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1. Introduction

The following report describes the research conducted by the Cognitive

Psychophysiology Laboratory on Air Force Contract #F 49620-79-C-0233:

Applications of Event-related Brain Potentials in Human Engineerin , during

fiscal year 1980. This research has proceded from two perspectives (1) we

have identified certain problem areas in aviation and man-machine system

design (e.g. workload, display optimization), and have directed research

paradigms to address these issues, (2) we have continued to explore more

basic issues in understanding the vocabulary of the event-related potential,

and the experimental variables that influence its various components. The

specific investigations we have conducted however, can not be neatly

classified into one category or the other, but instead span the continuoum

that may be defined between those two endpoints. Thus, the investigations

aescribed below will be organized instead in terms of four basic categories

relating to dimensions of human information processing: attention,

expectancy and subjective probability, processing latency, and movement.

Experiments within a category share that feature in common, even though they

may be quite disparate in terms of Their degree of immediate applicability

to human engineering problems, or the specific nature of that appliction.

It should be noted that of the experiments described below, some are

relatively complete, in terms of preparation of a final manuscript, while

others are still in intermediate stages of completion. Those in the former

category are only described in very brief detail here, and the reader is

referred to the appendix in which the manuscript appears for details. Those

in the latter category will be described in miore detail here.
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2. Review of Research Investigations

2.1 Attention.

The limits of human operator attention represent a major bottleneck

in the performance of many complex man-machine systems. Because previous

research has repeatedly demonstrated the sensitivity of components of the

ERP to attentional manipulations, we have identified attention as an area

with a high potential payoff for applicability of ERPs to human engineering

questions. One area of applicability concerns the selective aspects of

attention to information in a display, a second relates to its intensive

aspects and concerns the measurement of workload.

2.1.1. Attention Allocation in Complex Displays. When an

operator is engaged in a display monitoring task, our research has addressed

the extent to which ERPs elicited by elements within that display, reflect

the degree to which these are attended or ignored. (For an overview, see

Appendix A).

2.1.1.1. Passive Assessment. (for details, see Horst

& Donchin, Appendix B). The intent of this experiment was to determine

whether it was possible to infer the direction of gaze, without requiring

active processing of information within the display. Drawing upon the prior

research of Jeffries, our investigation established that the presence of a

visual stimulation (a flashed checkerboard) in the upper vs. lower half of

the visual field could be reliably discriminated on the basis of the

amplitude of early components of the visual ERP. Applying discriminant

analysis, the data suggested furthermore, that single trial ERPs could be
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discriminated with 80-90% accuracy in tenis of the half field of

stimulation. These results suggest that the locus of fixation of gaze,

above or below the center of a display could be reliably assessed by

repeatedly stimulating that center position, and inspecting the resultant

ERPs.

2.1.1.2. Allocation of Attention to Relevant and Non-

Relevant Events Within a ,-ual Display. This research continues a program

investigating the difference in P300 amplitude between relevant and

non-relevant "aircraft", in a simulated air traffic controller display.

Previous research had indicated that P300 amplitudes were greatly influenced

by attention allocation instruztions in a display in which both relevant and

non-relevant items were movirj and continuously visible. The present

experiments were directed toward a more refined understanding of the nature

of this attention effect, and towards the identification of variables, such

as event probability or frequency, which i:ight attenuate or amplify the

magnitude of this effect.

The particular visual monitoring task was selected as

representative of a large class of tasks performed by operators of

contemporary man-machine systems. The primary question addressed by this

research is whether relationships between P300 and task variables in

experiments utilizing simple displays would generalize to a broader range of

parameters found in more complex systems.

Generdl Method: Subjects viewed stimuli presented on

a low-persistence cathode ray tube driven by a computer-controlled graphics

system. In the Continuous display condit.ion, two squares and eight
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triangles were continuously viewable throughout each monitoring period.

Each square and triangle moved across the screen at a different trajectory

froin left to right. When the element reached the border of the screen, it

disappeared briefly and then reappeared at a new random location on the left

border. The symbols traversed the screen several times during each

monitoring period, which lasted three to four minutes.

Signals consist'd of brief intensifications of one of

the elements. Only one element flashed at a time. The flashes lasted 200

milliseconds and were easily perceptible. The interval between flashes and

the relative probability that a square vs. a triangle would flash were I
varied between monitoring periods.

In all cases, the subject's task was to mentally count I
the number of flashes for the squares and to report this number at the end

of each monitoring period. Subjects were instructed to ignore the

triangles. The experimenter emphasized that the triangles were not task I
relevant and that the subject would never be asked anything ibout then. The

stimuli and task were designed to elicit nearly perfect periinidance (count

accuracy) from the subjects.

