r  match in te ra c tio n  (F^^ = 1.833;

p < .05) and te s t s  of simple main e f fe c ts  revealed  a s ig n if ic a n t  e f fe c t  

due to  l e t t e r  match condition  under s ig n a l conditions 7 ( ^ 2  176 " 3.781; 

p < .025) and 8  (F^ ^ 7 5  “ 4.872, p < .01). Newman-Keuls t e s t s  showed
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th a t  areas measured under s ig n a l condition  7, were la rg e r  when 

s ig n a ls  were asso c ia ted  w ith physica l match t r i a l s  than mismatch 

t r i a l s  (p < .05); while P^ areas under s ig n a l condition 8  were 

la rg e r  when s ig n a ls  were a sso c ia ted  with physica l match t r i a l s  than 

e ith e r  ru le  match (p < .05) or mismatch (P < •01) t r i a l s .

6 .3 .2 .3  and P^ la tency  measures. Figure 6.4 shows mean peak

la te n c ie s  measured from A:Cz and B:Pz. A nalysis of variance 

revealed  no s ig n if ic a n t  e f fe c ts  due to  type o f l e t t e r  match, s ig n a l 

condition  or e lec tro d e  placement and no s ig n if ic a n t  in te ra c tio n s .

The mean la tency  averaged across experim ental conditions and 

e lec tro d e  placements is  202mS.

Figure 6.5 shows mean P^ peak la te n c ie s  recorded from A:Cz and

B;Pz. A nalysis of variance revealed  a s ig n if ic a n t placement e f fe c t

(F^ = 16.180; p < .005) with P^ la te n c ie s  being c o n s is te n tly

longer a t Pz than Cz, and a s ig n if ic a n t e f fe c t  o f s ig n a l condition

(F., = 13.296; p < .0001). There was no e f fe c t  due to  type o f
/ ,  /  /

l e t t e r  match and no s ig n if ic a n t in te ra c tio n s .

A Newman-Keuls t e s t  in d ica ted  th a t  P^ la tency  under s ig n a l 

condition  1 was s ig n if ic a n tly  longer than th a t  under s ignal 

condition  2 (p < .05) while the  la tency  recorded under s ig n a l 

condition  2 was s ig n if ic a n tly  longer than those recorded under a l l  

o ther s ig n a l conditions Cp < 0.05 fo r a l l  comparisons). In 

a d d itio n , the mean latency  o f the P^ components recorded under 

s ig n a l conditions 3, 4 and 8  were s ig n if ic a n tly  longer than th a t  

recorded under s ig n a l condition  5 (p < 0.05 fo r a l l  com parisons). 

There were no fu r th e r  d iffe ren ces  between any o ther p a ir  of means.



25:

500.

inS

4 0 0 -

PM 
RM 
MM

B
500-1

inS

4 0 0 -

1  I ! ^
1 2  S

------------p --------------1-----------;--------------------- ,------ p — ,

3  4  5  6  7  8  s ig n a l

Figure 6 .5 . Mean la te n c ie s  o f aud ito ry  ERPs as a function  of
l e t t e r - m a t c h  c o n d i t io n  and s ig n a l  c o n d i t io n .
A: Cz p lacem en t;  B: Pz p lacem en t.



238

In summary, the above analyses in d ic a te  th a t:

Signal d e tec tio n  performance varied  as a function  o f the d if fe re n t 

s tages of the primary ta sk , but was unaffected  by the m anipulation 

o f type o f l e t t e r  match.

amplitude and area measures were s ig n if ic a n tly  la rg e r  (in  terms 

o f absolu te values) a t  Cz when compared with Pz; while P^ amplitude 

was s ig n if ic a n tly  la rg e r  a t  Pz than Cz, but only under the f i r s t  

s ig n a l condition .

The mean abso lu te  amplitude recorded over mismatches was 

s ig n if ic a n tly  la rg e r  than th a t  recorded over physica l matches; th is  

d iffe ren ce , however, was not s ig n if ic a n t fo r area .

Under s ig n a l condition  7 P^ area was la rg e r  fo r  physica l matches than 

mismatches, while under s ig n a l condition  8  both P^ area  and amplitude 

were s ig n if ic a n tly  la rg e r  fo r  physica l matches than e i th e r  ru le  matches 

or mismatches.

la tency  was unaffected  by a l l  experim ental m anipulations.

P^ la tency  was c o n s is te n tly  longer a t Pz than Cz, and v aried  as a 

function  o f the d if fe re n t stages of the  primary ta sk , but was 

unaffected  by the m anipulation of type of l e t t e r  match.

The follow ing Section assesses the re la tio n sh ip  between behavioural 

and ERP measures o f s ig n a l d e tec tio n  performance.

6.4 R elationship  between behavioural and ERP measures

Pearson product-moment c o rre la tio n s  were ca lcu la ted  to assess 

the re la tio n sh ip  between the mean values of aud ito ry  ERP components 

and the mean proportion  of co rrec t s ig n a l d e tec tio n s recorded under 

the tw enty-four combinations of le tte r-m atch  condition and s ig n a l 

condition . The r e s u l ta n t  c o rre la tio n  c o e ff ic ie n ts  are p resen ted  in  

Table 6 .3 , and the only values to  approach s ig n if ic an ce , (using non-
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Table 6 .3 . Pearson c o rre la tio n  c o e ff ic ie n ts  between au d ito ry  ERP
measures and the p roportion  o f co rrec t d e tec tio n s  ( h i t s ) .

Cz Pz
4*

amplitude with p roportion  h i t s  (n=24) .063 .257
4.

a rea  w ith p roportion  h i t s  (n=24) -.085 .071

am plitude w ith p roportion  h i t s  (n=24) - . 065 -.133

' ’3
area  w ith p roportion  h i t s  (n-24) -.022 -.010

la tency  with p roportion  h i t s  (n=24) -.099 -.227

P3
la tency  with p roportion  h i ts

s ig n a l conditions 1-8 (n=24) -.383* -.322**

sig n a l conditions 1-4, 6-8 (n=21) -.504*
**

-.585

t  abso lu te  values + p = .064 * p = .020

++ p = .125 ** p = .005
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d ire c tio n a l te s ts )  are those between the p roportion  of co rrec t 

d e tec tio n s  and la te n c ie s  recorded a t both Cz and Pz placements.

