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~ PREFACE
s , . 7
_ The recording of . event-related potentials, togeﬁhepu
, with .béhavicﬁfal'data, allows one a uqiq@ef vié;y'of ‘many
ccmpléx@proéeSSes.in the‘humaﬁ brain, '§% which sighal. dis-
crimination is a fundémental bompbneﬁt. | .

The ;eséarch presented in this thesis is a direct
attemét to solve a digfiéult. question which;haﬁ arisen as
the result of an.experiment carried bu£’5y/ myéélf{and Df.
:T.W..Pictoﬁ in late L973{- This quésﬁidh involved the ef=

fects of target.:discfiminabiiitj oon  the 'target-evokéd
pofeqtféls. 'In our experimental Londitions thekgz compépent
Of _thg*targsf-e?oked potentiai incréased in amplitﬁae as
'Eargetfdiscrimination difficulty was increased. The rés ts
of thié' initial experiment were 'fePOrted at . the Siwth
Internaﬁionai Conference on Event-related'S}ow Poﬁentiﬁfs' il
i . .
the Brain and the subseduent paper ié_ coptained inlappendix
A. These preliminary findings;differed from ‘the dafa_ re-
'cbrded in the laboratory of Risto Naatanen which displayea
larger Nz'component amplitudes-as_thé deviance of fhé taréet
from the standard stimﬁlus was.ihcreasqd.(qr, in 'our'terms;
the "target—discriminatioﬁ difﬁiéulpy' ,wéé HQécréasgd).
Naatanennand co-workers. have postulated that the N2 domp;n—
epé may represent ‘a neuronalQQismgtch. process’ perhaps re-

flectiﬁg a central manifestatiofi of the orienting reflex.

. ! . . ' o . + ' * . s
This concept cannot explain our £findings. , A series " of

0
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experiments were therefore undertakén to resolve this . con-
. / .. ' + .

troversy. The results of these experiments are .presented in
. . . : ' . S R
. . . : N : .
this thesis.: The experiments provide an extensive examilna-

tién of the effects of target-discrimination difficumlty on !

the-target-eyokedipotential in general, and the N2 componentﬂi‘

in particular. ’
. An objective measure of stimulus discrimination dif- |
ficulty would most certainly be'an‘ important . tool in the‘f
lnvestlgatlon of human cognltlon. The develooment of such a -
measure would allow the effects of stlmulus dlscrlmlnablllty
to be assessed in both applled and research settlngs. /;He
Ng component -or the target-%yoked response is clearly,
senSLtlve to changes in stimulus dlSCIlmlnablllty and thus
may provide -this' objectlve measure. . Alteratlons in the
amplltude and latency of the N2 component appear to reflect.
the ‘operation of. a modallty non-spec1f1c frontal . process
‘involved in ‘controlling the perceptual processes underlylng
stimulus evaluation. Recording hthe <ectivity :b}a the N2
_ ] , o it
component can provide an objective assesément of the effects
of stimc}us discriminability in a wide varietytof circemst—
éhcés..' ' | '
The thesis has ;heeh written in the form of a publish- |
ahle paasr. The main*body'of the thesis has been formatted
in accordance with; the guidelines seét by the journal, -Bio-_'
1ogical‘ Psychology,. to which a revisea copy * will -be sub-

mitted for publication.

- L ~ . g

— e
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ABSTRACT

The Event-related Potentlals Recorded

1 F

Durlng the Dlscrlmlnatlon of Impnobable Stlmulll oy

A

-‘\Hm_ PeFer G. Fitzgerald

University' of. Ottawa
b

The ability to Siscriminece stimuli in the environment

is a necessary and fundameﬁtal componemt of  human cognition.

‘Presently, our understandlng of the psychologlcal and neuro-

phy31ologlcal prdcesses involved in . stimulus dlscrlmlna—

-tlon is ;ncomplete. ,Howevér} the.techhique of human eyent-

. e
4 . L [

reiated potential recordings has  offered new investigative
opportunity for the illumination of these complex processes,

'

: . el ‘ . ‘
/ In three separate-experlments, Subjects were requlred

to detect improbable ‘target stlmull which varled ‘in

frequency from an.ongoing traln of standard stimuli. . Evént-

related potentlals, tlme locked to the presentatlon of these

. stlmull, were recorded from the,scalp ;n order . to evaluate

» . . o
the effeCts of discrimination difficulty updn the component

.Structure of these , potentials, This evaluation, coupled -

with the results of behavioural_deta,,‘alioded a detailed

analy51s of the processes underlying stimulus discrimina-

é{pn. ' ' o, .
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In thg'#ﬁrge conditions of ei?eriﬁent»;, subjécts were
.breséﬂted-with_ Ewo-quallg Jimprobabie target sﬁimuli'iﬁ é
train pf.staqd§rd stimuli. 'jhe diffficult target (1050 Hz)
differed 6niy slightiy in freﬁﬁency 'froﬁ the standard
stimu;us (1000 Hz), thlé the:eésy g;Fgetl(lsﬁO Hz) was verf
different iqﬁfrequgncy. Thé three conditions 6flthe ex-
‘perimént involved e;gher‘céuﬁting the_tafgets; ‘making a
. button press response to - the  targets, ot ignoring the
tgtgetshénd reading a book. \ C ) |

‘Experiment II iﬁvestigated thé effects of discrimina-
tion difficulty usfﬁg“a'raﬁge of - fou;- Qiffefént targets,
€ach eqgual in probability, rather %haﬁ just'one\easy‘target‘
and one difficult target. | n S K . - .‘q.

. ExperimenE:IiI'-evaiuated',the effects gf .both £érget
discrimihébility”and probablity'bn the taréet—efokeé.ﬁoten;
tials. Jjn conditions requiring the subject t§.héke* a button

press response!to the targets, or-ignbring_ the targets arid
read}ng a book .

The subjects injlail':pﬁreé expériments consistenf;y
displayed a higher berceﬁéagé'of misses and QelaYed'?eaggion
times 'ﬁo' the,difﬁicﬁlt target discriminations. .Several
componenfé of ﬁﬁe farget—évdked réspbnsé were found to vary
‘as a function of, the discriminébiiity of the-tafgét étimu;-
us.  In coﬁparison.to the sfaﬁdard—evéked N1 component, the

amplitude -of théiNl to targét stimuli increased as ‘tafget'
‘discriminability was increased. The  latencies of thei

targe t-evoked N2 and P3 components increased and the

]
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"amplltude,of the- P3 decreased as target dlscrlmlnablllty was* .

decreased. The key f1nd1ng was the 1ncrease rn N2, amplltude
as the-target dlscrlmlnatlon became . more dlfflcult. " Ex=-
periment III demonstréted . that 'the.anplitude .of the N2 -
'component, elicited by the easy target, was also enhanced by‘.
'making .the target hlghly lmprobable. ThlS probablllty
effect was not present for the N2 ellClted by the-dlfflcult
target stlmulus. ° | ' o ’ o
Based upon the behav10ural and evoked potential re~
sults, we have proposed a model of the processes underlylng
hstimulus dlscrlmlnatlon. ,,Thls model consists of three.
overlapplngustages. The first stage, labelled 'automatic
proceSSLng,, 1nvolves a pass1ve mismatch comparison of\hn—
coming stlmulr, and 1s.reflected at the scalp by the Nl- anda
-N?a components, These components'increase ln aﬁplitude as
the’ targetediscriminability (deviance from ‘standardL|fis

increased. \ The second stage, c¢ontrolled processing, in-’

volves the evaluation of-mismatched stlmull under the ton-
trol of a modality non—spec1f1c frontal allocatlon process.
ThlS controlllng process 1nvolves the allocdtion of effort
to the %yaluatlon of mismatched stlmull, and 1s reflected at
the scalp by the N2b component ", The more dlfflcult the
target—dlscrlmlnatlon, the greater will be the allocatlon of
effort to stimulus-evaluation and the longer thlS allooatlonr
will be sustalned. i The‘ N2b component, reflectlng the

activity .of thlS allocatlon process, would increase in

amplitude and duratlon as target dlscrlmlnab1lLty decreases.
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‘The final stage of discrimination is'-compésed of higher

order control processes which function to‘modify (update)
" the parameters - of . the controlled processing stage,

'specifically, the allocatiofi process. The degree of ‘this
' - . . * . . o . ,"f"
modificatien activity-is reflected at the scalp by the P3a,

-

P3 and parietal slow wave components. -\
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1. INTRODUCTION

The event-related potent;éls- (ERPs) evoked :by in-
frequent and unpredictable "target" stimuli in a train of
“stﬁndard" stimuli have been gxtensivély' ihvéstigéteq
(Squires, "Squires and Hillyard, 1975; Ford, Roth and Kopéll,
1976; qudin, Squires, ‘Henderson and.Starfh 1978; Rohrbaugh,
Syndulko and Lindslgy, i978; Ritter, Simson, Vaughan and
Friedman, 1979;' Naatanen, Hukkanen and Jarviléhtq, _1980;
Fitzgerald and Picton, in press). When the target stimulus

is more difficult to discriminate there is an increase in

the latencies of both the N2 and P3 components of the re-

sponse and a reduction in P3 ampiitude. These latency
changes for the N2 and P3 components have been. re}ated to
the lqnger time required ﬁor stimulus evaluation when the
sigﬁal is difficult to discriminate (Donchin, “1979; Ritter

et al., 1979; Duncan-gohnson and Donchin, 1982). The

reduction in P3 amplitude may be attributed to what Ruchkin

and Sutton (1978b). call ‘"equivocation", or the effective
loss of information due to the subject's uncertainty about
having perceived an event. . {

| There are no consistent changes reported fér the
N2-amplitudé with increasiﬁg ~difficulty of target-
discriminations Ford et al. (1976) compared N2-amplitudes
across increasingly difficult target-discriminations and

found no significant differences, although there was a small
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1

trend kfor .increasing N2-amplitudeSi';f@ith . ea91erﬂ5f
target—discriminatipns. Naatanen et‘al.-(1980)‘ found that

N2-amp11tude was larger ' the greater _the: aev1at10n of\ the*

target _from ° the standard ' (1 er: -j;he‘ ea51er ?gthe
a q" . v ' . \' A

target-dlscrlmlnatlon). Fltzgerald and Plcton (1n press)

5oL \‘\g"

and Campbell, Marots and Arcand (1n press) found that the'
Nz-amplltude' lngreased : sxgnlficantly sl# target _‘dis—‘
crlmlnablllty decreased,.l,Ih both these latter studles,

N A

‘ \
however; the easy and dlfflcult dlscnlmlnatlons occurred in-

[

1 Al
t

.separate ondltlons.ﬁ. The amount SF . effort devoted to the
discrimination may . therefore have varled 'betseeh .the two
conditions.: o ;. |

An N24ﬁ3a complex can be’ evoked by infrequent deviaht
stimuli.in noh-attendihg subjects (Squires et al., 1975;
Snyder and Hillfard, 1976; Naatanen, Simson and Loveless,
1982): The~relationship of this N2-P3a cohplex to the
late comPonents (N2, P3) ‘evoked by infrequent targets in
attending subjects is not fully known.