The Periodic display condition was identical to the

Continous condition except the squares and triangles were vi wable only when

a flash occurred. At all other times, the screen was blank. Thus, the

subject saw only a snap-shot of the two squares and eight triangles, with I
one element intensified, at the particular interstimulus interval. In the

Periodic condition, the subject could not track relevant el(cients prior to a

flash, as was possible in the Continuous display condition. i

I.
I
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_Exeriment 1: Event Probabi lity and Dis lay Format.

Heffley, Wickens and Donchin (1978) examined the effects of selective

attention, event probability, and display complexity on P300 in Continuous

display conditions. The target flashes elicited consistently large P300

components and the nontarget flashes elicited little or no P300. Thus, the

amplitude of P300 was related to the subject's ability to selectively attend

to the targets. The ai.plitude of P300 was not sensitive to the relative

probability of Larget and nontarget flashes, however. This failure to

observe a probability effect contrasts with reports of an inverse

relationship between event probability and P300 amplitude that is

independent of whether the signal is a targe' or nontarget in the "oddball"

paradigm.

In Experiment 1, Periodic display conditions were

included in order to determine whether the failure to observe a probability

effect in the previous experiment was due to the subject's ability to

essentially filter out nontarget events based on spatial position. In the

Periodic condition, the subject was compelled to process each bright

element, regardless of whether it was a target or nontarget.

The effects of selective attention, display format and

event probability are apparent in Figure 1. The wavefonrs for the Continous

display condition illustrate the dramatic effect of selective attention to

target elements on the P300.

In the Periodic condition, both targets and nontargets

elicit substantial P300 components. The increased response to nontargets in

the Periodic condition is apparent in the graph of P300 amplitude. This

increase presumably reflects the processing associated with these
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task-irrelevant signals wbich cannot be selectively ignored with the

Periodic display format.

Although the subjects were cmipelled to process both

targets and nontargets in the Periodic conditions, an inverse relationship

between event probability and P300 aiplitude did not emerge. The lines for

targets and nontargets rem~ain almost pardllel across probability levels.

Thus, the results of the probability mdni)ulation in this experiment are at

variance with previous repor:s of exileriments utilizing the "oddball"

paradigm with shorter interst imulis intervals.

xPerii:ien. 2: Lvent. Probability and Interstilniulus

Interval. The second series of experiments exdIained the interaction between

event probability and interstimulis interval. Although teiporal uncertainty

is thought to play little role in P300 generation (McCarthy & Donchin,

1976), interstimulus interval beca'ie an increasily likely explanation for

the failure to observe a probability interaction. Therefore, subjects were

tested in the Periodic display condition in four types of blocks: the ISI at

3.0 or 1.3 seconds, and the global event probability at 20/80 or 80/20.

The results indicate that interstimulas interval is

indeed a significant determinant of the probability effect, as illustrated

in Figure 2. At a 3.0 second ISI, there is a small probability interaction.

At a 1.3 second ISI, there is a significant interaction which is similar to

the effect commonly observed in P300 "oddball" parddigms. In addition, it

is perhaps important to note that targets elicit slightty larger P300

conponents relative to nontargets at eQiivalent event probabilities.
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Uiscussion: The experiments presented in this report

expand upon our knowledge of P300 fromi previous experimenLs utilizing

simple, relatively static visual displays. Selective attention, event

probability and interstimulus interval interact to produce significant

effects on P300.

The differences in responses to nontargets in

Continuous and Periodic display conditions illustrate the effect of

selective attention on P300. The ability to filter out irrelevant signals

results in greatly reduced P300 amplitude.

At long interstimulis intervals, the "target effect"

predominates and there is little effect of probability on P300 amplitude.

As the ISI is reduced, the "probability effect" emerges. When the 151 is

approximately one second, the target effect is small and the probability is

the most significant determinant of P300 amplitude.

The interaction between event probability and

interstimulus interval suggests that P300 can be dependent upon a short-term

iimemory process. The modality of stimulation becomes a significant factor

within this context. Visual short-ter memory duration is thought to be on

the order of a very few seconds. The data in this report are consistent

with this estimate. Auditory short-term memory is believed to last much

longer. Squires, Petuchowski, Wickens and Donchin (1971) present evidence

for an interaction between modality and stimulus sequence in the

detenination of P300 amplitude. The effect of modality and interstimulus

interval are currently being more fully explored.

The results of these experiments indicate that ERPs,

and P300 in particular, may find significdnt applications to problems in
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man-machine systems design. The ability tu assess the efficiency of the

operator's selective attention may be especially valuable in the design of

high infonnation-load systems. As understanding of Lhe relationship between

P300 and task variables expands, we move closer to this realization.

2.1.1.3. Attention Allocation in Lear'ing. The

studies described above have focused upon the differential allocation of

attention to simultaneous elements in a display. Attention is equally

important in learning and memory. If an operator is provideJ a series of

items or events to commit to memory, we can assume that those items that are

attended, will be better remembered than those that are not. We ask in the

present series of experiments if the P300 can reflect the relations existing

between learning, memory and attention. More specifically, rur principle

interest is in determining whether P300 am~plitude is correla.ed with later

recognition or recall. That is, can we predict, for individial items, in a

memorized list, the probability of successful recognition or recall during a

memory test based on the P300 aiplitude elicited by these items during a

previous learning trial.

Design: In our first experiment we used lists of

words. There were two lists in each trial: a training list and a test list.

Words were presented to the subject sequentially, with an IS[ of 2 seconds,

and EEG was recorded from Fz, Cz, Pz, and Oz. In the trainin-j list half the

words were brightly illuminated and half were dim, although )oth were easily

readable. The sequence of bright and dim words was randomly determined.