The trend  towards an inverse re la tio n sh ip  between the p roportion  of 

h i t s  and P^ la tency  is  ev ident from insp ec tio n  of Figures 6.1 and 

6 .5 . However, these fig u res  also  h ig h lig h t a d isso c ia tio n  in  th is  

tren d . The d e tec tio n  of s ig n a ls  presented  under s ig n a l condition 5 

i s  s ig n if ic a n tly  worse than th a t  fo r s ig n a ls  presen ted  under 

cond ition ; 4 or 6 , while P^ la tency  approaches a minimum or i s  a t  a 

minimum under th is  s ig n a l cond ition . This d isso c ia tio n  i s  emphasised 

fu rth e r  by evaluating  the c o rre la tio n  c o e f f ic ie n t between the p roportion  

o f h i ts  and P^ la tency  when the data  values asso c ia ted  with s ig n a l 

condition  5 are excluded from the an a ly s is . The ensuing c o rre la tio n  

c o e ff ic ie n ts  are p resented  in  the f in a l  row o f Table 6 .3 , and ex h ib it an 

increase  in  s t a t i s t i c a l  s ig n ifican ce  d esp ite  the loss o f degrees o f 

freedom.

6.5 D iscussion

Secondary task  s ig n a l d e tec tio n  performance shares a number o f 

s im i la r i t ie s  with the re s u l ts  reported  by Posner and Boies (1971).

The find ing  th a t p rep ara tio n  fo r  a v isu a l stim ulus r e s u l ts  in  an 

improvement in  performance to  s tim u li p resen ted  in  another m odality led 

Posner and Boies to  conclude th a t p rep ara tio n  is  a general process which 

i s  not s e le c tiv e . The p resen t r e s u l ts  are co n s is ten t w ith th is  

in te rp re ta tio n  as s ig n a l de tec tio n  performance under s ig n a l condition  3 

(follow ing f i r s t  l e t t e r  onset) is  s ig n if ic a n tly  b e t te r  than th a t  under 

s ig n a l conditions 1 and 2 (presented in  the warning in te rv a l) .  In a d d itio n , 

the lack of any performance decrement immediately follow ing the onset o f 

of the f i r s t  l e t t e r  i s  co n s is ten t with Posner and Boies’ proposal th a t  

the encoding o f a l e t t e r  ( th a t i s ,  the con tact between the input and 

long-term memory th a t leads to  the l e t t e r  name) can proceed w ithout the
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requirem ent fo r  any processing  capacity . This p roposal, however, was 

based p a r t ly  on the r e s u l ts  of s tu d ie s  which involved very sho rt (50mS) 

p re sen ta tio n s  o f f i r s t  l e t t e r  s tim u li. In the p resen t experiment, 

f i r s t  l e t t e r  s tim u li were av a ilab le  fo r  SOOmS and i t  i s  p o ssib le  th a t 

su b jec ts  switched th e i r  a t te n tio n  to  the aud ito ry  task  during the ea r ly  

p a r t  o f th is  in te rv a l.

The s u b s ta n tia l decrement in  s ig n a l d e tec tio n  performance immediately 

p r io r  to  second l e t t e r  onset (signal condition  5) a lso  i s  co n s is ten t 

with the find ings o f Posner and Boies. They in te rp re te d  a s im ila r  d e f ic i t  

in  performance to  au d ito ry  probe s tim u li as in d ica tin g  th a t:

" . . .  such mental operations as reh ea rsa l or generation  o f  
d is t in c t iv e  fea tu re s  fo r  te s t in g , which follow  encoding o f 
the f i r s t  l e t t e r ,  req u ire  processing  capacity , while encoding 
i t s e l f  does n o t" , (p .407)

Signal d e tec tio n  performance follow ing second l e t t e r  onset follow s 

a d if fe re n t  p a tte rn  to  th a t  found fo r  probe RTs by Posner and Boies. They 

observed long RTs to  probes p resen ted  up to  SOOmS follow ing second l e t t e r  

onset, and a reduced d e f ic i t  in  performance to  probes a rriv in g  a t  about 

400mS a f te r  the onset o f the second l e t t e r .  In the p resen t experim ent, a 

decrement in  d e tec tio n  performance is  no t ev iden t u n t i l  s ig n a l condition  8 , 

th a t  i s ,  348 - 448mS follow ing second l e t t e r  onset. This d iffe ren ce  may 

be a t tr ib u te d  to  the response requirem ents o f the two d u a l-ta sk s . In Posner 

and Boies' study su b jec ts  were requ ired  to  respond as quickly  as p o ssib le  

to  both the v isu a l task  and the aud ito ry  ta sk , and the tim ing o f the 

in te rfe re n c e  e f fe c t  can be a tt r ib u te d  to  the need fo r  processing 

capacity  during the se le c tio n  and execution o f an app ropria te  v isu a l task  

response. In the p resen t experiment, however, su b jec ts  were requested 

to  delay responding to both elements o f the d u a l-ta sk  u n t i l  SOOmS a f te r  

the o f fs e t  o f the second l e t t e r ,  and were requested  to  respond f i r s t  to  

the v isu a l task  and then to  the aud ito ry  task . The lack of any decrement



2 4 2

in  aud ito ry  task  performance under s ig n a l conditions 6  and 7  i s  co n s is ten t 

w ith these delayed response in s tru c tio n s , and suggests th a t sub jec ts  did 

not s e le c t and prepare fo r a v isu a l response u n t i l  towards the end of 

second l e t t e r  p re se n ta tio n .

An a lte rn a tiv e  explanation  fo r  the behavioural r e s u l ts  o f the s ig n a l 

d e tec tio n  task  i s  th a t  su b jec ts  lea rn  the d is tr ib u tio n  o f the s ig n a ls  over 

the two second t r i a l  in te rv a l .  That i s ,  they generated expectancies about 

the time o f a r r iv a l  o f s ig n a ls  w ith in  the t r i a l  in te rv a l .  The shape of 

the s ig n a l d e tec tio n  function  supports th is  in te rp re ta t io n , with the 

exception o f the lev e l o f performance achieved under s ig n a l condition  5.

A p o ssib le  explanation fo r the decrement in  performance under th is  condition  

i s  th a t the percep tion  o f s ig n a ls  presented  w ithin  the lOOmS in te rv a l 

(52 - 152mS p r io r  to  second l e t t e r  onset) tends to be masked by the follow ing 

v isu a l stim ulus. The shape of the la tency  function  accords well with 

the in te rp re ta t io n  th a t  su b jec ts  have generated expectancies about the 

tim ing o f aud ito ry  s ig n a ls , as i t  has been shown th a t P^ la tency  v a ries  

in v e rse ly  with the p roportion  o f co rrec t d e tec tio n s and with the confidence 

su b jec ts  have about the co rrectness o f a p a r t ic u la r  decision  (H illyard , 

Squires, Bauer and Lindsay, 1971; Squires, H illyard  and Lindsay, 1973; 

Parasuraman and B eatty, 1980). Moreover, the proposal th a t  performance 

under s ig n a l condition 5 su ffe rs  from the e f fe c ts  o f in te rm o d a lity  backward 

masking explains the d isso c ia tio n  between de tec tio n  performance and P^ 

la tency . Measures of P^ la tency  were taken from ERPs e l i c i t e d  by d e tec ted  

s ig n a ls  and, th e re fo re , only provide inform ation concerning successfu l 

performance. On the o ther hand, the behavioural data  r e f le c t  the  r e la t iv e  

degree o f both success and f a i lu r e .