This paper presents the results of three experiments
"which investigated‘ the effects of target-discrimination
difficulty on the event-related potentials, In all three
experiments both the easy and difficult target—diScrimina—
tiohs were in the same'condition, and reaotion times were
recorded in order to evaluate the actual difficulty of the
perceptual. discriminations, Erperiment I evaluated . the

effects of a difficult vs easy target-discrimination when

the subjects counted the targets, made a button press

L



response to the detected térgets,. and ignored'the'targets

"and read a book. Experiment II evaluated the effects of

discrimination difficulty using a range of four different -

targets rather than just one easy térget and one difficult
target. In Experiment ITI, the effects of both‘targét dis-
criminability and probability on the target-evoked potential

were.investigated in both attending and reading conditions, -

2 .
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- 242. Stimuli

. 2. METHODS o ‘

2.1, Subjects

Of the nineteen subjects, ten were male and nine were

female. Their ages_rghggd‘from 17 . to 37 years. - All sub-.

jects 'were right—héndéﬁiand. screened for normal  hearing
using 1000 Hz tones of 20 é§3ISO. Twelve subjects éarticipé
ated in éhe first expefiment, teﬁ in the‘second'and eight in
the third. - Four sﬁbjects participated in all three experi-
ments; one subject participated in only the first and‘sec—
ond, ang two subjects in only the first and third. For the
experimenﬁs, the subjécfs sat quietly in . a comfortable re-

clining chair in a quiet room.

»

Tonebursts with rise and fall times of 5 mseé each and

a otal duration of 55 msec were generated wusing either

'TektroniCS FG501 or 'Wavetek 159 function generators and

Grason-~Stadler 12b0 series logic. Tonebursts ranging in

frequency from 1000 to 1800 Hz were presentea through TDH~49

‘éarphones to the-right ear of the subject. The igtensity of

all tonebursts was 80 dB peak SPL as measured'bn a Bruel g

Kjaer model 2209 sound level meter with a type 4152 artif-
icial ear. For tonebursts of ﬁhis duration, and of the:
. frequencies used, this represents an intensity of approxim-

ately 65 dB SL. The random sequencing of stimuli, the inter-

L .."‘

Y



stlmulus 1nterval and _the total number of stimuli.inf'eACh
- block. was controlled by a MINC-11 comput&r. ! |
2.3. Experiment I Probeduré - -

This_egperiment Qas.comnbsgd of three sgﬁarate'con&i—
tions, the-oidef of .which. was balanced across subjects.
Tnneé were presented at 'a:rate'-of 1.,1/sec, '80% of - thé
stimuli béing 1000 Hz tones; 10% 1500 Hz tones and 10% 1050
Hi tones. Both impfobable stimuli were designated. és
‘targets' .and the more probable stimuli as.fstandafds'. In
cnndition A (countlng) the subjects were “instructed té
detect and keep a runnlng mental count of all targets {i.e.
 to codnt both 1500 Hz {easy) and 1050 Hz (difficult) targets

together). At the end of each block the experimenter re-
corded the subjects nally and commented‘on its accuracf. In
.condition "B (responding) the'subjects were instructed to
press a micro-switch button kwith the index finger Jf their
right hand) upén detection }nf.either'target stimulus.-- In
.condltlon C (reading) the subjects were 1nstructed to read a
.noyel and to 1gnore the stlmull. The horlzontal EOG was
monitored to ensure subjects read throughdut the duration of
each blnck.q Conditions A -and B consisted of four blocks of L
approximately 330 stimuli nnd condition C consisﬁea of fivei
blocks. More stimuli were‘used_for‘the reading condition

" because of the greater number of eye movement artifacts.
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2.4. .Experiment IT Procedure’
Ten blocks of approximately 30d:stimulrjweré presented

at’ an inter-stimulus interval .of 1.1 sec. Within each block_\.

: ‘of,Stimuli,ISO% of1the-stimuli were 1000 Hz tones, -5% were

1500 Hz tones,, 5% were 1100 Hz tones, 5% were 1050 Hz tones

and 5% were 1025 Hz tones. The four ‘improbable stimuli were

‘fdésignated as ‘targets' and the 80% probable stimuli as

. : _
'*standards'. - The subjegts were instructed to .press a

micro-switch button (with the index finger of their right

" ‘hand) upon detection of ahy target stimulus.

'2.5. Experiment III Procedure

In this experiment féur separate conditions were used.
All conditions .contained se;en blocks of approximately 330
stimuli presented at an inﬁé;—stimulus interval of 1.1 éec.
Threezéiffereﬁt t&rgets were used in eaéh condition, but Ehe
probability qf the targets and the task .ofq_the subject
varied between conditions. 'In conditions A and C fim—
probable—difficult),‘ 80.5% of the stimuli were 1000 ﬁz
tones, 13.5% were 1800 Hz tones, 4.5% were 1200 Hz tones‘and
1.5% were 1050 Hz tones, . In conditions B and D (probable-

difficult), - 80.5% of the stimuli were 1000 Hz tones, 13.5%

*were 1050 Hz tones, 4.5% were 1200 Hz tones and 1.5% were

1800 Hz tones.

In conditions A and B the three improbable stimuli
were designated as 'targets' and the more probable stimuli

as 'standards'. ' The subjedts were instrugted to press a
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_microtéwitch'button (with the index fingét of their right
~ hand)  upon the de;écﬁién of any target‘stimﬁlds.« In condi-

“tions C and D the subjects were instructed to read a novel

and to ignbfé the stimuli. The horizontal EOG was monitored

to ensure -subjects read throughout the duration of each

block., The ordering of conditions was such that a subject
would either start with condition A and finish with condi-
tion B or vice vergaj\\This allowed thé subjects to read for
a sustained period of time rather than for ‘multiple shorter .

periods. With consideration of the above rule, the order-

ing of conditions was balanced across subjects.

]

" 2.6. Recording

Electroencephalographic (EEG) signals were recorded

from Fz, <Cz, Pz, C3 and C4 scélp locations {10-20 system)

using Beckman Ag/AgCl electrodes connected to the scalp

using Beckman saLine:‘paste, adhesive collars ~and lcolf
lodion-impregnated gauzel(P}cEgn, Woods and Proulx,- 1978a).
Right and left mastoid eleqtrodes linked at the center-point
of a 20 kOhm resistor_ served as the reference far the scalp
EEG recordings. A .vertical electrooculogram . (EOG) was
recorded from electrodes pléced on the upper ana lower
ridges of the left eye, and in experiments I and iII a
horiéontal EOG was also- recorded'between electrodes placed
at the external canthi. The inter-electrode impedances were

below 5 kOhms at 20 Hz. EEG and EOG signals were amplified

on Beckman R-611 polygraph amplifiers modified to haﬁe a 6.6
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sec t1me constant and a hlgh frequency cut-off of 100 Hz.

The ampllfled EEG and EOG 51gnals were digitized at dwell-

_t}mes of 4.5 msec over a-900 msec sweep beglnnlng 50 msec

prior -to the stimulus. USLng the MINC—ll dlgltlzed SLngle—l
trial dara'were coded and stored on disk or magneticrtape
for.subsequent of f-line avereging; In experimepﬁs IX and
ITI all 51ngle trlal data were'coded and separately averaged
as hit or miss, accordlng to the presence or absence of a
buﬁton press response, This cla551f1cat10n by response was
not carrled out in experiment I. Any trial with an EEG or
EOG voltage of greater thaﬂ{+/—100 uv was rejected from the
averaging process. The average evoked potentlal waveforms‘

for each subject were written out on a Tektronics 4662 X-Y

plotter, and stored on floppy diskettes., 1In experiment III

. there were a large number of small lateral eye movements

th;t . were not rejected using the +/-100 uVv limits. - The
effects of the eye—movements on the EEG recordings were
determined for each subject and for each EEG recordlng site.
Any averaged evoked potential with en accompanying EOG
average Qf_ greater than 10 uv was then}EOG compensated by
subtracting from each channel of averaged EEG data the
effects of the EOG (cEf. Verleger, Gasser‘and Mocks, f982).
In experiment I, difference~waveforms were obtained by
either subtracting the average evoked poteqtial to the
standard stimulus from that to the target stimulus within a

condition (cf. Simson, Vaughan and Ritter, 1977a), or by

subtracting . the averaged evoked potential to the target
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stimulus in éonditiqp_ c ipeadiﬁg) "from - £hat “to “the cor-
responding-- target gtimulus' in ‘condition A (cq%nt) (cf.
Goodin et al., 19?85. - o o
2.7. Reaction times

Reaction times- were measured in éll attend conditicﬁs
with the.excepéion of condition A (count) in ekperiment I. A
reactioh time‘ﬁas accepted if'it. occﬁrfed withiﬁ 100;850
msec aftér stimulus onset. A réaqtion time histogram was
calculated using .13.5 msec bins and pldtted such that the
vgrtical scale in percéntage responses was equal to the
‘verfical scale in uv of the evoked potential waveform. The
means and standard deviations of ‘°the reaction times were

also calculated.

-n

2.8. Data Analysis

Peak components were.‘identified within the following
: latency‘ranges: N1, 65;i40 msec; P2, 136—230 ' msec; N2,
180-350 msec; P3, 250-600 msec; SW, 400-800 msec. 'For the
reading conditions of experiments I aﬁd&III a ?3a component
was identified "within the latency range 220-350 msec
(Squires et al., 1975). The N1, P2, N2, P3 and P3a compon-
ents were identified at the Cz location, and amplitude meas-
ures at the other electrodes were made at the Cz latency;
The Slow Wave (SW)' component was measured at tﬂe latency of
the peak negativity at Fz. The amplitudes were measured

relative to the mean value of the waveform in the 50 msec
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prior to the stimulus. ‘All measurements were evaluated

using repeatéd measures 'analyseé of wvariance, Unless
otherwise ‘stated, results are reported as significaqt.at

p<0l01. 3 . ) S
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3. RESULTS

’3.1; Experiment I' ,' ‘ s
nh:VIn,éoﬁdition A the mean absolute percentagé “error in
thg'subjects‘ cqunts' was 8%. These errors 'ﬁére mainly
omiséioné. In condition B the subjects missed on average
208 of the 1050 Hz targets (difficult) and 2% of the 1500 Hz
targeﬁs .(easy); this difﬁerence being significantx; There
was a siénificantly later meah reaction time to thelloso Hz
- target (497-msec +/=122) as compared’to the 1500‘Hz'target
 £401 msec. +/-104). In condition C all subjects reported
that they had read continuously énd had not attenaed to the
stimuli.

Grand-mean target-evoked potentials _for thq three
experimental qond%picné are shown in Figurég 1, 2 and 3. 1In
conditions A and B the evoked potential wéveforms elicited .
by staﬁdard stimuli (1000 Hz) consistéd of N1-P2-N2 compon-

ents. The evoked potential waveforms elicited by the farget
stimuli (1050 Hz, -1500 Hz) consisted of WN1-P2-N2-P3-SW
components. In condition C the evoked potential wavefoﬁms
elicited by standard and target stimuli contained N1-P2-N2

components. However, the evoked potential to the 1500 Hz

targel also contained a small P3a component.

—————— ——— T ——r = T} — —
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In conditions A and B the N1 components elicited by

-

o+



the 1050 Hz target (-4.1 uv at Cz) and by the‘lodo Hz
sténdards (-3.8 .uv)- wére signiﬁicantiy smaller.than those
elicited by the 1500 Hz target sﬁimuli (—5.0_ uv). There
were no significant amplitude differences between the N1
components elicitéd by the 1050 Hz tﬁfget and the 1000 Hz
standérd stimuli; The N1 was maximally recorded centfally
(on averége, Fz/Cz = 88%, Pz/Cz = 72%), and its scalp dis-
‘tribution did not change significantly across stimulus type
or conditions. The overall éverage latency of the Nl
component was 94 msec. Latency did not change significantly
across stimulué type or conditions.