Half the subjects were told to remember the dim words, half 'The bright

words. Five seconds after the training list ended the test list began. It

I
k ,
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was composed of all the words in the training list plus an equal number of

new words. Once again, the order of words was randomly determined. In this

phase subjects held a box with two buttons. Half the subjects were

instructed to press the right button whenever one of the words they were

instructed to remember appeared ("memnory" words) and the left button for

both "new" and "ignore" words. The new words had not been presented in the

training list; ignore words had been previously presented, but these were

the words the subject was not requested to remember. The other half cf the

subjects were instructed to press in the reverse order. Subjects were told

that they should respond quickly, but that accuracy was more important than

speed. After the test list there was a brief rest interval (10 or 15

seconds) and then the cycle repeated with the presentation of another

training list. Words that appeared in the training or test list of one

trial never appeared in any other trial. After several trials the subject

was asked to recall as many of the memory words as he could. Subjects were

told to expect this free recall, but that it was secondary to the main task

of correctly categorizing each word in the test phase of each trial. Lists

in the first experiment had 4, 8, or 12 words in the training list (and thus

8, 16, and 24 in the test list).

Results: Averages from Pz for the first 3 subjects

are presented in Figure 3. In the training phase (on tile left side of the

figure) a larger P300 is elicited by the ieiory words. This is also the

case in the test phase where, in addition, there appears to be little

difference between the new and ignore words. Unfurtunately, we cannot make

the comparison of greatest interest , between LkPs to memory words in the

training phase that were later correctly recognized or recalled and those

... i
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that were riot. This is impossible because the task was too easy and

subjects made very few errors, (almost all words were correctly

categorized). We are now using longer lists, with up to 30 words in the

training list. It will also be informative to compare the [RPs of meiory

words in the test phase that were recognized with those that were not. Lven

though a subject may categorize a iiiemory word incorrectly, is the [RP like

those elicited by other memory words, or is it more similar to one of the

other categories? Reaction time may also provide infonadtion in such

situations, especially wien combined with the ERP data.

In the experiiment reported, the subject was told to

remember only the mel;iory words, and in the test phase was not asked to

discriminate between the ignore and new words; the same button was pressed

for both classes. We are now adding a recognition test, which will only be

given at the very end of the experiment, to determine if the subject can

distinguish between these two classes. This will pernit us to divide the

ERPs to ignore words in the training phase into two categories, those

correctly recognized and those not.

Control Conditions: We will have to run several

control conditions. These will include having the subject just count (and

not trying to remember) either bright or dim words, and having the subject

renember everything in the trdining phase, not just half the words. We will

also want to manipulate the proportion of mei;iory words in both the training

and test phases to ensure that the differences we find are not due to

probability effects.
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Additional i xpI)_erill_? We will want to extend this

work in several ways. We can use a variety of sti:lull in addition to words:

nonsense syllables, nonsense figures, )cLur,-; of c(wiililOnl objects, line

drawings, and so on. If we use both picture'; and words it will also becol~e

interesting to exalii ne heo;ispheric di fi erences, and relate these to the

behavioral findings on lateral ity difference,, between spdtidl arid verbul

material.

2.1.2. Attention dod Task Worklodd. Whilt, the ibove

experiments have been concerned wIt h L he sel ect.I Ve is )ec. ( of attention, Mw

have also pursued research on its . lterlsive aspects: exarilniny ! atte rtlo in a

a limited conmodity resource in the rmeas:jrement of task work load. P300

amplitude has been employed as a ,;ieasurei-ient of residual_ cd dCitZ, avadlable

in the performance of orinary tasks.

2.1.2.1. Trackir-y [ifficulby: )rd-er uf jynaiics.

Isreal, Wickens, Chesney and Donchin (19,-o), deorist ruted that the apli itude

of P300 to auditory probe stimuli could serve as a reliable index of dliplay

processing load. Using a similar paradjho, Is reil, fLhesrey, Wickens dfd

Donchin observed that P300 was not sensitive to increa,,e s in trdcking]

difficulty induced by increasing the bandwidlth of the raiouo.i forci ng

function to be tracked. The joint conclasions drdwn froii these two

investigations was that P300 could serve as a select ive irndex of perceptudl

processing demands, but not those demands associated with response selection

and execution.

A further study was therefore conducted to assess

Whether P300 amplitude would be sensitive to changes in the order of the
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control dyndics of the trock roj I sk. We inferred thdt , v*en trdckinfl

second order dyfidlIrs." , %ubjecl s dre reqii red 1, 'Jelirdl ' I edd . or process

the higher derivdt 1 ve, ot hu trror IJ11,1 , I i order t.u otdbi I ze the

syst emi. such wi 1 rire&;,e mthe de'rilI&, ipofi the wurceptuldl processinfy

systeci shoul i, 1heret,)r , I iid I( Lill 11VIt~Urluil.i of "300 rnot observed with

the handwi-lt ld' lj,,uJ it 1)1. !i exf)eriF'ltint 1, ube t ricked ilterrndt 1 Vely

wi th 1st. and _'fit orde- lyrla rs , Vkl K' rrlij iod KWory probe stii1w1 1. Th e

IRIs to the count ed ',' lIii,!II , rPC'dt'd I z -irn showrln ti f igure 4, 1 id lcdte

rideed t hi t he ii-,l 1'i t 3i..il I , I i C il ' o, , lit' corit r l (count,.