The d e tec tio n  of fewer s ig n a ls  p resen ted  in  the l a t t e r  h a l f  o f the 

sig n a l window when compared with the d e tec tio n  o f s ig n a ls  p resen ted  in
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the f i r s t  h a lf  o f the window would be co n s is ten t with the proposal th a t 

d e tec tio n  i s  im paired under s ig n a l condition  5 due to  backward masking.

To t e s t  th is  p o s s ib i l i ty ,  a comparison was made between the mean number 

o f misses occurring over the f i r s t  1 2  and la s t  1 2  in te rv a ls  o f  the s ig n a l 

window. Data fo r  nine su b jec ts  only were a v a ila b le , as the inform ation 

about the sequencing o f s ig n a l p re se n ta tio n  w ith in  the lOOmS window was lo s t  

fo r  th ree  su b jec ts  during the t r a n s fe r  o f data  to the Univac 1100. For 

these  nine su b je c ts , however, the mean number o f undetected s ig n a ls  in  the 

f i r s t  h a lf  o f  the s ig n a l in te rv a l  was 17.67, while the mean number of 

undetected s ig n a ls  in  the second h a lf  o f the in te rv a l  was 17.89. A re la te d  

t - t e s t  confirmed th a t  these values were not s ig n if ic a n tly  d if fe re n t 

( t  = -0.193, p > .25).

The r e s u l ts  concerning the ex ten t to which behavioural and ERP 

measures o f secondary task  performance r e f le c t  the p rocessing  demands o f 

the le tte r-m atch in g  ta sk , th e re fo re , remain equivocal, and fu rth e r  

experim entation i s  req u ired  to  decide between these a lte rn a tiv e  

in te rp re ta t io n s .

The second question  o f in te r e s t  in  r e la t io n  to  these da ta  i s  the 

ex ten t to  which the m anipulation o f type o f l e t t e r  match i s  r e f le c te d  

by behavioural and ERP measures o f s ig n a l d e tec tio n  performance asso c ia ted  

w ith second l e t t e r  v isu a l s tim u li.

The an aly sis  o f the p roportion  o f h i t s  as a function  o f signal 

condition  and v isu a l task  condition  f a i le d  to  reveal any in te ra c tio n  

between -these v a r ia b le s . C learly , s ig n a l d e tec tio n  performance on the 

secondary task  does not r e f le c t  d iffe ren ces  in  the processing  requirem ents 

o f  the primary task  under d if fe re n t  l e t t e r  match cond itions. ERP da ta , 

however, do prove to  be s e n s itiv e  to the m anipulation o f type o f l e t t e r  

match.
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amplitude was found to be s ig n if ic a n tly  la rg e r  over mismatch t r i a l s  

than physica l match t r i a l s ,  while the amplitude o f th is  component over 

ru le  match t r i a l s  did not d i f f e r  from th a t recorded over the o ther types 

o f l e t t e r  match. This find ing  i s  d i f f i c u l t  to in te rp r e t  as d iffe ren ces  

due to type o f l e t t e r  match would be expected to occur follow ing the 

p re sen ta tio n  o f the second l e t t e r ,  and to be r e f le c te d  by an in te ra c tio n  

between sig n a l condition  and l e t t e r  match cond ition . F u rth er, area  

measures, while showing a s im ila r  tren d , f a i le d  to  reach s t a t i s t i c a l  

s ig n if ic an ce . I t  i s  p o ssib le  th a t  th is  r e s u l t  a r is e s  from s l ig h t  d iffe ren ces  

in  p re-stim u lus b ase lin e  values o f aud ito ry  ERPs, in troduced through the 

elem entary su b trac tio n  process.

A s ig n if ic a n t in te ra c tio n  between s ignal condition  and l e t t e r  match 

condition was found fo r both P  ̂ amplitude and area measures. Under s ig n a l 

condition  7 P  ̂ area was s ig n if ic a n tly  la rg e r  fo r physica l matches than fo r  

mismatches, while under s ig n a l condition 8  both P  ̂ area  and amplitude 

were s ig n if ic a n tly  la rg e r  fo r  physica l matches than e i th e r  ru le  matches 

o r mismatches. Inspection  o f Figure 6 .3 , however, in d ic a te s  th a t  a t  both 

Cz and Pz, P^ amplitude tends to  be sm aller fo r physica l matches under 

s ig n a l condition 6  than fo r  e i th e r  ru le  matches o r mismatches. A s im ila r  

trend  was evident fo r  P^ area measures, the mean values o f which were 

308, 476 and 340pV x mS fo r  physica l matches, ru le  matches and mismatches, 

re sp ec tiv e ly , co llapsed  across su b jec ts  and e lec tro d e  placem ent.

I f  we accept the proposal o f I s r e a l  e t  al ,  (1980}, that-4:he P^ 

amplitude to  secondary task  s tim u li provides an in d ire c t  index o f the 

primary ta s k ’s requirem ent fo r  p ercep tual processing reso u rces, then the above 

re s u l ts  can be in te rp re te d  as re f le c t in g  the r e la t iv e  tim ing of the ev a lu a tio n  

and c la s s if ic a t io n  o f second l e t t e r  s tim u li conforming to  d if f e re n t  

types o f l e t t e r  match. I t  would seem th a t  fo r physica l matches the g re a te s t  

processing capacity  i s  requ ired  sometime a f te r  the in te rv a l  corresponding
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to  s ig n a l condition  6  (48 - 148mS a f te r  second l e t t e r  o n s e t) . For 

mismatches the g re a te s t processing  capacity  requirem ent occurs sometime 

a f te r  the in te rv a l corresponding to  s ig n a l condition  7 (200 - SOOmS 

a f te r  second l e t t e r  o n se t) , while fo r  ru le  matches the g re a te s t p rocessing  

capacity  i s  requ ired  follow ing the in te rv a l  corresponding to s ig n a l condition 

8  (348 - 448mS a f te r  second l e t t e r  o nse t, see Figure 6 .3 ) . This temporal 

o rdering  o f  amplitude d iffe ren ces  i s  co n s is ten t w ith the find ing  th a t  RTs 

are f a s te r  to physica l matches than to o th er types o f l e t t e r  match, and 

th a t ,  while not s ig n if ic a n t ,  RTs to  mismatches tend to  be m arginally  f a s te r  

than RTs to  ru le  matches (see foo tno te  on p . 223).