_»The P2 component was small (on average 1.1‘uv at Cz)
and quite variable in amplitude. There were no significant
changes in ité amplitude or latency across conditions
or stimulus type. Its overall average latency was 174
msec. '

The average ' N2 and P3 amplitudes and latencies for
conditions 'A and B are given in Table 1. There were no
significant differences - in these, measurements between con-
ditions & ;nd B. In both conditions the N2 component was
significantly larger (-3.5 wuV at Cz) to the 1056 Hz (dif-
ficult) target than to the 1500 Hz (eaéy) target (~-1s0 uv at
cz). The ANOVA' results comparing the 1050 Hz and 1500 Hz
targets showed at the Cz, Pz, and C4 electrodes a significf
ance level of p< 0.025, while at Fz and C3 the level was

p<0.01. The latency of the N2 component was significantly

later to the 1050 Hz target (294 msec) than to the 1500 Hz
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target (233 msec) ‘inlbotp conditions A and B. The N2 to the
standard stimuius had a mean latenéy of 311 msec.

For all thpee conditions the N2 was maximally fecorded
frontally for all target stimuli, Thé standard-evoked N2 was
recorded equallin amﬁlitude at Fz and Cz-in condition AE Fz

-,

maximum in . condition B, and Cz maximum in condition C. In

condition C (read) the N2J0ccurred at ah average latency of

256 msec fom the 1050 Hz target with an average amplitude at
Cz of =3.0 uv, and at an average latency of 290 msec for the
1000 Hz sfandard, which displayed an average amplitude at Cz
of -2.3 uv, These latency and amplitude differenceé be tween
.the 1050 Hz farget and . the 1000 Hz standard were not
significant. There was*a tendency for the N2 élicited by
the 1500 Hz target to be.smaller in._amplitude'(on average
~1.3 uv at Cz) and 'earlier in latency (215 msec) in
comparison to the other two stimulus tybes.

One subject detected far fewer 1050 Hz (difficult)
targets than the other subjects. His mean percentage error
in condition A was 20%, and in condition B he missed 32% of'
the 1050 Hz targets and 1% of the 1500 Hz taréets. This
subjecf’did not .display the characteristic increase in N2
amplitude for the 1050 Hz (difficult) tafget stimuli. His
target-evoked potentials for condition A are shown in Fig~
ure 4. When this subject was omitted from the analysis, the
difference in N2 aﬁplitude between the 1050 Hz and 1500 Hz

targets reéched a significance level of p< 0.01 at Fz Cz and

Pz, and a level of p<0.00l at C3 and C4.



14

The two subtraétion techniques (targei—standard and
atﬁend-ignore) were used to evaluate the N2 amplitude in
condition A. There were no significant differences in N2
amplitude between 1050 Hz and 1500 Hz targets evaluated .by

either subtraction method.

In conditons A and B the P3 éomponent to £he 1050 Hz
(difficult) .target stimulus was signifiéantly smaller in
amplitude and later in iatenCy than to the 1500 Hz (easy)
target stimulus. The P3 component was recorded maximally at
the Pz electrode for both tﬁe 1500 Hz target (Pz/Cz = 138%)
and the 1050 Hz target (Pz/Cz = 240%); the 1050 Hz target
evoking a significantly more parietal P3 than the 1500 Hz
target. Across conditions A and B the average P3 latency
for the 1500 Hz ;arget was 337 msec and for the 1050 Hz
target was 443 msec; this difference being significant. 1In
cpnditiohlcla P3a was recorded with maximum amplitude at the
central electrodes in response to the 1500 Hz target (Table
1), Its average amplitude at Cz was 1.0 uv and its average
latency was 262 msec. No such component was recognizable in
the responsge to the 1050 Hz target.

The SW compbnent was recorded as a negativity ante-
riorlj and as a positivity posteriorly. Across conditions A
and. B the’SW component did not change significantly in

amplitude and it did not discriminate between the 1050 Hz
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and lSOO'Hz target stimului. However, .both targets evoked
significantly larger SW components  than  the standard

stimuli. No consistent SW activity was recorded to any

stimuli in condition C.

3.2, Eiperiment II

In this experiment the subjects missed on average
70.5% of the 1025 Hz targets, 27.6% of the 1050 Hz targetsf
15.8% of the‘ 1100 Hz targétsl and 1.8% of the 1500 Hz
targets. This trend of increasing number of misses for the
moae difficult target discriminations was significant (p<
0.00L). Thé mean reaction times and.stanéard deviations for
the target étimuli were: 1025 Hz - 531 msec +/—122, 1050 Hz
- 462 msec +/-123, 1100 Hz - 417 msec +/-107 and 1500 Hz -
357 msec +/-88. There was a significant decrease in the
reaction time and in its variability as the target dis-
‘crimination became easier. Subjects also responded (false
alarms) on gverége to 0.5% of the standard stimuli.

Grand-mean evoked potential waveforms are shown in
Figure 5, along with the reépeqtive reac£i0n time histograms
for each target stimulus. The evoked potential waveforms
elicited by standard stimuli (1000 Hz) and missed 1025 Hz
targets consisted of N1-P2-N2 components (see Figure 6).
The evoked potential waveforms elicited by the detected
(hit) target stimuli consisted of N1-P2-N2-P3-SW components.
SW activity was not evaluated and data recorded from C3 and

C4 electrodes were not analyzed in this experiment.
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The N1 component was ﬁaxihally recorded centrally,‘and
was largest in amplitude to the isgo ﬁz target i—6.8 uv at
Cz} and smalleSt - to the standard stimulus (-4.8 uv).
The N1 component elicited by the 1500 Hz target was
significantly larger‘ in comparison to that élicited by the
standard stimulus, However, in aﬁalysihg the Ni components
elicited by the various target stimuli, there . were no
significant amplitude differehcés. " The latency of the N1
component (on average 98 msec) was also not significantly
affected by the ch;ngé in' frequency of the target.stimuli.

As in experiment I, %e P2 component was small in
amplitude. However, P2 was significantly larger in
amplitude and later in latency at Cz for the target stimuli

closer in frequency to the standard. The average P2

amplitudes and latencies for the various target stimuli at

Cz were: 1025 Hz, 2.6 uV at 186 msec; 1050 Hz, 1.2 uvV at

182 msec; 1100 Hz, 0.5 uv at 177 msec; and 1500 Hz, -0.4 uv
at 164 msec; The P2 to the 1000 Hz standard had an
amplitude at Cz of 2.8 uv and a lateﬁcy of 190 msec.

The average N2 and P3 amplitudes and latencies are
given in Table 2. At the Fz and Cz electrodes there wgs a
significant increase in N2 amplitude and latency as a func-
tion of the target stimuli being closer in frequency to that
of the standard stimulus (i.e. thé discrimination being

more difficult). The N2 component was maximally recorded
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frontally for all stimulus types, decreasing in amplitude
from anterior to posterior,regiénsa The N2.elicited by the
stakdgrd stimulus.was small in amplitude (an average ~1.6 uv
at Cz) and somewhat late iﬁ.latency (305 msec).

- The P3 component at Fz, Cz and Pz was significantly
smaller . in amplitude, " and later in latency to the more
difficult to éetect target stimuli,* The P3 component.was
maximally recorded parietally for all target stimulus types
with the target stimuli closer in frequency to the standard
tending to evoke a more parietal P3 component.,

A statistical ‘analysis of the hit vs miss 1025 Hz
target evoked -poteﬁtials was not carried out. However, as
shown in Figure 6, there are marked differences in the re;
sponées. The evoked potential waveform elicited by the
missed 1025 Hz target displays little N2 activity. Thus the
averaging of all 1025 Hz target stimuli, regardless of re-
sponse c}assifiCﬁtionm(hit/miss), as-in experiment I, would
have decreased the-N2 amplitude to the 'hit' 1025 Hz target
waveform. It is interesting.to note that there are also N2
and P3 components (similar to those elicited by detected
1025 Hz targets) recorded to the sténdard stimuli which'were

responded to (false alarms), presumably as 1025 Hz targets.

e vt o et

3.3. Experiment IIIX

In condition A (improbable-difficult) the subjects
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missed on average 16% of the 1056 Hz ﬁargets, 2% of the 1200

Hz and 0,9%‘ of thellBOO Hz targets. In condition B (pro-

“béble-difficulﬁ) the subjects missed on average 25% of the

1050 Hz targets, 2.6% of the 1200 Hz and 0.9% of the 1800 Hz
targets. In both conditions A and. ‘B .there were

significantly more misses for the more difficult target

‘discriminations. There were no significant differences in

the number of misses bétween the two conditions., - The mean
reaction ‘timés fér the target stimuli Lﬁ_~condition A were;
1050 -Hz -~ 490 +/-119, 1200 Hz - 404 +;i:l49, and 1800 Hz -
337; +/-90. In condition B the mean reaction ‘times were;
1050 Hz - 459 +/-127, 1200 Hz - 373l+/-110, and 1800 Hz- -
343 +/-89. In both ¢onditions A and B the easier
target—discriminafions had signifi&ant;y earlier and less
variable reaction times. There were no significant-differ-
ences in reaction time across the two conditons.  In condi-
tions C and D all subjects reported that_ hey had read
continuouslyiand had not attended to the stimuli, |
Grand-mean evoked potentiél wave forms for the four
eﬁperime&tal conditions are ‘shown in ?igures 7 and 8. In
conditions A‘and B the evoked potential w&veforms elicited
by standard stimuli (1060 Hz) consisted of N1-P2-N2 compon-
ents.- The evoked potential waveforms elicited by the target
stimuli (1050 Hz, 1200 Hz and 1800 Hz) consisted of N1-P2-
N2-P3-5W comp&hents.' The SW component was not‘evaldatgg and
data recorded from C3 and C4 electrodes wés not analyzed in

this experiment. In conditions C and D the evoked potential
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waveforms elicited by standard and target stimuli contained
N1-P2-N2 components. A distinct P3a component was present

following some target. stimuli.

— Tl — —— ———— ——

. : Figures 7 and 8

——— e kT ) — —— e w— ——

a. Attend Conditions

B Initial comparisons were made between conditions A and
B using the 1200 Hz target stimulus which was pfesented at
the same probability in both conditions. There were no

significant differences in amplitude or latency for any of

P S

the gomponents at any scalp electrode sites.fq Thué,
cgmparisons were done across conditions A 'and B ﬁnder ‘the
.assumption' that there were no significant generél state
differences between the two conditions. |
0f particular: intefest were the N2 dnd P3 components
elicited by the 1050 Hz and 1860 Hz target stimuli in con-
ditions A and B. Analyses were carried out to evaluate the
effects of discriminability independently of probablity:
1050.Hz - 1.5% (condition A) vs 1800 Hz - 1.5% (condition
B}, and 1800 Hz -~ 13.5% (condition A) wvs 1050 Hz - 13.5%
(condition B). The effects of probability were then evalu-
.ated ind;pendently of discriminabilitf: 1050 Hz - 1.5%
(condition A) wvs 1050 Hz - 13.5% (Candition B), and 1800 Hz
- 13.5% (condition A) vs 1800 Hz - 1.5% (condition B). The
average N2 and P3 amplitudes' and latencies for these
comparisoné are shown in Table 3. As in experiments I and

IT.the N2 component was maximally recorded frontally and the
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P3 component maximally recorded pariepallf for ali Earget
stimuli. | |
N2 - effects of discriminability: | ’

Thére were no significant differepces in the amplitude
of the N2 component elidftedrby the 1050 Hz target in con-
dition A'aﬁd the 1800 Hz target in condition B (both 1.5%).
However, the 1050 Hz target was signific?ntly later in
latency {258 msec) as compéred to the 1800 Hz target (185
msec). - The N2 component elicited by the 1800 ﬁz target in
condition A was significantly smaller compared to the 1050
Hz target in condi#ion B (bo#h 13.5%) (Fz, p< 0.01; Cz, p(
0.025).- 1In this comparison the latency of the N2 component
was again significantly later to the 1050 Hz target (252
msec) as compared to the 1800 Hz target (198 msec).