9fily Lonldi 1 l, I". iL" d r I tit; fr ,' ci .:.n' d e, 13 d re I i jhby

- ) del.Ie I 'id llro .'Il 0"'". jl( ridl lr.h* rdi .~~ ~11,wF i n conrl , '.

the Oibsellce I+ ,u(,Il xi et irt'* ubseiveto wii'ri hlidwi Tnr wr. idrlip01 ted ,I the

prey 1ou' lInve"! 1,1A .j& n "t >,rdt'l ,.rl'v kr, irrd Ounch inl (i980).

To io~ke ,t rurrj I2 ,- ltil-e rtra.betweern the two

indepenident virIt-i, , t io tf tit' i. i' It Iubjeri S, vWho lort. IC l,dted Mn

cx~~~~~~~~~~~ Ie Olnt 1 nL ne c 11 11Wfl l h i I) rldw 1 It WO , ;dlli itV0

V WctF t ' A tn AI. 'er wcrnF )w, ;fc 'i n, ex;er iiiel

ir~r.,st ) Y ii(.,]l Ot 1' :11 wle t l ft curldi~ St~~ , t

he error 10' -I 'Ieci 1 1 li It 1-- tx ", I e W Ie . I ri w)''F 'efi( I'

'iladil;) ul al 11p', NO' we'F' lit W. hn ' i 'to Wh i WI., .lone , f ltjIot'

i nrl i (_it w", tit) rel 1 it,! . ti I ft t t ei) wt' .11 1 )w 1W I'l h I Illh ifi dW '1 i

frd( I fl (in I r 1'"1, hi t1 F1' I ,iiA)I '0 r'eld I I t w, ht-''~Q

o f jre1,j *0'* I i h ,. ld V"' 'F), ',dIn1 1 1 it Wdl 1 Ml I"0'd ,F' 1,1 'it) t'V(tI

hrjht-r lev#'I in t ~'w ' jth li),iw tt l F ,Ft 1FF, ')IJOh tlwt ro Il1) er'cl WI',
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greater than it had been in the high order condition of experiment 1. Under

these conditions a small decrease in P300 was observed at the high bandwidth

level.

The joint results of the three experiments suggest

that tracking order imposes a reliable load upon perceptual resources.

These resources also underlie processes reflected by P300 amplitude.

Tracking bandwidth draws to a greater extent upon resources of a separate

functional composition. However, at sufficiently hiyh levels of bandwidth,

perceptual resources are consuujed as well.

2.1.2.2. Priw'ry Tdsk and Probe Modality: Control

Order. An additional condition in experiment 1 of 2.1.2.1. replicated the

manipulation of control order, but elpl oyed visual drobe stimuli (bright and

dim intensificat ions of the horizontal tracking axis) instead of auditory

probes. This conparison was made to assess whether the sensitivity of the

ERP to primary task processing deillands wWs enhanced or attenuated when

within-modality probes were employed. Tie results are reflected by the

wavefor:is in figure U, and ay be contrdYed with the aiditory results in

figure 4. These indicate that while the awiplitude of the single task VISudl

[RP is equivalent to that of the audilory, it. is attenuated less by the

introduction of the tracking task than wa the auditory. F urtherI, oru,

,nl ike the auditory probe results, the visual I [P dppears to be unafted ed

by the order of the tracking dynammi cs. Workload effects, as observed here

appear then to be iiore accurately reflect,, d when crus,- rdther than

within-modality probe st immul i are eumpl ,yU,.
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Primarx Tas-k and Probe Modality: Auditory Tracking.

The cross-intra modal ity effect described above was explored in greater

detail in a second series of experiments. These are described in detail in

Appendix C, (Isreal, 1980).

In Isreal's experiment 1, The interference within and

between sensory modalities WdS exai:iined with a tracking and reactions time

task. Subjects performed either an audii-ory or visually displayed tracking

task, concurrently with a go/no-go reaction time task to auditory or visual

stimuli. These stimuli in turn required either spatial or intensity

discriminations. The results indicated that there wos jreater conpetition

for resources (interference between tdsks) between than across modalities,

however, this effect was only observed when auditory trdcking was eiiployed.

The results also provided evidence for spatial specific resources, that were

independent of input modality.

Isreal's experiment 2 was directly analogous to

experiment 1, except that the discrete stinuli were to be counted and LRPs

recorded, rather than requiring an RT response. The following main

conclusions were drawr1 froli this experiiient (1) Replicating previous

results, P300 amplitude declined when the tracking task was performed. (2)

Unlike reaction time, there was no evidence fur greater interference

(reduction in P300 due to trdck r(J) within is opposed to between modalities.

