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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 Engineering, 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
described 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 movenment.
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 Lhe 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 stayes 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 more detail here.




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. a

&

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 i

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 l

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




discriminated with 80-90% accuracy in terms 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 |

FRPs.

2.1.1.2. Allocation of Attention to Relevant and Non-

Relevant Events Within a ..s5ual 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 instructions in a display in which both relevant and
non-relevant items were movirg 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 night 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 priméry quest ion 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.

General Method: Subjects viewed stimuli presented on
a low-persistence cathode ray tube driven by a computer-controlled graphics

system. In the Continuous display condition, two squares and eight




triangles were continuously viewable throughout each monitoring period.

Each square and triangle moved across the screen at a different trajectory
from 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 consistzd 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 squdre vs. a triangle would flash were
varied between monitoring periods.

In all cases, the subject's task was to mentally count
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
relevant and that the subject would never be asked danything ibout them. The
stimuli and task were designed to elicit nearly perfect performance (count
accuracy) from the subjects.

The Periodic display condition was identical to the
Cont inous condition except the squares and Lriangles were viwable only when
a flash occurred. At all other times, the screen was blank. Thus, the
subject saw only a snap-shot of the two syuares and cight triangles, with
one element intensified, at the particular interstimulus interval. In the
Periodic condition, the subject could not track relevant elcments prior to a

flash, as was possible in the Continuous display condition.

-
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Experiment 1: Event Probability and Display Format.
Heffley, Wickens and Donchin (1973) 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 auplitude of P300 was not sensitive to the relative
probability of target 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 waveforms 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 which cannot be selectively ignored with the
Periodic display format.

Although the subjecls were compelled to process both
targets and nontargets in the Periodic conditions, an inverse relationship
between event probability and P300 anplitude did not emerge. The lines for
targets and nontargets remain almost parallel acrouss probability levels.
Thus, the resul“s of “he probability manipulation in this experiment are at
variance with previous reports of experiments utilizing the "oddbalt”

paradigm with shorter interstimulus intervals.

txperiment 2: Lvent Probability and Interstimulus
Interval. The second series of experiments examined the interdction between
event probability and interstimulus interval. Although teuporal uncertainty
is thought to play little role in P300 generation (McCarthy & Donchin,
1976), interstimulus interval bYecame 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 interstimulus 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 siygnificant interaction which is similar to

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

is perhaps important to note that targets elicit slightiy larger P300

conponents relative to nontargets at equivalent event probabilities.
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Discussion: The experiments presented in this report
expand upon our knowledge of P200 from previous experiments utilizing
simple, relatively static visual displays. Selective attention, event
probability and interstimulus interval interact to produce siynificant
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 interstimulus intervals, the "target effect”
predominates and there is little effect of probability on P300 amplitude.
As the ISI is reduced, the "probability effect” emeryes. When the 1SI is
approximately one second, the target effect is small and the probability 1s
the most significant determinant of P300 amplitude.

The interaction between event probability and
interstimulus interval suggests that P300 can be dependent upon a short-ternm
memory process. The modality of stimulation becomes a significant factor
within this context. Visual short-terin 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 Tast wmuch
longer. Squires, Petuchowski, Wickens and Donchin (1977) present evidence
for an interaction between nodality and stinulus sequence in the
determination of P300 amplitude. The effect of wmodality and interstimulus
interval are currently being more fully explored.

The results of Lhese experiments indicate that ERPs,

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

operator's selective attention may be especially valuable in the design of
high information-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 Learning. 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 providel 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, sur principle
interest is in determining whether P300 auplitude 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 anplitude 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 tridal: a training list and a test list.
Words were presented to the subject sequentially, with an ISI[ of 2 seconds,
and EEG was recorded from Fz, Cz, Pz, and Oz. In the traininj list half the
words were brightly illuminated and half were dim, although Joth were easily
readable. The sequence of bright and dim words was randomly determined.
Half the subjects were told to remember the dim words, half “he bright

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

. - . © 28 A1t A0 NS 200
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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 (“"menory" words) and the left button for
both "new" and "ignore" words. The new words had not been presented in the
training Tist; ignore words nad been previously presented, but these were
the words the subject was not requested to renember. 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 ancther
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 the left side of the '
figure) a larger P300 is elicited by the memory 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. Unfortunately, we cannot make
the comparison of greatest interest, between LRPs Lo memory words in the

training phase that were Tater correctly recoynized or recdalled and those
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that were not. 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 Lo compare the ERPs of menory
words in the test phase that were recognized with those that were not. Lven
though a subject may categorize a memory word incorrectly, is the ERP like
those elicited by other memory words, or is it more similar to one of the
other categories? Reaction time mdy also provide informaation in such
situations, especially when combined with the ERP data.