The above in te rp re ta t io n s  o f the  r e s u l ts  o f the du a l-ta sk  experiment 

are n e c e ssa r ily  sp ecu la tiv e . I t  i s  c le a r , however, th a t  ERPs are extrem ely 

s e n s itiv e  to  m anipulations o f task  requirem ents, and in  some in stances 

are more s e n s itiv e  than behavioural measures o f performance. As Duncan- 

Johnson and Donchin (1982) s ta te :

" The concurrent recording o f behavioral and ERP measures can 
illu m in a te  the operation  o f the human inform ation processing 
system more fu l ly  than is  otherw ise p o ssib le  using e i th e r  
measure alone", (p .45).

The follow ing Chapter provides a comparison o f the th ree  a n a ly tic a l 

procedures used to  sep ara te  overlapping ERP components.
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CHAPTER 7: COMPARISON OF SIGNAL RECOVERY TECHNIQUES
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7.1 In troduction

The p resen t Chapter assesses the th ree  methods used to  separa te  

overlapping ERPs by comparing v isu a l and aud ito ry  ERPs recorded over 

the d u a l-ta sk  experiment and estim ated by each o f the th re e  s ig n a l 

recovery techniques. Group da ta  provide the b as is  fo r  a l l  comparisons.

As th e  behavioural and e lec tro p h y sio lo g ica l da ta  p resen ted  in  

Chapters 3 and 6  support the assumption of v isu a l ERP invariance 

over non-signal and s ig n a l t r i a l s  o f the d u a l-ta sk  experim ent, th is  

assumption w ill provide th e  b as is  fo r  the follow ing comparisons. That 

i s ,  the  success o f the f i l t e r in g  procedures and th e  GLS so lu tio n  w ill 

be assessed  by comparing v isu a l ERPs estim ated by means o f  these  

techniques with those v isu a l ERPs recorded over non-signal t r i a l s .  

Auditory ERPs estim ated through the  f i l t e r in g  procedures and GLS 

so lu tio n  w ill then be assessed  by means of a comparison w ith aud ito ry  

ERPs recovered through elem entary su b trac tio n  procedures.

7.2 Visual ERPs

Table 6.1 p resented  Pearson c o rre la tio n  c o e f f ic ie n ts  expressing 

the re la tio n sh ip  between v isu a l averages estim ated  by means o f 

elementary su b trac tio n  procedures and pure v isu a l averages recorded 

over non-signal t r i a l s .  A s im ila r  procedure was c a rr ie d  out fo r  

v isu a l averages estim ated by f i l t e r in g  and GLS s o lu t io n s . The e n tire  

length (750 da ta  values) of every estim ated v isu a l tra c e  was 

co rre la te d  with the  pure v isu a l average recorded under the same 

v isu a l ta sk  cond ition , and the  r e s u l ts  o f these c o rre la tio n s  are 

given in  Tablé 7.1 fo r the f i l t e r in g  so lu tio n  and Table 7.2 fo r  the  

GLS so lu tio n . The average c o e f f ic ie n ts ,  p resented  in  the  lower row 

of each ta b le , rep resen t the mean c o rre la tio n  c o e f f ic ie n t fo r  each 

lev e l o f l e t t e r  match and e lec tro d e  placement, co llapsed  across
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s ig n a l cond ition . Inspection  o f th ese  l a t t e r  values in d ic a te s  th a t ,  

on average, both the  f i l t e r in g  and the  GLS so lu tio n s  r e s u l t  in  

waveforms which a re  o f s im ila r  shape to  those recorded under non­

s ig n a l co n d itio n s, and th a t  a c lo se r  re la tio n s h ip  e x is ts  fo r  averages 

recorded from the Cz placement than the  Pz placement.

While th ese  find ings are  s im ila r  to  those observed fo r  wave­

forms recovered by means of elem entary su b trac tio n  procedures, a 

comparison o f average c o e f f ic ie n ts  p resen ted  in  Tables 7.1 and 7.2 

w ith those presen ted  in  Table 6.1 in d ic a te s  th a t  v isu a l ERPs recovered 

through the  f i l t e r in g  and GLS so lu tio n s  correspond le ss  c lo se ly  to  non- 

s ig n a i- tra c e s  than those ERPs recovered through elem entary su b trac tio n  

procedures.

For waveforms recovered through the  f i l t e r in g  procedures, 

these  d iffe ren ces  can p rim arily  be a t t r ib u te d  to  d is to r t io n s  due to  

the  'f i l t e r i n g  o u t ' o f very low frequency components re s u l t in g  from 

s e tt in g  the  second f i l t e r  c o e f f ic ie n t  to  u n ity , combined with 

d is to r t io n s  a r is in g  from re s id u a l sp e c tra l leakage in  the  FFT. This 

i s  i l lu s t r a t e d  by reference  to  Table 7.1 which shows th a t  those 

c o e ff ic ie n ts  corresponding to  s ig n a l conditions 6 , 7 and 8 over 

physica l match t r i a l s  are  sy stem a tica lly  lower than those corresponding 

to  the same s ig n a l conditions over ru le  match and mismatch t r i a l s .  

Inspection  o f the  recovered sec tio n s  of tra c e s  corresponding to  these  

s ig n a l conditions and shown in  Figures 4.47 and 4.49 rev ea ls  th a t  

the  slow in crease  in  n e g a tiv ity  which follow s the P^ component on 

physica l match t r i a l s  i s  not fu lly  recovered by the f i l t e r in g  .

procedures.

Table 7.2 in d ica te s  th a t  the  degree o f correspondence between 

v isu a l waveforms recovered by means of the  GLS so lu tio n  and v isu a l 

averages recorded over non-signal t r i a l s  i s  v a r ia b le , p a r t ic u la r ly  a t
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the Pz placem ent, where c o rre la tio n  c o e ff ic ie n ts  range between 0.424 

and 0.868. There i s ,  however, no system atic e f fe c t  which can be 

r e la te d  to  a p a r t ic u la r  lev e l of l e t t e r  match or a p a r t ic u la r  s ig n a l 

cond ition . T herefore, the  success o f the GLS procedure seems to  be 

le ss  c le a r ly  re la te d  to  the  sp e c if ic  frequency c h a ra c te r is t ic s  of 

those waveforms to  be recovered.