Mre specifically, when the discre e st cluli required in intensity

discrimination, P3(00 dinpl itude showod tw t,, ,, .mil i V1eInt I'9 across all

c(xui nath i ons of tracking ind discrete Yt. II ul a i lo itlLe'-. (3) When a

spatial di scrimin at ion wd', requi red for the d11screte St inul i, a greater j
dt enuatlon in P300 was observed with th,' juditory than visual probes, but !

I
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this effect was observed with both auditory and Visual tracking.

Collectively, these results, (1) converge with data

from the previous experiment in suggesting that the auditory ERP may be more

sensitive to workload-related effects than the visual, (2) support the

conclusion that the P300 is transparent to modality specific interference

effects, thereby further emphasizing the endogenous properties of that

component, (3) demonstrate the feasibility of an auditory tracking display.

While this demlonstration does not directly pertain to the ERP, we are

pursuing the development and optimizdtion of the auditory display, in an

effort to provide technology for reallocating the pilot's processirg der;lands

away from the heavily overloaded visual channel.

2.2. Ex_ectancy and Subject.ive Probability.

A considerable volume of research conducted in our own laboratory

and elsewhere has demonstrated that the amplitude of P300 is sensitive to

the "expectancy" or surprise value of stimulus. Its amplitude is increased

to the extent that a stimulus provides inforiation that contradicts the

subjects "internal model" of the environent. In two experiments described

below we have deonstrated that variations in P300 a:plitude attibutable to

expectancy, can provide information concerning an operator's cognitive model

of the environment: information, that is riot revealed by overt behavioral

responses. In applied contexts, this information could be employed by a

sophisticated computer to maintain a model of the human operator's

understanding of the environment. Lqui , )ped with such infoniation, the

intelligent, adaptive system could improve the overall level of syste:i

performance. The first of these invest igat ions examines the independence of

P300 related indeces of subjective pruhibility and overt probability

C -J
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decisions; and the second concerns applications of expectancy-related

information to programmed instructions. A third series of experiments

reported under this heading concerns the influences of the violation of

semantic expectancies on the amplitude of a different component of the ERP,

the N-200. The latter investigation therefore, extends our basic research

into the vocabulary of the [RP.

2.2.1. P300 and Decision Mating. It is c:irmonly assumed, in

tile study of subjective probability (SP), that subjects' predictions of

future events accurately reflect the SP associated with these events. Yet,

evidence suggest,, that overt predictions are determined by the operation of

two independent processes: the perception of probability and the com.plex

motivation and strategies that determine subjective utilities. Overt

predictions and SP may, therefore, be discrepant. It would be of value,

therefore, to have a direct index of SP. It has been shown that P300 varies

inversely with the SP associated with events. In this study we demonstrate

that P300 amplitude is not affected by a riotivational variable that does

affect overt predictions.

Sixteen subjects were required to predict, on each trial,

whether a 1, 2, or 3 would appear on a display. The numbers appeared

randomly with probabilities .45, .10, and .45 respectively. In one

condition, subjects were given bonuses according to an all-or-none (AON)

payoff function in which they received one cent if they predicted correctly,

or nothing if they were incorrect. In a second condition, bonuses were

determined by a linear (LIN) payoff function in which subjects were paid in

proportion to the arithmetic difference between their prediction and the

number that appeared. The optimal strategy for maximizing p ayoffs was to j

I
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predict l's and 3's in the AON condition and to predict 2's in the LIN

condition. Subjects were not infon;ied of the optimal strategies, but were

left to adopt whatever strategy they liked.

EEG was recorded froni Fz, CZ, Pz,and Oz (referred to linked

mastoids) as well as LOG using a 2.5 second time constant and upper

half-amplitude cutoff of 35 Hz. LEG and LOG were digitized at 100

samples/sec for 128 points beginning 100 msec prior to tile presentation of a

number. Single trials containing excessive LOG artifact were removed

off-line prior to averaging.

ERPs were sorted for averaging on the basis of subject,

stimulus, electrode, and payoff condition. P300 amplitude was quantified by

removing the 100 msec pre-stimulus hasel ine fron each average and then

calculating the area under the curve between 300 and 750 msec after stimulus

onset. These area measures were then subjected to a repeated-measures

analysis of variance (ANOVA). P300 amplitude was significantly larger when

elicited by the rare stimulus than by the frequent stimuli for both payoff

conditions (F(2,30) = 5.177; p < .02). This is shown on the left in figure

7. According to our prediction, however, this effect of stimulus

probability ol P300 aiplitude (lid not significantly interact with the payoff

manipulation (F(2,30) = .231; p > ./9). This is shown in the right side of

figure 7. It is also interesting to note that presentation of the rare

stimulus elicited a longer latency P300 that the frequent stimuli for both

payoff conditions. Latencies of 1300 recorded at Pz were calculated for

each subject, stimulus, and payoff condition and subjected to an ANOVA.