N2 - effects of probability: .

There weré no significant .differences in N2 amplitude
or latenc& between the 1050 Hz target stimuli in conditions
A and B. The N2 component to the 1800 Hz target in condition
B-(l.S%)‘ was lhrger at all electrodes as compared to the
1800 Hz target in condition A (13.5%); although this
comparison did not reach a significance'level of p< 0.01 (Pz
was p< 0.025). There were no significant differénces in N2
latency between the 1800 Hz target in conditidns.A and B.

P3 - effects of discriminability: |
In comparing the 1050 Hz target in condition A to the

1800 Hz target in condition B (both 1.5%) there was a

tendency (Fz, p< 0.025 and Cz, p< 0.05) for the P3 component
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to be larger to the 1800 Hz targetg— Ihe‘latency for the P3
was earlier to ‘the 1800 Ht target (298 ésec) -sas compared to
the 1050 Hz.target (376 msec). The P3 eqmponent eliqited.by
the 1800 Hz target in conditibn A was significantly larger
in amplltude as cpmpared to the 1050 Hz target in condition
B (both 13. 5 %Y. Agaln the latency of the P3 was earlier to%
the 1800 Hz térget (301 msec) as compared to the 1050 Hz
target (377 msec). N

P3 - effects ef probability:

There was a tendency (Cz, p< 0.025 and Pz, p<0.b5) for
the P3 component elicited by the 1050 Hz target in condition
A (1.5%) to be larger in emplitude as eompared to cohdit@ot
S (i3.5%). There was no significant P3 latency differences
in comparing the 1050 Hz target in the two conditions.  The
P3 component elicited by.'the 1800 Hz target in condition B
(1.5%) was significantly larger‘ﬁn amplitude as compared to
the 1800 Hz target in condition A (13.5%).  P3 Latency was
unaffected by the probability change in tte 1800 Hz target

across conditions A and B.

b4 Attend-Read Comparisons \

Evaluating the effects of attention (i.e. condition A
vs C, and condition B vs D} on the N1-P2 components revealed
no significant changes in amplitude or latency. The target-
evoked N2 and P3 component;.were mtch larger in the attend

conditions, as would be expected. Analysis of the N2

component elicited by standard stimuli in the attend and
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read conditions-showed that the N2 had a significantly more

frontal scalp distribution in attend conditions.

€. Read Conditions - : = | . @

For thé.reéding conditions C and D, the N2 and P3a
componenbs were of_particular interest. Analyses were done
across conditions b and D in a similar fashion to the attend
conditions. Coméarisbns made in thislmanner allowed for ghe
control of the effects of either target disCriminabiliEy_of
target probability, The average Né and'P3a amplitudes and
lééencies are given in Table Q. Genera}ly, the N2 and P3a

components were small-in amplitude and quite ‘variable. The

-

P3a was generally not well elicited'by the-probabie targets

~and/or targets close in frequency to the 1000 Hz standard

stimulus. Fgr all comparisons made in the reading condi-
tions, none were siénificant at the p< 0.01 level. However,
several consistent trends exist in the data and. they are
reviewed below. |

N2 - effects of discriminability:

The N2 component was maximally recorded frontally for
all target stimuli. There were no significant amplitude
differences in the N2 elicited by - the 1050 Hz target in
condition C and the 1800 Hz target in condition D (both
1.5%); although-‘fheée targets did elicit the largest N2
components for the respective conditions. No significant
amplitude differences for the N2 elicited by thel13.5¥J’

targets in the two conditions were present.

)
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N2 - effectsQf probability:

In 'c0mpa£ing the effectslof probability on the N2
el;elted by the 1050 Hz target in condltlon C (1.5%) to the
N2 e11c1ted by the 1050 Hz target ih qondltlon D (13.5%),
the former dlsplayed a larger N2 (p< 0.1 at Fi, Cii. The N2
to the 1800 ﬁz target in condition D (1.5%) was larger in
amplitude as compared to the 1800 Hz target in condition c
(13.5%), but the effect was variable and-noﬁ_significant.
'P3a - effects of discriminability: |

The P3a component was maximally reco%ded centraily for
‘all target stimuli. The P3a elicited by the 1800 Hz target
in condit?on D was larger in amplltude, as measured at Cz,
than the P3a to the 1050 Hz target in condltlon C (p< 0.1)
{both 1.5%). The P3a components elicited by °~ the 1800 Hz
target in condition C and by the 1050 Hz target in condition
D (both 13.5%) were not 51gn1f1cantly different.

P3a ~ effects of probability:

The 1800 Hz target in condition D.(l.é%) elicited a
larger P3a than the 1800 Hz target in condition C (13.5%);
the comparison having a significance level of p< 0.1 at Cz.
The 1050 Hz target in conditipne C and D elicited little P3a

activity and no significant.differences were present.
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4. DISCUSSION . - S

'4.1. Experiment I

24.

The results of each experiment will be “discussed

first. A general discussion will follow.

This experiment was designed to evaluate the effecﬁs
of discrimination difficulty on the evoked pelentials to
target stimuli when both difficult’ and easy tergets were
presentea in the same block of stimuli. The results showed

that change€ in the target-discriminability are clearly

‘related to specific changes in the N1, N2, P3 and P3a

components of the target-evoked potentials; The design of
this experiment closely replicates that of Naatanen et al.
(1980) with three exceptions (Table 5). They used stimuli

of a longer duration (150 msec 1nstead of 55 msec) presented

. at shorter 1nter~st1mulus 1ntervals (0 84 sec 1nstead of 1.1

sec) ang targets that were less probable (5% instead of

10%).

ﬁl component:

The amplifude of the target-evoked N1 component wae
smaller when.tﬁe frequency of - the taréet=was closer to that
of the more probable standard stimulus. This may be exp-
lained by the N1 component having a refractory period of
approximately 10 see (pavis, Mast, Yoshie, and Zerlin, 1966;

Nelson and Lassman, 1968) and by the frequency specificity
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df this refraétory peribd (Butler, 1968; Pictqn, _HiilYard
gpd_Galambos, 1976; Pictdn,‘Woods,.and Préulx, 1978b)., The
i@probable targets' usually followed a series of standagd
stimuii which differed in frequency from the targets,
wherZas_.the sﬁandard"s%imuli usually followed a series of
opher standard Stiﬁﬁyi. This'overallleffech-was gréater for
the 1500 Hz target stimulus which’was-appyeciably further in
frequency from the standard stimulus (1000 Hz) than the 1050
Hz target stimu us. | | '

Butler (1968) postu}ated‘a neuronal habituation model
to.account for the frequency—specffic refractory period of
the N1l. He proposed that there was an oyerlép in the neural
poéulations aétivated by stimuli of similar frequenby,'-aﬂé
that this overlap decreased.as the frequency separation
between ' two stimuli increased. The reduction in N1
amﬁlitudé with stimulus repetition would be greatest when
the same neural units were repeatedly activated by stimuli
‘of identical frequency, and least when new neural units were
"brpught into play"™ by stimuli of a different frequency. In
our experiment the 1500 Hz ta}get élicited a largexr N1 than
the 1050 Hz target because it had a smaller number of neural
4units in common with the 1000 Hz.Standard stimulus.

Naatanen et al. (1980) and Naatanen et al. (1982)
suggested that the enhancement of:_Nl;amplitudé to stimuli
much removed in frequency from the standard stimulus could

be the result of the early onset of a mismatch:NZ component.

We did not observe, however, any widening ‘of the N1 compon-

N
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ent or attenuation of the P2 component in the response to
the easy targets, Also, there were no differences .in the
scalp ‘diétribution of the N1 component between target and
standard‘stimuli.that might havé béen caused by an over-
lapping mismatch N2.  The N1, therefore, appears to be the
fi:st metric of stimulus deviance in the evoked potenﬁial.
Tﬁis measure of stimulus deviance éppears to be task in-
dependent, since it is similar when the stimuli afe attended
or ignor;d. | |
N2 cbmponent: 7

The N2 component was maximally. recorded anteriorly.
It had a longer peak.latency and a Iafger amplitude when the
target was more difficult to discriminate. The latency
changes agree with °*previous studies altering taréet—
discriminability (Ford et al., 1976; Naatanen et al., 1980;
Ritter” et al., 1979; Fitzgerald and Picton, in press;
Campbell et al., ig press}. The increase in N2 amplitude

for the more difficult target-discriminations replicates our

previous findings (Fitzgerald -and Picton, in press) and

those of Ritter et al., (1979), Campbell et al., (in press)

and Goodin, Squires and Starr (unpublished manuscript,

-

1979). However, WNaatanen et al. - (1psno have reported
opposite results, and Ford et al, (1976) also report a trend

-

opposite to what we have recorded.

~

Two factors may have affected the amplitude of the N2
component in all of these experiments. First, the timing of

the discriminations was érobably more variable for the more
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difficult targets.  The reacﬁibn timgs clearly displayed
increased variaBility for the difficult discriminations. A
latéﬁcy—jitter in the endogenous - components maf have de-
creased. the ;ecorded NzFamplitude. Second, the N2 to thé
missed signals (mostly losoxggﬁtérgets) ‘was probably absent
or smaller thansthe N2 to the detected signals (see section
4.2). Thus, averaging missed and detected éﬁgnals tpgether
could.have reduced +the recorded N2 amplitude. This could.
explain the responses of the subject whé»missed 208 qf the
Eargets in this experiment (Figure 4). This subject had a
la%ger N2 component to the easy target (-7.8 uv) thén to the
difficult (-5.4 uv). If one assumes, howeye;;: that 90%
of his-errors were due to missing difficult targets, 36% of
his evoked responses to difficult targets would have had
small or absent N2 components. The N2 to the detectgd
difficult target could therefore have been as large as
Z5.4/.64 or -8.4 uv. .

Both these factoré would have had more effect on‘ the
respoﬁses to the difficult targets and decreased the pro-
bability of our recording the differences in N2 amplifude
that we actually obtained. The latency factor might have.
been decreased by techniqﬁes that compensate for quency
variébility (qudy, 1967; Ruchkin, McCalley- and Glaser,
1977), but unfortunately the N2 component is smaller than
other components in the response, such as the P3 wave which
would dominate any latency-compensation procedures. The

second factor could have been decreased by separately
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averaging the responses to detected and missed - targets.

-

This was done iﬁ the subsequent experiments.