7.3 Auditory ERPs

The s im ila r i ty  in  the shape o f aud ito ry  ERPs recovered by 

means of the th ree  s ig n a l recovery techniques was assessed  by 

c a lc u la tin g  Pearson c o rre la tio n  c o e ff ic ie n ts  between p a irs  o f 

waveforms recorded under the same combination o f s ig n a l condition  

and l e t t e r  match condition  and estim ated  by a d if fe re n t a n a ly tic a l 

procedure. Three se ts  o f c o rre la tio n s  were ca lcu la ted , each s e t  

corresponding to  one o f the th ree  p o ssib le  p a ir in g s  of s ig n a l 

recovery procedures. A ll c o rre la tio n s  were ca lcu la ted  from group 

averages and were based on a to ta l  o f 145 p a irs  o f da ta  values 

rep resen tin g  580mS s ta r t in g  from the time o f aud ito ry  s ig n a l onset. 

Tables 7 .3 , 7.4 and 7.5 show c o rre la tio n  c o e ff ic ie n ts  c a lcu la ted  

between aud ito ry  ERPs estim ated by means o f elem entary su b trac tio n  

and f i l t e r in g  procedures, elem entary su b trac tio n  and GLS so lu tio n s , and 

f i l t e r in g  and GLS so lu tio n s , re sp e c tiv e ly .

In general a l l  methods r e s u l t  in  ERPs which are s im ila r  in  form, 

and no two methods c o n s is te n tly  correspond more c lo se ly  to  one 

another than to  a th ird  method. In ad d itio n , th e re  i s  a tendency 

fo r waveforms recorded from the Cz placement to  correspond m arg inally  

more c lo se ly  than those recorded from the Pz placement.
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While the  c o rre la tio n  c o e f f ic ie n ts  p resen ted  in  Tables 7 .3 , 7.4 

and 7.5 provide inform ation about the s im ila r i ty  o f the  shape of 

waveforms recovered by means of the  d if f e re n t  procedures, they f a i l  

to  provide inform ation about d iffe ren ces  in  the o v e ra ll s iz e s  of ERPs 

or about d iffe ren ces  in  am plitudes and la te n c ie s  of ERP components.

In order to  make these  assessm ents the  am plitudes and la te n c ie s  of 

and P^ components were derived according to  the  method described  in  

Section 6 .3 .2  from audito ry  ERPs estim ated  through each o f the th ree  

s ig n a l recovery techniques. ERP measures were taken from group 

averages and hence the  values derived from aud ito ry  ERPs estim ated by 

means o f elem entary su b trac tio n  procedures d i f f e r  somewhat from mean 

values p resen ted  in  Chapter 6  which were based on measures derived 

sep ara te ly  fo r  every su b jec t.

A to ta l  of 48 measures o f a p a r t ic u la r  ERP component am plitude 

or la tency  was taken from each s e t  of aud ito ry  tra c e s  estim ated by a 

p a r t ic u la r  a n a ly tic a l procedure. These 48 measures comprised values 

corresponding to  each o f the  24 combinations o f s ig n a l cond ition  and 

v isu a l ta sk  co nd ition , taken from both Cz and Pz placem ents.

As a f i r s t  s tage  in  the  a n a ly s is , the  means and variances of 

ERP components estim ated through the th re e  a n a ly tic a l procedures were 

ca lcu la ted  sep a ra te ly  fo r each placement and these  are  presen ted  in  

Table 7 .6 . Note th a t  every mean was derived from the  24 values 

asso cia ted  with each combination o f s ig n a l condition  and v isu a l ta sk  

condition . Inspection  of Table 7.6 in d ica te s  th a t  the  variances 

associa ted  with N̂  and P^ am plitudes and la te n c ie s  estim ated  through 

the f i l t e r in g  and GLS so lu tio n s  are g en era lly  la rg e r  than those 

asso cia ted  with estim ates derived through su b trac tio n  procedures.

For each ERP measure a s e r ie s  o f th re e  t - t e s t s  fo r  eq u a lity  of
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variances of dependent samples^ (K irk, 1978; p .277) was used to  

compare variances asso c ia ted  w ith the  th ree  a n a ly tic a l procedures.

For the  Cz placement, am plitudes taken from both f i l t e r in g  

and GLS estim ates were s ig n if ic a n t ly  more v a ria b le  than those 

derived from su b trac tio n  procedures (p < . 0 1  fo r  both com parisons).

For the Pz placem ent, however, the  v a r ia b i l i ty  in  am plitudes was 

s ig n if ic a n tly  d if fe re n t  fo r  a l l  s ig n a l recovery procedures (p < .05 

fo r a l l  com parisons), w ith GLS providing the  most v a ria b le  estim ates 

and the  su b trac tio n  procedures providing the  le a s t  v a ria b le  estim ates . 

S im ila rly , comparisons o f the  v a r ia b i l i ty  o f P^ am plitudes recorded 

from the  Cz placement a l l  proved to  be s ig n if ic a n tly  d if f e re n t  (p < .01 

fo r  a l l  comparisons) ; while a t  the  Pz placement the GLS so lu tio n  

y ie lded  more v a ria b le  P^ estim ates than e i th e r  su b tra c tio n  or f i l t e r i n g  

procedures (p < .01 fo r both com parisons). No s ig n f ic a h t d iffe ren ces  

were found between the variances of N̂  or P^ la tency  estim ates a t 

e i th e r  Cz or Pz. .

Separate 2-way repeated  measures ANOVAs were used to  assess 

the e f fe c ts  o f s ig n a l recovery method and e lec tro d e  placement on 

N̂  and P^ amplitudes and la te n c ie s . Note th a t  the 24 da ta  values 

corresponding to  each combination o f l e t t e r  match and s ig n a l condition  

were used as 's u b je c ts ' or 'b lo c k s ' w ith in  these analyses.

While ANOVA procedures are r e la t iv e ly  in se n s it iv e  to  v io la tio n s  

o f the assumption o f homogeneity o f variance, h e terogeneity  o f both 

variances and covariances in  a design having repeated  measures on the

1
dependency between ERP components estim ated by means of the  th ree  
s ig n a l recovery techniques was assumed as the estim ates corresponding 
to  a p a r t ic u la r  experim ental condition  were a l l  derived from id e n tic a l  
data .
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same su b jec ts  can r e s u l t  in  a p o s itiv e  b ias  in  the F t e s t  and hence 

an unacceptable number o f type 1 e r ro rs . To guard ag a in st th is  

p o s s ib i l i ty ,  Geisser-Greenhouse conservative F t e s t s  (Kirk, 1968,p . 142) 

w ith degrees o f freedom fo r  treatm ent and e r ro r  terms o f 1 and 23, 

re sp e c tiv e ly , were app lied  to  these data  as w ell as conventional F te s ts  

C onsisten t outcomes were obtained fo r  both types o f t e s t  and 

consequently the r e s u l ts  o f  the conventional F te s t s  are rep o rted .