Although we made no prediction,, regarding L300 latency, the results of this

analysis were identi(,l with the '300 amplitude analysis, i.e., P300 latency

~,1
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was significantly affected by stimulus probablility (F(2,30) 19.155, p <

.0001) but this effect did not interdct with payoffs (F(2,30) = .318; p >

.73). (Figure 8). Although in both conditions P300 reflected stimulus

probability, subjects' predictions were strongly influenced by payoffs and

differed dram:1atically in the two conditions. The averae percentages for

predicting a I, 2 or 3 are shown at the bottom of figure 9. Although

predictions varied, subje .ts were aware of the actual probabilities, and

their estimates, given at the end of a block of 100 trials, are shown at the

top of figure 9. It is clear fro:i this figure that subjects were aware that

the probabilities were actually the same in both conditions.

These results show that, under certain conditions, overt

predictions and SP can be dissociated. P300, unlike predictions, reflects

stimulus probability consistently regJardless of the payoff structure. We

conclude then that P300 provides a reliable measure of SP when overt

predictions fluctuate.

2.2.2. P300 and Subjective Probabi_l_ity in a L earning Task.

The details of this investigation are provided in Appendix D (Horst, Johnson

& Donchin). In a paired-associate learning task, subjects responded to each

presentation of a nonsense syllable by typing both a three-letter associate

and a rating of their confidence that this response was correct or

incorrect. Average event-related potentidls (ERPs) elicited by the

subsequent presentation of the actual paired syllable varied with the

interaction of confidence and trial outcomiie. A larger amplitude P300 was

elicited by syllables which informed subjects that they were correct when

they thought they were incorrect, than by syllables which confirmed

subjects' expectations. That this overagqe IRP result was indeed an effect
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on P300 amplitude, and riot an artifact of single-trial variability in P300

latency, was confinmed with a trial-by-trial latency adjusttent procedure.

Consistent with findings fromi other tasks, P300 ampliLude varied inversely

with the subjective probability of the LRP-eliciting events.

From these results, it is plausible to envision an adaptive

programmed instruction course, in which difterent branches" of d branching

programl are taken given the co;iputer's inference of the subject's state of

knowledge of the material. Based on the assurmption thaL a correct answer

does not necessarily imply knowledge of the material, if the subject is

surprised to know that he was correct, the accuracy of this inference would

be improved by utilizing, not only the correctness of subject's answers, but

also the ERPs elicited by feedback to correct and incorrect answers.

2.2.3. Category Expectancy and the N(00. The P300 component

of the ERP elicited by unexpected task relevant events, is co;monly preceded

by a negative component--the N200. Several investigators reported that the

N200 can be elicited by rare events even when they occur beyond the

subject's focus of attention. The N200 is often rendered invisible by the

overlapping P200. However, it is possible to observe the ,1200 by forcing an

increase in its latency, thus avoiding the overlap with other components.

We report a series of studies using this approach. We conclude that N200 is

elicited whenever the eliciting stimulus is not a member of a category

expected by the subject. The data indicate that the category violations

elicit an N200 even when judgments about category embership are not

explicitly relevant to the subject's task. We also show that the detection

of category violations may underlie the negative component elicited by

incongruous terminations of sentences (Kutas & Hillyard, 1980).

-A
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In Experiment 1 subjects were asked to identify words that

were members of a pre-specified category. The probability that a word will

belong to the category was either ./b, .b(, or .2b. In a control series an

alphabetic character was presented and the subjects were to indicate whether

it was a prespecified letter. The LI.G wa, recorded from Fz, Cz and Pz

(referred to linked i'iastoids), and digitized at a rdte of 128 points/second.

Recording bandwidth was 0 to 35 IHz, with a 10 sec time constant. In all

experiments subjects responlded by pressing one of two buttons and reaction

time was recorded. Rare events elicited a P300 component which was most

prominent at Pz. In addition, a negative component with a latency of 300

nisec was elicited by all words that were not members of the expected

category of events for which the subject was tuned. The amplitude of this

component was greatest at the frontal electrode. We tentatively label this

component "N200", and note that its amplitude was independent of the

probability of the category violation.

In Experiment 2, subjects were required to indicate whether a

stimulus item was a word or a non-word (a pronounceable but meaningless

string of letters). In this experiment, 00% of the stimuli belonged to the

same category of items, 20% were non-category words, and 20% were non-words.

The instructions to the subjects did not refer to the category/non-category

distinction; subjects were asked to indicate whether a word or a non-word

had been presented. Thus, the task required a lexical decision where both

category and non-category words called for the same overt response. The LLG

and the overt responses were recorded in the same manner as in Experiment 1.

The subjects responded with equal speed to the category and the non-category

words. The [RP data, on the other hand, revealed a difference between the
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subjects' responses to category and to non-category words. The non-category

words elicited a prominent N200 at the frontal and central electrodes which

was quite similar to the N200 elicitied by the non-words. The latter also

elicited a P300 at the parietal site. The data are consistent with the view

that the N200 is sensitive to deviations from the model of the envirorcnent,

but that only those deviations that are 'task-relevant' elicit a P300 as

well.