The evaluation of N2 amplitudes' in the subtraction-

‘waveforms was complicated by the occurrence of several dif-

ferent components in the N2 laténcy range. When subtracting
the response to the ignored 1500 Hz target from that tb Ehé
attended 1500 Hz target as done by. Goodin et al. (1975;
unpubLished mang?cript, 1979) the P3a component {latency 26é
msec) in the response to the ignored target artificially
increased the amplitude of the N2 component (latency 236
msec) 1in the difference wavefbrm. Two slightly different

problems occur when subtracting the responses to the targets

from those to the standard stimuli in the same condition

{ct. Simson et al., 1977a). The N2 to the 1050 Hz target
occurs at the same Iatency "as the N2 to the standard
stimulus, whereas the N2 to the 1500 Hz target occurs at the
same latency as fhe end of the P2 component to the standard
stimulus. Thé subtraction—techpique éssumes that . the
stimulus-determined N1~P2-N2 complex is the same for the.
targets and for the standard stimuli. It fgiquite possible
that the exogencus P2-N2 components of the response to the
targets are different from those to the standard stimuli.
If they were absent in the target-response, sub&racting
standard from target waveforms would artificially enhance
the N2 component that occurs at the latency of the standard
bz and artificially reduce the N2_that occurs at the latency

of the standard N2. Furthermore, because of £frequency-
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specific refractory effeéts the assumptioh tﬁat the exogen-
ous N1-P2-N2 complex 6£ the reépShse is equivalent for
'targgts .of different frequencies is even less valid. The
ééﬁgenous pzénﬁ components may have been larger for the more
deviqnt'stimuli. Such effects would further distort the N2
components in the difference-waveforms. These arguments
:indicate that subtraction techniques are "not helpful when
comparing components thét'vary in latency, or when there is
reason to suppose that completely different components are'
occurring at the same latency under different‘ conditions
(e.g. N2 and P3a). These difficulties are also present in
other techniques such as principal components analysis where
latency consistency is assumed.  Because of these problems
subtraction-techniques were not done in the subsequent
experiments.

The N2-component elicited by all stimuli'in thg read-
ing condition and the standard stimuli in the other two
conditions are difficult to interpret. In the reading
condition the 1050 Hz target evoked a late slow negative

o
wave which was similar 1in. latency and amplitudé to the
negative wave in the evoked potential to the standard
stimulus. The 1500 Hz target, ﬁowever; elicited an early
small negativity which was maximally recorded frontally, as
wéll as a later negative wave. Interestingly, the standard
stimulus in the read condition evoked a central-maximum Né,
while the 1050 Hz target elicited a frontal-maximum N2, .but

somewhat less frontal than the 1500 Hz target. These dif-
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fereﬁces in N2 scalp distributions suggest that in reading
conditions, the standard, and perhaps those target'stiﬁuli-
close in frequency to it, evoke an N2 that is different from_.
both the early frontal N2 elicited by the-ignored'lsoo Hz
target and the late frontal N2 elicited by attended stimuli.
One could posfulate that this central-maximum N2 represeqts
an exogehous :component. The exogenous N2 elicited by at-
tended sﬁandard stimuli'in attend conditions may be combined

with a small superimposed frontal negativity, as is sug-

_gested by its more frontal distribution (see section 4.3).

P3 and P3a bomponents:

_The P3 component results in thié expériment were iﬁ
general agreement with those previeusly reported (Donchin,
1979; Ritter et al., 1979; Duncan-Johnson and Donchin,
1982). The well~established increase in P3 latency and
decrease in P3 amplitude with more difficult
target-discriminations were clearly demonstrated. The

latency delay has 'been related to the duration of stimulus

.evaluation (Duncan-Johnson and Donchin, 1992). The reduc-

tion in amplitude could have been partially due to averaging
individual P3s which may have varied in timing (jifter)‘
across trials. However, usipg compensation procedures,
Ruchkin and Suttoﬁ (1978a; 1978b) have demonstrated that
reduction in P3 amplitude cannot all be ascribed to jitter

effects and have therefore postulated that some reduction in

amplitude may be due to equivocation in target detection.

The 1500 Hz target in the reading condition elicited
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én early péSitivity which was makimally recorded centrall§
and had a sméll amplitude (on average 1.0 uV at Cz). This,
appears to be the P3a component described by Squires et al.
(1975) and Snyder and Hillyard (1976) in response to un-
-attended deviant stimuli, The P3a component was not
observed in the response to the 1650 Hz térgetg. The small
amplitude of the P3a component may be explained by the fact
that our subjects read an interesting novel for an extended
and uninterrupted .period of time. Tﬁis may have made the
targets less intrusive.

SW component:

The SW component was negative frontally and posi%ive
parietally. It was not significantly altered by differences
in target—discriminability, but accurately distinéuished.
both the 1500 Hz and the 1050 Hz targets from thé standard
stimuli., This finding replicates the results of Naatanen et
al, (1980) &nd Fitzgerald and Picton (in press). The SW
component therefore appears to be selectively elicited by
target stimuli even in conditions where the target stimulus
is’very similar to the standard. Rohrbaugh et al. {1978)
did find larger SW amplitudes for more difficult targets,
but they wused much slower rates of stimulus'presentation.
Our shorter inter-stimulus intervals may have attenuated any

effects of target-discriminability on SW amplitude.

There were no significant’ differences between condi-

tions A and B for the N2 and P3 components. The motor
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response (button press) in condition B thus did not seem to

have any significant effect on the evoked responses. The
physical effort required for the motor reeponse was small
and the attendant motor potentials were probably df very low
amplitede (Kutas and Donchin, .1974). On the strength of
this result bpttoh éress respoeses rather than counting
tasks were used in subsequent experiments. The responses at
C3 and C4 were mainly recorded to assess the possible in-
flpence of ‘asymmetrical motor potentials. They were not
analyzed in tﬁe gﬁbsequent experiments.

2
.“

4.2, Experiment II

This experiment was designed to replicate and extend
the findings obtaieed in theifirsp experiment. Detected, and
missed targets were separately averaged; Four different
targets were used to determine ‘whether the findings in the
first experiment were present over a continuum of 1ncrea51ng

d1scr1m1nat10n-d1ff1culty.

N1l component:

The 1500 Hz target elicited a significantly larger N1

component than the standard stimulus. As in experiment I

the amplitude of the N1 component was smaller .for target
stimuli closer in frequency to the more probable standard
stimulus, - However, this effect did not reach a significance
level of p< 0.01. This may stem from the fact that there

were target stimuli of intermediate frequencies ' interposed
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between the target clasest iﬁ fregquency to fhe ééandard and
the target furthest away, théreby'decféasing the frequency -
specific recovery effects for the extreme frequency targets.
N2 component:

The N2 component héd "a longer peak latency and a
larger amplitude with increasing difficulty of ‘target—
discrimination. There were no discontinuities ' or satura-
tions of these effects noted over the range of targets
evaluated._ The N2 component was again maximum at the anter-
ior sdalp_ regions, and in fact was not found to alter in.
amplitude aé a function oé target—disériminability at :the
parietal electrsde. The lack of a discrimination-diffiéulty
effect for thé N2 component at the parietal electrode argues
strongly against the hypofhesis that the earlier and' larger
P3 component, elicited by the easy target, overlaps the N2
component to cause a small early N2. In such a case, the
éarietal electrdde; ‘where P3 Has maximal influence on the
recorded response, should haGé manifested the 1largest,
ratﬁer;than the smallest, N2 differences between easy and
difficult targets. As in experiment I the negaté;ity elic—
ited by the standard stimuli was late and small. Tﬁe N2
elicited by the false alarms (incorrectly detected standard
stimuli), appeared to be similar to the NZ el{sited by .the
detected 1025 Hz target (although there were‘:insufficient
averages for a valid. analysis). The frontal 'dominant_ N2

does not appear to be elicited solely as a function of

\



. e ow L
.. PR S

o

stimulus deviance, -but rather occurs when any.stimulus has
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been judged a target.. Squires, Hillyard and Lindsay (1973)

using an auditory threshold detection ' task found similar

_trends for the P3 component which was present for the evoked

potentials durihg‘faisg alarms.
P3 c0mpénent:

As in experiment I the P3 was significantly smaller in
amplitude and later in latency as a function of increasing
discrimination difficulty. Interestingly, the more dif-
ficult targets elicited a more parietal P3 component, as was
also the case for experiment I. This change in scalp dis-
tribution may be a result of a superimposed posterior slow
wave; Ru;hkih, Sutton, Kietzman and Silver (1980) describe
a posifive “siow wave which overlaps the P3 component at
posterior scalp regions. Using a principal components
analysis they found the slow wave to be larger when stimulus
detection was more difficult and reaction times ioﬁéer.
They. suégested that the slow wave could reflect the subject
bringing."furthér processing efforts to bear in deciding
whethe:’a particular even& has occurred". The peak measures
for the frontal ﬁegative and parietal positive SW components
in expériment I did not, however, display_any significant
effect of téfget—éiscrimination difficulty. It would appear

that the parietal slow wave overlapping the P3 component,

described by Ruchkin et al. (1980) was not identified by

our S5W measurements,
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‘4.3.'Experiment I

_This‘ experiment was designed to evaluate the effects ot
1Y B

of both the discriminabilify and the probability of the

targets.

N2 component: . | | ’

The N2 component in thié experiment displayed _con~
sistent variations with manipulations of both : disé
criminabil;ty and .probability. As‘ in the previous two
experiments a ﬁifficult target-discrimination elicited a
large and late N2 component. In this experiment it did so
regardless of the probability of the target stimulus. It
should be noted that although P3 amplitude was larger to the
mord improbable difficu%; target, the N2 was of -comparable
amplitude to that elicited by the probable diffiqﬁlt target.
It would therefore appear that the large N2 to a difficdlt
target is not the result of a small overlapping P3 compon-
ent. The N2 remains large when ;he.difficuit target becomes
very improbable and the P3 it elicits quite.large.

The easy target (1800 Hz) glicited a large N2 compoﬁ—
ent oﬁly When the target was very imprébable. This large N2
to aﬁ easy (deviant) target agrees with the results of Ford
et al. (1976), Naatanen et al. (1980) apd Naatanen et al.
(1982}, The key difference which caused a large and early
N2 component to be elicited in this experiment and not the
previous two experiments was most likely the more improbable

nature of the easy target stimullis (1.5% in this experiment
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vs 10% and 5% in the previous expefiﬁentg).

The N2 cémponent elicited by térgets in thé'reading
conditioﬁs (C and D5 appeared-to.bel'iﬁfluenced by both
target discriminability and probabil}ty. The target which
elicited the largest 'N2 component was very  improbable :and
highly .removed in frequency from the standard stimulus. fﬁe
N2 elicited-by the standard sgimﬁlus in both conditions C
- and D were recorded méximally from the vertex, while target
responses displayed a frontal‘maximum N2 component. As in
experiment I, the attended standard stimulus appears to
elicit both an exogenous N2 and a superimposed negafivity,
which causes it to have.maximum amplitude at Fz. Consider-
ing scalp distribution, it would appear £hat due to the
improbability and/or deviance of the target stimﬁli, ap
additional frontal negativity méy be elicited in béth attend =
and read conditions.