ANOVA on N̂  am plitudes in d ica ted  a s ig n if ic a n t  placement e f fe c t

(F^ 2 3  “ 37.00; p < .001), no s ig n if ic a n t  e f fe c t  due to  method o f 

s ig n a l recovery (F2  = 1.25; p > .300) and no s ig n if ic a n t  in te ra c tio n

(F2  4 ^ = 0.74; p > .400). From Table 7.6 i t  can be seen th a t  N̂  

am plitudes o f ERPs recorded from Cz are la rg e r  than those measured 

from ERPs a t  Pz.

For P^ am plitudes ANOVA in d ica ted  no s ig n if ic a n t  placement e f fe c t  

(F^ 23 " 0 . 1 0 ; p > .800), a s ig n if ic a n t  method e f fe c t  (F2 = 26.02;

p < .001) and a s ig n if ic a n t  placement by method in te ra c tio n  (F2  = 6 .63;

p < .005). T ests o f simple main e f fe c ts  showed a s ig n if ic a n t  method

e f fe c t  a t  both Cz and Pz (F2 ^2 ~ 13.91; p < .001 and F2 q2  = 32.02;

p < .001, re sp e c tiv e ly ) , and a Newman-Keuls an a ly sis  showed th a t a t

both placements P^ am plitudes o f ERPs estim ated  through su b trac tio n  and 

GLS procedures are s ig n if ic a n tly  la rg e r  than those o f ERPs estim ated 

through the f i l t e r in g  process (p < .01 fo r  a l l  com parisons). Note, 

however, th a t  the tren d  fo r  P^ amplitudes to be la rg e r  a t  Pz than a t  Cz 

is  reversed  fo r  those am plitudes measured from ERPs estim ated  through 

the f i l t e r in g  process.

For N la te n c ie s , ANOVA revealed  a s ig n if ic a n t e f fe c t  due to 
1

e lec tro d e  placement (F^ 2 3  = 24.71; p < .05) and a s ig n if ic a n t  method 

by placement in te ra c tio n  (F2 = 3.72; p < .05). Tests o f simple main
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e f fe c ts  showed th a t  th e re  was a s ig n if ic a n t  e f fe c t  due to  s ig n a l 

recovery method a t the Pz placement only (F^ = 5.62; p < .005), and

a Newman-Keuls t e s t  showed th a t ,  a t  th is  placem ent, N̂  la te n c ie s  o f ERPs 

estim ated  by the f i l t e r in g  procedures were s ig n if ic a n tly  longer than those 

recovered by e i th e r  the elem entary su b trac tio n  o r the GLS so lu tio n s  

(p < .05 fo r  both comparisons).

For P^ la te n c ie s , ANOVA revealed  a s ig n if ic a n t  e f fe c t  due to 

method o f s ig n a l recovery (F^ = 4.44; p < .025) and e lec tro d e

placement (F^ 23 ” 56.79; p < .001). There was no s ig n if ic a n t  in te ra c t io n  

(F^ = 2.60; p > .08). A Newman-Keuls t e s t  in d ica ted  th a t  P^ la te n c ie s

o f ERPs recovered through the f i l t e r in g  process were s ig n if ic a n t ly  

sh o rte r  than those recovered through the su b trac tio n  o r GLS procedures 

(p < .05 fo r  both comparisons). Inspection  o f  Table 7.6 shows th a t  the 

la te n c ie s  o f P^ waves recorded from Pz were c o n s is te n tly  longer than 

those recorded from Cz.

In summary, the above analyses on aud ito ry  ERP components 

in d ic a te  th a t:

the GLS and, to  a le s se r  ex ten t, the f i l t e r in g  so lu tio n s  re su lte d  

in  s ig n if ic a n tly  more v a riab le  N̂  and P^ am plitudes than the 

elem entary su b trac tio n  procedure. While the variances o f la tency  

measures followed th is  tren d , they were not found to  d i f f e r  

s ig n if ic a n tly ;

th ere  were no d iffe ren ces  between mean N̂  amplitudes estim ated  

through the th ree  s ignal recovery techniques. However, P^ 

amplitudes estim ated through the f i l t e r in g  procedures were 

s ig n if ic a n tly  reduced when compared w ith those estim ated  through 

elementary su b trac tio n  and GLS so lu tio n s ;

a t the Pz placement, N̂  la te n c ie s  were s ig n if ic a n tly  longer when 

estim ated through the f i l t e r in g  p rocess, while a t  both placem ents.
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la ten c ie s  were s ig n i f ic a n t ly  sh o rte r  when recovered by the 

f i l t e r i n g  procedure. There were no d iffe ren ces  between the mean 

la ten c ie s  of e i th e r  or P^ components estim ated by sub trac tion

or GLS so lu tio n s .

The above analyses have in v es tig a ted  d iffe ren ces  in  overa ll  

mean values of aud ito ry  ERP components estim ated.through each of the 

s ignal recovery techniques. An important consideration  in  the comparison 

of the a n a ly t ic a l  procedures, however, i s  the  ex tent to  which ERP 

amplitudes and la te n c ie s  ex h ib i t  s im ila r  trends  as a function of 

manipulations o f  the independent v a r ia b le s .  Figures 7.1 to. 7.8 allow 

these comparisons as each f ig u re  p resen ts  a component amplitude or 

la tency  estimated through A: elementary su b trac t io n ,  B: d ig i t a l  

f i l t e r i n g  and C: GLS, as a function  o f  s ignal condition and v isua l 

task  condition.

Figures 7.1 and 7.2 show amplitudes from Cz and Pz placements, 

re sp ec tiv e ly .  While these  f ig u res  i l l u s t r a t e  the increased v a r i a b i l i t y  

in the estim ates obtained through the  GLS and f i l t e r i n g  procedures 

compared with those obtained through elementary su b trac tio n  procedures, 

the graphs ex h ib it  trends which are  s im ila r  fo r  a l l  methods o f  s ignal 

recovery and which are co n s is ten t across e lec trode  placement.

Figures 7.3 and 7.4 show P^ amplitudes taken from Cz and Pz 

placements, re sp e c t iv e ly .  These f ig u res  i l l u s t r a t e  the increased 

v a r i a b i l i t y  in  values estimated through the GLS and f i l t e r i n g  

procedures when compared with the sub trac tio n  process, and the 

reduced amplitudes of P^ components recovered through the f i l t e r i n g  

procedures. While some d iffe rences  are  evident between the  r e la t iv e  

amplitudes of P^ components corresponding to  the f i r s t  5 signal 

cond itions, a common fea tu re  of a l l  methods of s ignal recovery is  the
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Figure 7.1. N amplitudes o£ auditory  ERPs recorded from Cz and
e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B: d i g i t a l  f i l t e r i n g  and C: GLS.
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Figure 7.2. amplitudes of auditory  ERPs recorded from Pz and
e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B: d i g i t a l  f i l t e r i n g  and C: GLS.