Kutas and Hillyard (1980) reported that a negative wave is

elicited by the incongruous termination of a sentence. It is possible to

consider these incongruities an instance of category violations. According

to this view, the first six words of the sentences used by Kutas and

Hillyard established an expectation that the seventh word would come from a

category of "fitting" words. Expectation for a category is violated and a

negative wave similar to the N200 observed in Experiments 1 and 2 would be

elicited. This hypothesis was evaluated in Experiment 1. In one condition

subjects decided whether each of a series of seven word sentences terminated

"appropriately" or not. In a second condition, subjects were presented on

each trial with a sequence of seven words; the first six were always

selected from a single category. The seventh word did, or did not, belong

in that category. The subjects indicated whether or not the seventh word

came from the category established by the first six words. The probability

that a category violation would occur in either condition was .5L). The ERPs

elicited at the frontal and central electrodes by the seventh word in the

two conditions were remarkably similar. A negative wave, very ouch like

that elicited in the previous two experiments, was elicited by the

"incongruous" termination of sentences and by a word that violates the



expectation established by the first six words. These three experiments

thus extend our basic understanding of Lhe vocdhuldry of the iP'. They

suggest applications to areas; in learniq where the ,ubjects' knowledge of

category membership can be inferred without the exilicit requirel ient of

task-related responses.

2.3. P300 Latency.

An important source of inforaat ion in huwan engineering is the

latency or speed with 41h cic erceptual categorizat ions are made. Slower

perception, in a sense represents less ef i icient perfUniance, and systeml or

task characteristics that prolong litency should be avoided. Previous

studies in our laboratory hdve indicated that the latency of P300 is indeed

sensitive to experimental variations in task dif iculty, (Heffley, Wickens &

Donchin, 1913), or processing cormplexity (Kutas, McCarthy & Donchin, 1971).

These investigations furthermore sugjest. differences in processing latency

in P300 may reveal efficiency or irocessing changes that are opaque to

reaction time measures. The mental chronometry of P300 and reaction time is

explored in the following experiment.

2.3.1. P300 and RJ Latency. (Details are provided in

Appendix E, McCarthy & Donchin, in press). In this experiment , subjects

performed a choice reaction time task, to the stimulus words "right" or

"left". The stimulus words were assigned to responses in either a

compatible (respond with right hand to "right" dnd left to "left") or

incompatible re(qine (respond with the riJht hand to "left " and left to

"right" respect ively). In addition, stimulus words were presented in either

a clear or a maskeO foniat . React ion t irn' was prolonged by both the
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incompatibility and the masking variable. P300 latency was prolonged only

by the former variable. The results then establish the basic independence

of P300 latency from response processes.

The utility of P300 latency infoniiation in an applied setting

is suggested by an experiment of McCarthy and Donchin (1979). Subjects

performing a speeded classification task (discriminating frequent male names

from infrequent female names) were placed under speed stress. Under these

conditions, subjects make more errors but the errors are almost exclusively

rare stimuli categorized as frequent. In addition these error trials (rares

called frequent), show three other characteristics that discriminate thema

from the other "frequent" responses (frequents called frequent). (1) They

show large P300s. (2) The reaction times are particularly fast. (3) The

P300 is of relatively longer latency. A decision logic is demonstrated

whereby all frequent responses (both correct and errors) are examined

without knowledge of their correctness. Those trials showing this

particular configurations of features are then identified by the algorithum

as errors. This identification is performed with a high degree of accuracy.

Out of 3b7 error trials, 343 are correctly identified ds errors on the basis

of the feature analysis.

The paradigm provides demonstration of how informiation

provided by P300 can be used in conjunction with information provided by the

overt manual responses, to facilitate system performance. In this instance

the facilitation is achieved by the monitoring and correction of

classification errors made by an operator under speed stress.
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2.4. Movement Related Potentials.

The ultimate goal of this research area is to deteniine the

relationship between movement-related brain potentials and voluntary

movements. Equipped with such infoniiation, an intelligent on-line computer

might, for example be able to discriminate voluntary intentional deflections

of a joy stick control, from involuntary accidental movements, and in this

way be able to filter out the latter from exerting control over the system.

Our initial objective was to establish som e basic relations between hand of

control, movement-related potentials recorded from lateral electrodes, and

handedness.

Levy and Reid (1976) postulate that the organization of motor

pathways and the control of movement varies in those persons who write using

the inverted handwriting posture (hand above the line and pencil tip pointed

toward the bottom of the page). Unlike noninverted-writing (hand below the

line and pencil tip pointed toward the top of the page) persons who are

considered to have predominately crossed pyramidal motor pathways and

contralateral control of movement, those persons who are inverted-writing

are hypothesized to have largely uncrossed pyramidal tracts and ipsilateral

control of movement. Although the model has been interpreted broadly to

include all distal limb movements, Levy and Reid focus attention on the

control of handwriting.