P3 and P3a components:

The P3 component was again smaller in amplitude and
later in peak laténcy to the ‘more difficult targets., -The P3.
amplitude was also inéreased when the eliciting target was
more improbable (Squires, Wickens, Squires and Donchin,
'1976; Fitzgerald and Picton, 198l). This effect was present
regardless of alterations in térget discriminability;
Unlike the N2, the P3 was affected by probability for both
easy and difficult targéts;

“ The P3a components recorded in the reading conditions

were influenced in a similar manner to the N2 component,
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being best .elicited by the very improbable highly deviant
targét. " These results‘ are 'in agreement with those of
Naatanen et al. (1982). As in 'exéerimeht I there was
little, - if any, P3a 'acﬁivity' recorded to those targets
closest . in frequency to the standard. Even the P3a evoked
by the deviant target was small in amplgtude. Again, this
wés'probabiy'related to the subjects' having an extended and

uninterrupted period of time to read.

General Discussion:

' The increase in the amplitudé of the N2 component to
difficult targét—discriﬁinations is the most controversial
point in the data and we' shall attempt to explain this
résult first. We will then make several hypotheses about
the various event-related potential components and the psy-
chological processes of target-disérimination.

Recently, Naatanen et al. (1982) have proposed that
there are two late negativities elicited by improbable
deviant stimuli occurring in trains of otherwise homogeneous
stimuli. = They ‘describe "N2a" as a mpdélity specific
component elicited by stimuli‘which deviate from or "mis-
match" a standard. The greater the mismatch the lérger the
N2a component. In an auditory paradigm this component haé a

frontocentral scalp distribution with a clear central

maximum. The N2a also appears to be probability dependent,
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becoming greater in amplitude the-mora,improbable.‘thg devi~
ant stimulus (Naataﬁan et al., 1982; 'ﬁaatanen:.‘Sams,
Jarvilehto, and Soininen, inc‘pressT. Naatanen et al.
(1982) have postulated that the Ngau;hay he_'considared an -
- @XOgenous response, reflecting a rdiScfiminative proaess-
“ﬁhich responds in automatic'fashian'to environmental changé,
and which may be equlvalent to the neuronal—mlsmatch process
of orienting tHeory, but whlch does not ltself 1mply detec-
tion of change". The N2 recorded in our experiments does
not, on aéveral importahh points,;fit the description of the.
N2a,l The negativity :acotdégw here 1is largest to those
.target stimuli hhich are least .deviant from the standard,
the opposite from what would be hypothesxzed for Nza. _The
negativity we record has a much later latency range than any
of the N2a data showh by Naatanen et al. (1980) or Naatanen
at al, (1982). -Fufthermore, Naatanen et al. ‘(1982)f de-
scribe the scalp disﬁributioh of-‘the N2a as modality
specific and thus maximum in ;;he. central regions for
'audltory stimuli (c£. Simson, Vaughan and thter. 11976,
1977 a,b). Qur N2 has maximum. amplitude in the frontal
regions. Finally, we found thatqthe N2 elicited by dif-
ficult targets was not sighificantly altered by changing the
probability'of the target stimllus from 13.5% to l.5%.
Naatanen et al.:. (1982) describe a second negativity
labelled N2b, as part of an endogenous P2b~N2b-P3a complex.

This negativity has alsharper peak morphqlogymthan the N2a

and is frontal “maximum. They have postulated that this N2b
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~ reflects the detection of deviantrstimﬁli,Abased on mismatch
infofmétion provided_by'the ﬁ2a process. The N2b can occur
_either when attention ié actively‘directed to the stimuli or
when‘attegtion_ is .passively drawn t§ the stimulus; Thus,
N2b, not unlike the‘N2§, appears to bé elicited best by very
deviant and - improbable sﬁimuli. The-large ffbntal early
negativity.that we recorded in experiment III in response to
the very deviant (18b6 Hz) and - improbable (i.S%) ?targeﬁ
appears‘tp fit the general.descripti6n of an N2b component.

| Renault and Lesevre (1978, 1979) originated the terms
Na and Nb.  They described a visually evoked modality
specific negativity (Né) which is-followed by.a sharp nega-
tive peakV(Nb). They pbstuiated that " the Na component
reflects perceptual processing and the Nb. component an
orienting reaction. Ritter et al. (19;9) -descnibe an N2
componenp which they believe ‘Qeflects a target dis-
cfimination—detection process (as opposed to automatic
mismatching)., but they specify that this N2 is modality
specific. | More recently, Ritter, Simson and Vaughén {in

preparation) using a semantic discrimination task observed

an early negativity (Nj) as well as a later N2 component.

They hypothesize that the N, reflects "pattern recognition"”
and the N2 component reflects subseéuent "discrimination".
Harter and Guido ;1980) describe several taékfﬂepéndent
‘negativities which they believe reflect sequehtial étagés ofL
visual digcrimination.

The large delayed negativity elicited by difficult
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' targets does not easily fit into any> of the existing

categories of N2 components as described above. Its scalp

. distribution makes it most similar to the N2b described by

t

Naatanen et al., f1982). \We therefore suggest that the
frontal N2 occurring with difficult target discriminations
can be. cléssified, like the ﬁrontai N2 to detected easy;'
targets, és'an N2b'coﬁbonent. S : -
Naétanen et al. (1982) suggested that the N2b
component reflects "detection" of environmental change based
upon a previous mismafch process (Nza). They relate this
detection process directly to s£imulus deviance, such that

/ .
the more deviant the stimulus the largexr the N2b component.

-

We suggest that, although the N2b is closely related to a -

preceding mismatch process, deviance .is not always its ,

determining £factor. We propose that the N2b component

reflects the allocation of effort to the evaluation of those
stimuli that the initial mismatch process detg;;ines as
possible targets.” Once a stimulus has been found. to mis-

match a template, it 1is then evaluated in order to confirm

or disconfirm its classification as a target, and subsequent

.to that its classification as a particular type of target.

Because the negativity is frontally located, it possibly
repgeéents the activity of- a frontally mediated effort

allocating process rather than the activity .of the percept-

‘ual processes to which effort is allocated. This distinc-

tion will, however, require further support from experiments

in different modalities.

g
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We hypothesize ‘that the allocation of effort to
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- stimulus evaluation has three main determinants: (1) a
_threshold for elicitation; (2) an operational level; and (3)
é decision-criterion. These - parameters of the a}location
process are difectly inflﬁenced by the task demands placed
uéon the subiject. When-atten;ion is directed.to the task of
’£ihulus_discrimination, ‘stimuli are more easily able‘ to
invoke this allocation process (low threshold), and once
{nvdked, the allocation.process -functions at a high'operé;
tional level.. The criterion whereby & response is generat-
ed, and allocation of effort:terminated, depends upon the
type of stimuli that the subject expects to perceive-and the
importance attributed to their detection. . When attention is
not directéd toward stimulus discrimination, as in the
reading conditions, the ability of stimuli to invoke the
process 1is diminished (higher'threshold), the opefational
le?él oﬁ the process _is lower once it is invoked,‘ and the
criterion for response and/or termination of the process is
much lower. 'Only highly improbable deviant stimuli will
usually succeed in invoking the allocatibq process to a
significant extent and the efifort is quickly'spent. A small
and early N2b results. For difficult target-discriminations
in attend conditions, the greater is the a;location of
processing . effort and the longer such allocation can be
sustained. A large and late frontal N2b component is re-
corded. For an easy target-discrimination 1eés allocation

is necessary and a decision is reached in a shorter length
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of time. This is reflected in a small and early N2b:

component,

The effects of probability are more complex. The N3Zb

‘is larger for the more improbable easy target, but is equal

for both probable and improbable difficult targets. There
are two possibie explanations for this result. - First, the
allocatio process may be probability—sensitive but when the
discp}minjtion is sufficiently difficult ‘to tax available

resourses ' the process may cease to be determined by prob-

ability. The - second possibility is thHat the allocation
' process is not prdbability?sensitive. The larger N2b

.ccomponent elicited by improbable easy targets may occur. .

because of an underlying N2a coqponent. The N2a component
reflects a probability-sensitive :mismatch process and ;s
larger in'amplitude the more impyobable the eliciting térget;
(ct. | Naaﬁanen_et al., in bress). The N2b componént to an
improbable easy target stimulué peaks quite early, and
overlaps with the large N2a component resulting in ‘"an ap-
parent enhancement of the N2b. When the easy targét is
probable there 1is still an overlapping of the N2a and the
N2b components but the N2a is smaller and adds less to the

N2b amplitude. For a difficult target the N2b is delayed

beyond the N2a component. Thié results in the lack of any

»

change with the probability of the difficult -target.
Generally, the overlapping of these negativities in this

auditory paradigm is probably responsible for the fact that

we fail to record 'a central maximum N2a component to target
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stimuli. It 1is giffigult to choose between these pos-
sibiiiﬁies, although having the N2b insensitive to prob-
ability would bglmore'parsimonious.
o Qur concept of N2b differs somewhat form that of
Naatanen et al. - (1982). They proposed that the N2b is a
"sharp" frontal negative wave that occurs, as part of a
P2b-N2b-P3a complex, when a stimulus '1is “saliént". The
salience of a stimulus is related to' "its probability,
magnitude of deviance and direction of éttention". In our .
concept the N2b‘is'a relativel§ independent process that is
much more under the control of attention than either the
probabiiity or deviance of the stimulus. The duration and
the amplitude of the N2b are determined'sy 'the attentional .
strategy. The N2b can be long and large if the subject
considers worthwhile the aliocating of much effort for
prolonged durations to evaluatépg possible signals.
The modél of stimulus‘df%crimination we' propose con-
sists of three cascading stages (cf. . McClelland, 1979).
The first stage involves the automatic process of mismatch
detection. Regardless of the attentional State, incoming
stimuli are compared to an existing templaté. The greater
the déviance of the stimulus from the temélate the larger

the N1-N2a sequence of negativities, The intervening
: : e

positivity (P2) does not appear to follow the same pattern

of response as the surrounding negativities. It is possible

the P2 represents an independent process. It is also poss-—

ible that the N2b negativity overlaps the P2 component and
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thus mgsks its responsiveness to stimulus deviance, If the’
mismatch does not exéeed the'threshold faf”aézivating the
second stage ‘of processing nothing fprther occurs and a
small N1-P2-N2a complex is recoréed}‘ |

If the mismatch exceeds threshold level the stimulus
information is further evaluated in a controlled-érocessiﬁg
stage. This staée méhifestslitself in the frontal N2b wave.
As 'we previously discussed the N2b is perhaps more related
to the controlling rather than the controlled process. It
perhaps indicates ﬁhe amount of effortiallocated to the
verificationl of whether a-stimulus is a target or not.
Controlled processing contiﬁues until a final decision is
reached about the stimulus. At that time a motor response
may be initiated aﬁd higher order control.procésses activ-
ated.

The final stage in stimulus discrimination consists of
higher order control processes. These are activated by the
output of the second stage and feedback upbn it to update
the various parameters involved in the allocation of effort
to stimulus-evaluation. The higher ordér control mechansims
can adjust the threshold for accéss to the second stage of~
processing, the operational level of that processing, and
decision-criterion to be reached by that érocessing. We
postulate that the amount and typé of updating occurring in
this final stage is indexéd by the endogenous components,
P3a, P3 and' parietal slow wave, that follow £he N2b.