263

mV PM
RM
MM

B 6-1
pv

N •

S  .

pV
6 -

T

Figure 7.3. amplitudes of auditory  ERPs recorded from Cz and
e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B: d i g i t a l  f i l t e r i n g  and C: GLS.
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Figure 7.4. amplitudes of auditory  ERPs recorded from Pz and
e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B: d i g i t a l  f i l t e r i n g  and C: GLS.
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Figure 7.7. la ten c ies  of auditory  ERPs recorded from Cz and
e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B: d i g i t a l  f i l t e r i n g  and C: GLS.
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e s t im a te d  by means o f  A: e lem en ta ry  s u b t r a c t i o n ,
B; d i g i t a l  f i l t e r i n g  and C: GLS.



269

in te ra c t io n  which occurs between v isu a l  and auditory  tasks  over 

s ignal conditions 6, 7 and 8. Under s igna l condition 6, 

amplitudes to  s igna ls  presented during physical match t r i a l s  are 

c o n s is te n t ly  reduced when compared with those presented during ru le  

match and mismatch t r i a l s .  In c o n tra s t ,  under s ignal condition 8, 

auditory  amplitudes assoc ia ted  with physical match t r i a l s  are  

co n s is te n t ly  la rg e r  than those assoc ia ted  with the  o ther types of 

l e t t e r  match. This p a tte rn in g  of amplitudes i s  co n s is ten t with

those r e s u l t s  reported  in  Section 6 .3 .2 .

Figures 7.5 and 7.6 p resen t la te n c ie s  fo r  Cz and Pz p la c e ­

ments, re sp ec t iv e ly .  All graphs ex h ib it  s im ila r  p r o f i le s  with 

la te n c ie s  tending to  be m arginally  longer under s ignal condition  3 

than s ignal condition 4. For a l l  methods of s ignal recovery, 

estim ates a t  Pz are more v a r iab le  than those a t  Cz.

Figures 7.7 and 7.8 show P^ la te n c ie s  measured from Cz and 

Pz placements, re sp ec t iv e ly .  While the  la te n c ie s  o f  P^ components 

recovered by the  f i l t e r i n g  procedures are  no ticeab ly  reduced when 

compared with those estimated through the o ther  techniques, a l l  

graphs exh ib it  s im ila r  trends  which are  co n s is ten t with the r e s u l t s  

reported  in  Section 6 .3 .2 .

In general, th e re fo re ,  the p r o f i l e s  of amplitude and la tency  

measures taken from ERPs estimated by the  f i l t e r i n g  and GLS so lu tio n s  

correspond well with the trends of ERP components estimated through 

the elementary sub trac tion  procedure.

A fu r th e r  important consideration  in  the comparison of the 

an a ly t ic a l  procedures i s  the re la t io n sh ip  between s igna l de tec tio n  

performance and components of aud ito ry  ERPs estimated through each 

procedure. Table 7.7 presents  the c o r re la t io n  c o e f f ic ie n ts  ca lcu la ted
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between the mean proportion of co rrec t  s ignal de tec tions  and auditory  

ERP components recorded under the  twenty-four combinations of signal 

condition and l e t t e r  match condition . These data  are  co n s is ten t with 

those presented in  Table 6 .3 , and in d ica te  an inverse r e la t io n sh ip  

between la tency  and s igna l de tec tio n  which i s  s trengthened when 

the  data  values assoc ia ted  with s igna l condition 5 are excluded from 

the  analysés. The tendency towards la rg e r  c o r re la t io n  c o e f f ic ie n ts  

fo r  amplitudes estimated by the  GLS so lu t io n ,  and fo r  P^ amplitudes 

estimated by both the f i l t e r i n g  and GLS so lu tions  can be a t t r ib u te d  to  

the g re a te r  v a r i a b i l i t y  in  the values of components derived through 

these  procedures.

7.4 Discussion

This chapter has compared the success of the  th re e  s ignal 

recovery techniques following t h e i r  ap p lica tio n  to  ’r e a l ’ da ta  which 

are ty p ica l  of  those requ ir ing  some estim ation  procedure to  separa te  

overlapping ERPs to  near-simultaneous s t im u li .  The invariance of 

v isua l  ERPs recorded over s igna l and non-signal t r i a l s  o f  the  dua l­

task  experiment has allowed waveforms recovered through elementary 

sub trac tio n  procedures to  be used as a model aga inst which to  assess  

the adequacy of the d ig i t a l  f i l t e r i n g  and GLS so lu t io n s .

The comparison between the mean amplitudes and la te n c ie s  o f  ERP 

components recovered through the  d i f f e r e n t  techniques showed th a t  the 

d ig i t a l  f i l t e r i n g  process re su l te d  in  s ig n i f ic a n t ly  reduced P^ 

amplitudes and P^ la ten c ie s  when compared with the  o ther procedures. 

Further, the la te n c ie s  of components a t  the Pz placement were delayed 

when estim ation was achieved through the  f i l t e r i n g  process.

These d iffe rences  can be a t t r ib u te d  to  the e f fe c ts  of s e t t in g



272

the second c o e f f ic ie n t  of the  inverse f i l t e r  to  u n ity  in  an attempt to  

reduce d is to r t io n s  a r is in g  from sp e c tra l  leakage in  the FFT. While 

t h i s  m odification elim inates  the  more obvious e f fe c ts  of sp ec tra l  

leakage, i t  a lso  r e s u l t s  in  the  a tten u a tio n  o f  the  wanted frequency 

component corresponding to  approximately 0.977Hz. The a t ten u a tio n  

of t h i s  frequency i s  manifested in  the  recovered waveforms by amplitude 

and la tency  d is to r t io n s  of the  low frequency and components.

Goff (1974, p . 126) provides an example o f  such d is to r t io n s  o£ the 

vertex  p o te n t ia ls  r e su l t in g  from progressive decreases in  the low 

frequency response o f  the recording am plif ie r .

While the mean amplitudes and la te n c ie s  of ERPs recovered through 

the  f i l t e r i n g  process were s ig n i f ic a n t ly  a f fec ted  by the  m odification 

made to  the inverse f i l t e r ,  the  shape of the recovered waveforms 

genera lly  provided a good correspondence with those recovered through 

the elementary su b trac t io n  process. In add it ion , the trends in  ERP 

component amplitudes and la te n c ie s  as a function o f  s igna l condition 

and v isua l  task  condition , a lso  corresponded well with those obtained 

through elementary su b trac tio n  procedures.