We tested this model by analyzing the readiness potential in

subjects identified on the basis of handedness and handwriting posture. The

RP is a slow negative change in activity measured at the scalp prior to the

initiation of a self-paced, voluntary imoveent. It is largest at scalp

sites over the v;otor cortex contralateral to the moving limb and is



considered to reflect the direct iun of control in the inotor systeci. In our

first experiment, three yroups of e1jhl. iiales were used: m)he jruJ of

noninverted-writinj right-handers (RN), one 'if nuninverted-wriLini

I eft-handers (LN) , and one of i nvert ed-wr i Li ng 1 utL -hdriders (LI). LdCh

subject was requird to perfoni d self-pdced JO iariu,jl squee-ze, the sub ect

squeezed a dynarioin1ter 96 tlmes with the let,- ind rijht hand Iri sepdrdLe

blocks of trials. Levy and Reid's iiodel ,redicts thil ri i,ivrt-ed- writiny

subjects will have contralaterally d(iim i,'il', wherets irverted-writ ng

subjects will have 1 ps i Iaterdl y dOld n ' R 1)s. Our C',,J I revedI ed,

however, that in a I subjects, withouf exthe ionr, thb ;'' .-'s !, i.ted with the

self-paced squeeze was contrdlateral ly Idrger. The Terence dIrdwrl frx

this finding is th it control of this ioveitent orijifln es froii the i:lotor

cortex opposite tho moving limb in both noninverted- and inverted-writlng

persons. Thus, ou- data fail to support tevy dnd Reid's 1odel.

However, ;ince Levy and Reid can he interpreted ,a, hypothesizing

ipsilateral control of handwriting i.iovements only, the failure to find

ipsilaterally domi iant RPs in inverted-writ ng subect s iroducing d squeeze

is not refutation )f their model. onsequently, we comducted d second

experiment in whiic i male subjects (4 RN, t) [N, / LI), idurit if led on the

basis of handednes; and handwriting post 're were requ red !., perfunm d

number of unimanual self-paced ioveiOmlents. a(tch subject wrote two words,

"he" and "hand", c)nnected dots either I or 2 inches ,i;r , flexed his

wrist, and squeezei a dynanoineter. In all condit ions hut handwritiny each

subject was tested with the dominant drid nondoi nant hand. ho trials were

performed in each :ondition.



26

Again, as in Experiment 1, we found no support for Levy and Reid's

model. With the exception of one subject, the RP associated with each

movement was contralaterdlly du:iinant. One subject, a noninverted-writing

left-hander, produced ipsilaterally larger RPs in the handwriting and dot

connection tasks. Interestingly, the RP was contralaterally larger in this

subject for all other : ovements. Thus, although we did not find support for

the relationship between handwriting posture and ipsilateral control of

movement, including handwriting, we did identify one subject who apparently

does have ipsildtliterdl control of certain distal limb movements. We have

no ready ex,,lant ion for this difference. All subjects were chosen on the

basis of strict criteria: ;:idle, strongly do:iinant, use doriinant hand for

writing and throwing, and no fai iily history of left-handedness.

Since the nurber of trials used in [xperiment 2 was relatively

sinall, we conducted d third experiment in which subjects wrote "he" and

"hand", and perfarned self-paced slucezes with the left and right hands.

')ur data aa in fil1 to sipport the levy ind Reid imiodel. In this study, we

I et i f ed in I'ivlt ed-w L tiny r ight -hailer (they are rare, a pproxiI;it ely

,Jfic ,ercent of 'he rih i n-hand d p )l iil it i .i) irid recorded the RP froi tils

.i) jecl. . lie', 0 , 0r)d l(Ced ( 0)1It rd i ly I I I y ( iA I irldilt R ' in emch InoVelih fit

t) nd 11 ion .

I~ d i t t the( Ii Y, i -heIs 1,Ijjeslt ed by 1,h e e vy I tId

Re id model , we irte character z i fg the i it y 1:e,,1ed Vi the srI l, (10, I d J

the exectjt i on , oat f these Vdriuu, I llV e.itel . -'rei l rtv eLu rch ti, ,

f cused on he r-io vi 11,1 i I I viy, It)wIv,-r , r t' n! wo rk * y' i q ', , I

;k I t lv e goi n U)'. 1 lf I sii (-h(ira- , I l i ' t o ov e nI(-Vf t I le r i)(d. rtle I dburalt o Iy

however, re,( , t S,',,' J Iitdl r I,/)X y n ,,,o ),it I)m WI' h Iovejen:lfll
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(Grunewald, et al.). This negativity, called the gOdl-directed movement

potential (GDMP), was reported in a movement tuwdrd the body's midline. The

positivivity reported by other investigators is seen during discrete

movements, such as finger flexiuns. Thus, we required that our, subjects

perfona both discrete and sustained ioviients (e.g., squeeze versus

handwriting). Further, since there is evidence to suggest tho& Liiib

moveients toward t e body's midline are c.uitrol ied by iffvrtfiL cereordl

mechanisms than are those away from the body's midl ie, we requlrcd ,hd't kur

subjects connect dots by noving either froi the outside dot t" the inside

dot (toward the midlline) or from the irside lot to the ous 'ide dot (aWay

frcx; the idline). The moveent-related ictivity n ill conditions except

that requiring nov.;;ient toward the idiline wis positive gomInI. During

movement toward the riidline, however, the actlvity wis negdtive going, like

that reported by Grunewald, et al. Since our analyses of these data are not

cu;iplete, any conclusions are prehiature. Subsequent tests of these various

movements are beinj conducted to see if the differences cai, be rep] icated.

. . . ._ m . . . - . . . . . .. . . . . . . . I II I... .. I . . . . . ..Ui
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