’
Generally, the more endogenous activity present after N2b
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the more extgnsive,is.thé updating.“ Far exam?lé, when the
output of the controlled processing stage is weak, as inrtne
case of'evaiuating a deviant improﬁablé stimu;us in a peéd
condition, the resultant ﬁpdating, manifest in the P3a1 is
ndt-extensive. when the outpuﬁ of the controlled processing
is strong, as would occur after the evaluation of attended
targets, the resultant updating would be extensive. This
updating would be reflected by the P3'component {ponchin,
1979) and the parietal slow wave (Ruchiin, et al.,, 1980).
The amount oé-updating would vary with the improbability of
ﬁarget occurrence (Duncan-Johnson - and Donchin, 1977;
Campbell, Courchesne, Picton and Squireé, 1979) ana the
certaiﬁty with.which it is discriminated (Ruchkin and Sutt-
on, 1978b; Jq&@son and Donchin, 1978).

A key characteristic of the N2b compénent - is igs
frontal maximum scalp distribution. This fact allows us to
assess the controlled process%ng of stimuli that are not
finally judged to be targets. In attend conditions a sﬁall.
percentage of standard stimuli are responded to as targets.
This fact suggests that some of the standards are mismatched
at the level of the N1-N2a process. The degree of mismatch
would most likely be very small. Due to thé small degree of
mismatch the.evaluation of this stimulus would be difficult,
thus ihvolving.a large and lengthy allocation of effort much
the same as for the evaluation of a difficult target. These

standards would display large late N2b components, A small

percentage (less than 1% in experiment II) of these stand-
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ards are evaluated and subsequéntiy classified as t&rgets
(false alarms). Those standards that are évalu@ted”ﬂénd
classified as standards (correct’ rejections) “will also
display _large late N2b componénts. The averaging. together
ofrgll “standards, correctly rejected at the-level of the.
N1l-N2a mismatch process and at the.levei of the controlled
processing (N2b), results in the recording of only a small
frontocentral negativity. The fact that the standard
stiﬁuli in reading conditions have a clearly central N2
suggests that few, if any, standérds‘had gained access to
the controlled processing stage. This would be a result of
the higher threshold for eliciting controlled pfoceésing. in
reading conditions., . '
We have suggested that the N2b is a metric. of the
allocation of effort to stimulus—eyaiuation. The more
effort required the longer and larger the N2b component.
The studies of Ford et al. (1976) and Naatanen .et al.
(1980), however, failed to record a latg large negativity to
what appeared to be difficult target-discriminations. There
are several éossible explanations for this lack of an N2b
difficulty effect in these studies, They both show only a
small N2b-latency change when comparing easy and difficﬁlt
target-discriminations (Table 5). This suggeéts that the
subjects may have found the task easy and thus allocated
less controllea processing to the detecged targets. In this
regard, Naatanen et al. (1980) used stimuli of a relatively-

long duration (150 msec) which could have decreased the
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: difficulty of térget‘détection. These studies also used
‘relatively improbable target stimuli which may have caused
an increase in the N2a negativity following the easy target-
disc;iminations,‘ Ehereby decreasing. the differences 'in N2b
amplitude betwween  .easy and  difficult targets. j Finé%ly,'
‘Naatanen et al. (1980) did not separately average detected
and missed targets. More difficult tﬁan easy targets would
have . been missed and the N2 component to the difficult
target'attenuated, - -

The results of our previous study (Fitzgerald and
Picton, iq pfess) appear to be inconsistent.with the model
we have developed here. in this study we obtained small
Né-latency differences between the easy and difficult target
discriminatiéns, and yét recorded larger. N2 ampiitudes to
the difficult target di criminations.. our model would pre-
dict that the N2b eli ited by difficult discriminations
should be prolonged. A possible explanation for Ehis find{
ing may be found in the accurac;‘of performance (Table 5).
The very low ratés of missed targets in tpis study suggests
that the’subjeéts‘were highly engaged in the task of target-
detection, andﬂ,ggnerated an increased N2 amplitude even.at

/s
short latencies.

N

|
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—

CONCLUSION

The model of stimulus evaluation that we have propos-

ed, based upon the component structure of the event-related

potentials, consists of three bverlapping stages. The stage

of automatic processing involves a comparison of incoming

stimuli to a template and is reflected at the scalp by the

N1l-N2a complex. The stage of controllé&;;rocessing carries
out the evaluation of stimuli that do notvéxactly match.the
template. This process is reflected at the scalp by the N2b
componeﬁt. f%is stage 1is loosely determined by the im-
pfbbabili#y and deviance of the target, since it 1is only
accessed if the mismatch process exceeds a threshold. The
amount and duration of ﬁhe processing is” determined by
attentional strategy. The.finél stage in the sequence is

composed of the higher order control processes - whicH func—

tion to modify or update the parameters of the con rolled
procéssing stage. Thié updating is reflected ét the scalp
by the P3a, P3 and parietal slow wave. The amount and. type
of updating depends on the improbability of the signal, the

certainty of its detection, and the attentional strategy.

)
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Explanatory notes for Table 5:

(1) Target Prob.: The sequential probability of the target
stimulus., For each study all targets are of equal pro-
bability unless otherwise indicated. |

(2) Frequency Sepatration: The difference in Hz between the
standard stimulus and the difficullt target or the easy
target. If more than two tafgets ﬁre-presénted the easiest
and most difficult are evaluated. The standard stimuli in
all experiments had a frequency of 1000 Hz (except Ford et
al. (L976) which wused a 500 Hz target for half of the
subjects). '

(3) N2 lat Diff. (D-E): The mean N2 latency differénce
‘between the difficult {D) and easy (E) target stimuli.

[N

(4} N2 amp. result: The reported result of N2 amplitude
change as a function of- target discriminability. The fol-
lowing notation is used to summarize the individual find-

ings.
+ a trend for larger N2 amplitudes to difficult tar-

get discriminations.

+ + significantly larger N2 amplitudes to difficult
target discriminations.

0 equal N2 amplitudes to easy and difficult target

discriminations. -

- - significantly larger N2.amplitudes to easy target
discriminations, _

- a trend for larger N2 amplitudes to easy target
discriminations. - ’

(5) RT: The mean reaction time in msec to difficult target

discriminations and easy target discriminations.

(6) % Miss: The average percentage of missed difficult .
target stimuli and easy target stimuli. If only one per-
centage is listed this would represent the total percentage
missed for all target stimuli. '

-

4
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Figure Legends:

] _ .
Figure rl. Grand-mean target-evoked potentials for the 12

1

subjects, recorded from Fz, Cz, Pz: C3 and C4 electrodes in
condition A (count) of experiment i. Th; downward pointing
arrows indicate (left to right) the N2 and P3 components to
the' 1050 Hz (difficult} target. The upward pointing arrows
iﬁdicate the N2 and P3 components to the 1500 Hz (easy)
target, Negativity of the scalp electrodes relative to a
: linked—mastoid reference is represented by an upward deflec-
tion.
4

Figure 2. Grand-mean target-evoked potentiais for ;he 12
subjects, recorded from Fz, C?, Pz, C3 and C4 eleqtrodes in
condition B (respond) of experiment I. Corresponding reac-
tion time histograms are shown at the lbwér right corner of
the figure. The reaction time histogram was plotted using a
bin sizé of 13.5 msec andéa)vert?cal scale which in per—.
centage of responées is equal to the vertical scale in uv of
the evoked potential (in this case 10%). Négativity of the
scalp electrodes relative to a linked-ﬁastoid reference is
represented by an upward deflection.

' 7
Figure 3. Grand-mean * target-evoked ‘potentials for the 12
subjécts, recorded from Fz, Cz, Pz, C3 and C4 electrodes. in

~

condition C (read) of experiment I. The arrow indicates the
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central maximum P3a ‘component. . Negativity of the scalp
electrodes relative to a linked-mastoid reference is re-

presented bykan upward deflection.

Figure 4. Targe t-evoked botentials from subject BB, re-
corded from Fz, Cz, Pz, C3 and C4 electrodes in condition A
{count) of'experiment I. The %zfow indicates the N2 elicited
by the 1500 Hz (easy) target'which‘is larger in amplitude
than that elicited by the 1050 Hz (difficult) target.
Negativity ofl the scalp electrodes relative to a linked-
maétoid reference is represented by an upward deflection.

Figure 5. Grand-mean target and standard—gvoked potentials
for the 10'subjects, récordéd'ﬁrém Fz, Cz and Pz electrodes
in experiment £I. Corresponding reaction time histograms a;e
shown at the right of. figure. The reactibn time histograms
are plotted as in figure 2. NJgativity of the scalp
electrodes relative - to a linked-mastoid reference is re-

presented by an upward deflection. .

St e

Figure 6. Grand—mgan 1025 Hz target and 1000 Hz standard

L

"evoked potentials for the 10 subjects, recorded at Fz, Cz

and Pz electrodes in 'experimené II.‘The upper half of ‘the
figure shows the Hit and Miss 1025 Hz target—evoged poten-
tials., The lower half of the figure shows the. false alarms
(F.A.) and correct rejecfed (C.R.) 1000 Hz standard-evoked

potentials., The N2 component at Fz and the P3 component at

TN
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Pz of the 1000 Hz standard F.A. response are indicated by

downward and upward pointing arrows .respectively. The

reaction time histograms are. plotted as in figure.2. Ne~ .

gativity of the scalp ~electrodes relative to a linked-.

mastoid reference is represented by 'an upward, deflection.

Figure 7. Grand-mean target-evoked éotentials for the 8
subjects, recorded ffqm Fz, Cz and Pz elecgrodee in the
attend conditions of experiment III. The upper half of the
figure shows the responses to the 1.5% target stimuli in

condition A (1050 Hz) and condition B (1800 Hz). The lower

half of the'fighre shows the respgnses to.the 13.5% target

stimuli in coﬁdition A (1800 Hz) and conditiop B (1050 Hz).
The reaction 'time histograms are plotted_ as in figure 2.
Negativity of. the scalp electrodes relative to a
linked-mastoid reference is represented by an upward deflec-
tion.
# o oy

Figure 8. Grand-mean target-evoked potentials for the 8
subjects,'recorded from Fz, Cz and Pz electrodes in the read
conditio£§~ of experiment III. The upper half of the Eigure
shows the‘responseS'to the 1.5% target stimuli in condition
C (1050 Hz) _and condition D (1800 Hz): The arrow indicates
the central maximum P3a bompehent elicited by ‘the 1.5% 1800
Hz target. The lower half of the figure shows the reséonses

to the 13.5% target stimuli in condition C (1800 Hz) and

condition D (1050 Hz). Negativity of the scalp electrodes
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. relative to a linked-mastoid reference is‘represented'by'an

upward deflection.

»

[y
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Appendix A. The effects of probability and
discriminability on the evoked

potentials to unpredicatable

signals
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THE EFFECTS OF PROBABILITY AND DISCRIMINABILITY ON <
THE EVOKED POTENTIALS TO UNPREDICTABLE STIMULI * o

Peter G. Fitzgerald and Terence W. Picton
Y

‘The detection of unpredictable "“target" stimuli in - a
train of "standard" stimuli.hasmbeen associated with 'several
‘distincét components of the humaﬁ.evdked potentiél (Ritter &
Vaughan, 1969; Squires & H?ﬁi&érd, '19f5; Ford, Roth &
Kopell{ 1976; Good%n, Squirég, Henderson'&‘ Starr, 1978).
The amplitude‘of oﬁe 6f'the$e components - the late positive
component, "P3" or "P300" - is closel; related to the im-
probapility of the stimﬁlhs ?%quires, .Wickens, Squires &
Donchin, 1977). | |

The ocdurrence of an unﬁfediétable.target may be de-
scribed ‘in terms of either "tgmporél ;robability" - the
prob%bility of a target within a given. pefiod of time - or
"seqdential probability" - - the probability of a target‘
within a-nuﬁber of stimuli (Picton & Stuss, 1980)*. Recent
results (Fitzgerald.& Picton, 1981) Have suggested that
temporal rather than sequential probability may be the major
determining factor for P3 amplitude. These experiments used
a relatively simple discrimig;tion tasK: The éresent study
- was designed to determine whether the effect of temporal

]

probability was independent of task difficulty. Would a

* Departménts of Psychology and Medicine, University of
Ottawa. This research was supported by the Medical Research
Council and by the Natural Sciences and Engineering Research
Council. Gilles Hamel provided technical assistance. We -
appreciate  discussions of these data with Ken and Nancy
Squires.
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\
more difficult target-standard discrimindtioh reduire .more
attention to 'the standard stimuli and to the sequential

probability of the target; thereby decféasing the effectsg of

temporal probability?