Various methods can be employed to  minimise the  degree of 

s p e c tra l  leakage in  the  FFT and hence optimise the  d i g i t a l  f i l t e r i n g  

so lu t io n .  For example, in  the  present experiment a low frequency 

am plif ie r  s e t t in g  of 0.4Hz (50% cut off) was used fo r  EEG recordings. 

The use of a higher s e t t in g ,  such as IHz, would r e s u l t  in  l i t t l e  or no 

d is to r t io n  of the vertex  p o te n t ia l s ,  but would help a t ten u a te  t h e ,very 

low frequencies which prove to  be p a r t ic u la r ly  problematic fo r  the 

technique. More im portantly , increasing  the length of the time s e r ie s  

submitted to the FFT would reduce the fundamental frequency and r e s u l t  

in  le s s  sp e c tra l  leakage as the  harmonics of the  s e r ie s  w il l  be more 

c lo se ly  spaced. The use of windowing procedures and the  app lica tion
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of the techniques to  data  which have a high s ignal to  noise r a t io  w ill  

fu r th e r  reduce the degree of d i s to r t io n  r e su l t in g  from the e f fe c ts  of 

sp e c tra l  leakage.

Although methods are av a ilab le  fo r  optim ising the d ig i t a l  f i l t e r i n g  

so lu t io n ,  the  procedure c le a r ly  i s  unsu itab le  i f  slow p o te n t ia l  changes 

such as the  CNV, which requ ire  e i th e r  DC recording or the  use of long 

time constants in  the  order o f  8 seconds, a re  of  in t e r e s t .  Further, 

while every precaution  may be taken to  reduce d is to r t io n  r e s u l t in g  from 

sp e c tra l  leakage, i t s  e f fe c ts  cannot be elim inated completely, and 

estim ates re tu rned  by the so lu tio n  must be expected to  be biased to  

some degree.

The GLS so lu tio n  i s  p o te n t ia l ly  a more r e l i a b le  technique fo r  

separating  overlapping ERP components, p r im arily  because i t  i s  

applied in  the  time domain and hence obviates the e f fe c ts  o f  sp e c tra l  

leakage assoc ia ted  with manipulations in  the  frequency domain. The 

comparison o f  v isua l  and auditory  waveforms recovered through th i s  

procedure with those recovered through elementary su b trac tio n  ind ica ted  

a genera lly  good, although v a r ia b le ,  correspondence. Further, the 

overa ll  e levation  of ERP component amplitudes and la te n c ie s  estimated 

through these  two procedures was found not to  d i f f e r .  The amplitudes 

of ERP components derived from GLS estim ates , however, were found to  be 

s ig n i f ic a n t ly  more var iab le  than those derived through the su b trac t io n  

process. Three fa c to rs  may be responsib le  fo r  t h i s  increased v a r i a b i l i t y .

As ind ica ted  in  Chapter 4, the method of data  c o l le c t io n  during 

the  dua l- ta sk  experiment re su l te d  in  time-locked v isu a l  and audito ry  

averages which departed from the model of the  GLS so lu t io n  in  two 

s ig n if ic a n t  ways: the time-locked averages were not based on the  f u l l  

complement of t r i a l s  assumed by the model, and the l a s t  24 samples of
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the time-locked auditory  tra ce  were weighted inap p ro p ria te ly .  While 

attempts were made to compensate fo r  th i s  l a t t e r  departure , the so lu tion  

should be optimised by ensuring the appropria te  methods o f  data  

co l le c t io n .

The th i rd  fa c to r  which may have contribu ted  to  the var iab le  

nature  o f  GLS estim ates r e la te s  to  the o f f s e ts  o f  the sec tions  of 

v isu a l  and auditory  time-locked averages submitted to the an a ly s is .  I t  

w i l l  be re c a l le d  th a t  the time-locked aud ito ry  tra ces  were adjusted so 

th a t  the mean o f  the lOOmS p r io r  to  the onset of  the aud ito ry  s ignal 

was equivalent to the mean of the lOOmS sec tion  o f  v isua l  t ra c e  p r io r  

to  the s t a r t  o f the auditory  s ignal window. This method o f  adjustment 

appeared to work w ell ,  but as p rev iously  noted, the GLS so lu tion  i s  

extremely s e n s i t iv e  to  d i f f e r e n t i a l  o f f s e t s ,  which can r e s u l t  in  h ighly  

spurious es tim ates . A more appropria te  procedure would be to apply the 

so lu tio n  immediately following data  c o l le c t io n ,  before any adjustment 

i s  made to  prestim ulus base lines  and p r io r  to  sca ling  procedures used to 

convert averages to  microvolt equivalents  (see Section 2 .7 ) .

In conclusion, th i s  th e s is  has in v es t ig a ted  the use o f  three  

a n a ly t ic a l  procedures fo r  separa ting  overlapping waveforms recorded 

following near-simultaneous s t im u li .  T rad it io n a l elementary sub trac tion  

procedures have been found to provide h ighly  r e l ia b le  estim ates when the 

assumptions underlying th e i r  app lica tion  are met. Their use i s  

questionab le , however, in  s i tu a t io n s  where the composite waveform may 

r e f l e c t  any in te ra c t io n  between the evoking s t im u li .

Both d ig i t a l  f i l t e r i n g  and GLS procedures allow the de tec tion  and 

assessment o f  in te ra c t io n s  between task s tim u li  by v ir tu e  o f  the fa c t  

th a t  estim ates are derived d i r e c t ly  from the composite waveforms. 

Estimates obtained by the f i l t e r i n g  so lu tio n , however, are sub jec t to
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severe d is to r t io n s  a r is in g  from sp e c tra l  leakage in  the FFT. Methods 

used to elim inate  the more obvious e f fe c ts  of sp e c tra l  leakage r e s u l t  

in  re s id u a l  d i s to r t io n s  of the low frequency, la te  components o f  the ERP.

A p o te n t ia l ly  more usefu l procedure than e i th e r  elementary 

sub trac tion  or d ig i t a l  f i l t e r i n g  i s  th a t  o f  GLS estim ation . The advantage 

over th a t  o f  the d ig i t a l  f i l t e r i n g  procedures i s  th a t  estim ation  i s  

ca rr ie d  out in  the time domain, thus obviating  the problems assoc ia ted  

with ana lys is  in  the frequency domain.
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Overlay 1. Showing lOOmS windows over which the  onset and
o f f s e t  o f  v isu a l  task  s tim u li  occur with respec t 
to  aud ito ry  task  s t im u li .
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Overlay 2. Showing lOOmS windows over which auditory task
stimuli occur with respect to visual task stimuli