.

S
Meehods ) ) -
‘Ten young adult subjecté participated in the experi-
. ment. Their task was to keep a running mental count of the
number of targets occurring in 7-minute tralns of auditory
stimuli. The ” sequential probability “of the target was
mainteined.consﬁant at 0.2. Three different lnter-stlmulus
intervals were used to give three temporal probabllltles for'
ther target stimulus:: 500 ms - 1/2.5 s; 1000 ms - 1/5 S;
.2000 ms -~ 1/10 s. Two_differentﬁéegrees' of dlfflculty in
target—-standard diseréminations, were used. “:IR the "dif-
ﬁicult“'bonditiohs.the.target stimuli were 1000 Hz tonfs and
the standard stimuli- were 1100 Hz tones. In the "easy"
condltlon the frequency of the target‘remained at 1000 Hz
and the sthdard frequency was changed to 2000 Hz. The
tones had a total durat&on-of_55 ms, . rise and fallztlmes'oﬁ
5 ms each, and an intensity of~65 dB peak SPL (about 50 dB
' SL). They were presented through earphones to th® right

ear. g )
Eleetreencephalographic signals were recorded from Fz,

v 3 ¥
Cz and Pz u51n§Pa llnked—mast01d reference. An electro-

' oculogram was recorded between the upper and lower orbital-

.ridges of  the left eye. These recordings_were'amplified
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using a time'constant of 8.2 s and a high frequency cut-off

of 10@;‘Hz. Averaging  was performed on a TN1500 Sigﬁal

Ahalyzer“using‘4 ms dwell times. Trials with excessive

muscle or eye movement artifact were " eliminated from the

averaging process. Difference-waveforms were obtained by

subtracting the average evoked potentials to the standard

stimuli from those to the target stimuli. Peak components

\
were identified in the following latency ranges: Nl (65 =
140 ms), P2 (130 - 230 ms),. N2 (180 - 270 ms), B3 (250 - 400

m% and SW {400 - BOE ms). The peaks Wwere measured relative

to the baseline at the beginning of the evoked potential

tracing. The data were analyzed using repeated measures

analyses of variance and results were considered significant

at p < 0.01. L B -

Results '

The subjegts-reported the: "difficult" conditions to be
more demanding. The average error rate of ABZO%# for the
difficult conditions was significantly greater than the 1.2%
f@r the easy conditions.’ There were no siénificant effects
of "temporal probability on these percéntage error rates.

Thé N1 component increased in amplitude with increasing

inter-stimulus ninterval for both target and standard

stimuli. The N1 to the targets was larger than to the

standard stimuli, this difference being greater in the easy '

‘conditions and - at the shorter inter-stimulus intervals.

These N1 effects‘éan be clearly,ségn“by examinihgﬂthe dif- .

ference waveforms at the N1 latency period (100 msﬁ; The P2

i
/

k7S
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componentlalso increasedin'amplitude-witnfincreasing inter-
stimulus interval. = There :were.no significant atffetences‘
between the target and standard etimpli.;j However; the
target P2 components were-iarger'in'the easy conditions than ‘
in the difficult. o

The evoked potentials to the standard stimuli did not

v b4
show any definite N2, P3 or_slow-wave components. The N2

component in the target—evo%ed potential did not change
siénificantly with 1increasing inter-stimlus interval. .Ite
ampiitudé.increesed significantly, - however, with increasing
" task difficolty, being on . average 2.8 uv in_tne‘oifficult
condltlons and 1.0 uv in the easy. The peak:latency in'the-.
difficult conditions was 237 , ms and in the easy ‘conditions
.Qes”227 ms but. this difference did not reach significance.
'The analysis [af * the subtraction waveforms fgave similar
results. .The P3 component in the target4evoked potential
increased in _ amplitude with ‘.increasing :inter~st}mulns
interval. It was larget in the eaéy than in the df%fichlt
‘conditions, but the temporai probability effect was roughly
_parallel between.these conditions. The ‘average P3 amplitude
at Cz*»increased with intet—stimnlus interval'from 1.9 uv to
(6 .0 uv in the difficult conditions and from 4.6 uv to 8.6 uv
1n the easy conditions, The latency of the P3 component was
unaffected "by changing inter-stimulus intervals -but wasf
signifidantly lazber for difficult (361 ms) as compared to -
the easy (332 ms) conditions. The slow-wave component of
tne targeg-evoked potertial was recorded as a negativity at

Fz and as a positivity at Pz. Neither.showed any signific-

’
[

. . R 0
{‘ . . i L. ’
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ant effect of either inter-stimulus interval or task dif-

)

ficulty. - : B o *, - Do

Discussion -

The increase‘}n. Nl’-and P2-ampiitpde,with 'increaéiﬁg
interstimulus,interbals, can be explained by éhe prolongéd‘
refractory period éf the auditory vertex‘.pptential (Davis,
Mast, Yosbie & Zerlin,'1966). _The'lérgé: amplitude of the
N1 component in the target-evoked potéhtial may ‘be causeé by
the frequency—épecificity of. this refractory'period (Butler;'
1968) - the target tone morg usuaﬂly'followed-a'étimulus of -
Qifferent frequenc&! than the standard tone. .The Nl to
targets in' the easy condition Qas larger than in the dif-
ficult condition begadse_,of the greater t;;QEt-standard
frequency separation. It is also possible that these ef-

. fects may be due  to the superimposition on the N1 of a
"mismatéh;hegativity"' (Naatanen‘et'al., .in press). The p3

component of the target-evoked pdtential showed similar

frequencyéspecificity effects being larger in the easy con-

ditions, The absence of any. significant P2 differences

"between targets and standards was perhaps due to the over-
1! - ‘ . . . w

- iapping N2 component in the target-evoked potential.

The targgt-eyékégﬁbotential contained N2, P3 and slow-

. : ) ) - . AT - . )

wave compdhents that were not present in the standard-evoked

' -'potential; The N2‘componént of the target-evoked potential

was unaffected hy increasing the inter-stimulus interval but

was significantly larger during thé_difficult,'conditions.

In our. previous experiment (Fitzgerald & Pictoh, 1981)
, " )
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increasing the inter-stimulus interval over a wider range
i R Y . .

. caused a signjficant ‘increase in. the N2 as measured in the

difference-waveforms. The‘mnﬁerpretatién.of the N2 wave is

.difficult because of the overlapping P2.-comp$hen£s.- If the

+ P2 shows similar frequency-specificity effectS'tQ'those of

. the N1, the differenceﬁbetween the target and the standard

P2 would bg-grea;gf at the shorter inter-stimulus ipterbais.

Y

This might explain the increase in the Nzﬁamplit&de in the

4

difference -waveform'wi:h increasing inter-stimulus interval
.{n our previoﬁs éxperiments - the overlapping P2 differeﬁce
ﬁoulé be dgcréasing;' The largef‘amplitude of the N2 for the
difficult conditions peréiéts lput to. the longer inter-
stimulus intervals. This éuggests.that it ;is ngt‘all re-
lated to ﬁhe‘smaller amplitude of the overlapping P2'in the
"difficult csnditions but-tﬁét there is aléq an underlying
relationship of N2 amplitude to task difficulty. "Goédin,
Squires:and Starr‘(unpub{ished data) have reported that the
N2 increased signifiéantly in latency and-Shpwed a small but .
not significant change in amplitﬁde with increasiﬂg dif-
ficultyr on an intensity-disérimination target-detection.
’task. ' Naatanen, Hﬁkkanen and.Jarvilehto . (1980) have re;
ported‘diffefent findings froﬁ our results with ‘N2 being
larger the more "deviant" the targét from the standard tone.
Ourlexperiment did not combine both discriminations in £he
same stimulus block, and therefore there was quite probably
a difference in effort between ,our conditions. ‘ Eurﬁher
éxpefimenké will be required to clarify tHe effects of
task-difficulty on the N2 component.

T
y .
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.The slow-wave cbmponent showeé'a.significant target;
'sténdafd difference. The lack of.anj\slgnificant_effec;s of
“iqurstimulﬁs interval diffefé from our previous 'experimgnt'
(Fitzgerald & Picton, .1951).,_&his may be explained by the
?arger range of intervaiS'(ZSQ#AS - 4 s) used in tHe pre-
vioﬁé study. . fhe lack of aﬁy‘task—ditficqlty ‘effect;is'
~ somewhat different ffom the régﬁits of Rohrbaugh,ljéfﬁdulko
‘and Lindsley (%978).. Their . study, however, comﬁared a

difficult discrimination task to a simple counting task and = -

4 T
.used longer interstimulus intervals.

The P3—éompoqgnt showed %?large effect of temporal
probability in both the easy and diﬁficult-c§nditioné; This
feinforces the éondlhsions of our previous ;experiments that
the teﬁporal probability of the target is a major determin-
ant of' tHEHPB aﬁplitude, The P3 amplitude was smaller and

P3 latency longer for the more difficult discrimination.

This is similar.t&fprgvious reports (Goodin et al., un-
.published data; - Naatanen et a}}ﬂ 1980) and 1is possibly
related to equivoCétion in the targetldétection (Ruchkin &
Shttop, 1978). 1In answer to the question posed at the 6nset'
of theée experiments, * our resqlts éhow that temporal proi‘
bability is "a majof.determinant of P3 amplitude régardless

of the difficulty of target discrimination.
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Footnote: ' »
R | '

Many different ‘terms have been' used to describe the pro-
bability of a target. Qur choice of "temporal" and "sequential"
derives from the paper of Ford et al,. (1976). - Other authors
have used "event probability" for what we describe as sequential
\ngbability, but we feel this is ambiguous. : Further refinement
c

'I.'- :

n be obtained by. using the additional terms "local" and.
"global". The global sequential. probability of a targeﬁ may be

0.5 but in a particular portion of the experiment containing (by

-design or chance) many targets the local sequential probability

may be much higher than 0.5 .

Eigure Legends: . ' :
F4

Figure 1. Vertex dgrand average waveforms for the ten subjééts.

Evoked potentials to the targets (T) - are shown in the top line
"and to the standards (S) in' the middle line. The bottom: line

shows the difference (T-S) waveforms. Negativity of the scalp
electrode relative to a linked-mastoid reference is .represented
by an upward deflection, '

Figure 2. Grand average difference waveforms (T-5) fo} the ten
subjects-at all conditions and scalp electrode locations. Ne-.

gativity ©f the scalp electrode relative to a linked-mastoid
reference is represented by an upward deflection.
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