In the experiment reported, the subject was told to
remember only the memory words, and in the test phase was not asked to
discriminate between the iynore 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
dist inguish between these two classes. This will permit us to divide the
ERPs to ignore words 1n the training phase into two categories, those

correct 1y 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
remember everything in the trdaining phase, not just half the words. We will
also want to manipulate the proportion of memory words in both the training

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

probability effects.
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Additional ixpernients: We will want to extend this
work in several ways. We can usc g vdariety of stimulr in addition to words:
nonsense syllables, nonsense figures, pictures of coumon objects, line
drawings, and so on. [f we use both pictures and words 1t will also becoue
interesting to examine hemispheric differences, and relate these to the

behavioral findings on laterality difference, between spdtial and verbal

material.

2.1.2. Attention and Task Workload. wWhile the above

experiments have been concerned with the selective aspects of dttention, we

have also pursued research on 1ts ntensive aspects: wexariining attention as
a limited commodity resource in the measurement of task work load. P300

amplitude has been employed as a measurerient of residual capacity, available

in the performance of primary tasks.

2.1.2.1. Tracking Difficuloy: Order uf Oynamics.
Isreal, Wickens, Chesney and Donchin (1980), desonstrated that the amplitude
of P300 to auditory probe stimuli could serve as 4 reliable index of display
processing load. Using a similar paradigu, lsreal, Chesney, Wickens dand
Donchin observed that P300 was not sensitive tn increases in tracking
difficulty induced by increasing the bandwidth of “he random forcing
function to be tracked. The joint conclusions drawn fron these two
investigations was that P300 could serve das a selective index uf perceptudl
processing demands, but not those demands dassocidted with response selection
and execution.

A further study was therefore conducted to assess

whether P300 amplitude would be sensitive to chdnges n the order of the

»_ Va2 ik i 5
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control dynamics of the Lracking task. We interred that, when tracking
second order dynamics, subjects are regquired to generate lead, or process
the higher derivatives ot “he ervor Lignal, in order Lo stabilize the
system. Such an 1ncredse 1o the desands apon the perceptudl processing
system shoul 1, “hereture, Tead 'o an attenuatton of P3G not observed with
the bandwidth nan-pulation,  In experiment L, subjects tracked galternatively
with lst and ’nd urder dyna ooy, whiorle count ing dauditory probe stinuli.  The
ERPS Lo the counted s rnuly, recorded ot 7 and shown in figure 4, 1ndicdte
indeed that the vl ade ot 2300 was at tenaat ed oo he control {count

only ) condi ton, o Do e S eacking of great er nort gnce, P3O0 relrably

poo W00 dechined crar Dt tg ond order tracxtnge s was Inocontrast tu
the absence ot such an ettec vbserved whien bandwidtn was cignipuldted "o the
previous invest 1gatton ot israel, Chesney, Wickens and Donchin (19805,

To make o ST rong tent ot Che tontrast between the Lwo
independent varigbles, tive of the sae S1x subjects who pert1ct sated 1n
experiment 1o tracked o experinent 0 which bhandw) I'h owas udn pul gt ed
whalo fiin were o reconded. Thete were S wu vers: ons ot Shey exper uent
Borh eepdayed only o0 arder dyoe o 0 Tn ane o verrs tan handwidt i wds
nereased Uy g teve g generated e covalent ervar for each subject ) to
the errur b ataed T ol o ber gy e e expae aent 1. I essence tha
procedure wa o ased et e Phe mgan e e ot raes o el y
A pulat 1ons between Che Cwe ocxaerioent Lo When Chiy owee, Jdone, figure
tndrcates no relrabie drtterence et ween S s U ow gt hgh bandwedth
tracking (o et there 1, o0 STaght raveraaby. T replicates the reggltg

of Tareal, et alo 10 he cecond version, Sandwidth was incredased Loodan o even

higher Tevel an the vogh bandwrdtn condc on, Such that P racking ervor wa,

e e
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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 dt the high bandwidtn
level,

The joint results of the three experiments suygest
that tracking order imposes a reliable load upon perceptual resources.
These resources also underlie processes reflected by P300 amplitude.
Tracking bandwidth draws to a grealter extent upon resources of a separate
functional composition. However, at sufficiently high levels of bandwidth,

perceptual resources are consuned as well.,

.1.2.2. Pringry Task and Probe Modality: Control
Order. An additional condition in experiment 1 of 2.1.2.1. replicated the
manipulation of control order, but euployed visual probe stimuli (bright and
dim intensifications of the horizontal tracking axis) instead of auditory
probes. This comparison was made to dssess whether the sensitivity of the
ERP to primary task processing demands was enhanced or dttenuated when
within-modality probes were employed. The results dare reflected by the
waveforis in figure 6, and nay be contrasted with the auditory results n
figure 4. These indicate that while the anplitude of the single task visual
LRP is equivalent to that of the auditory, it i1s attenuated less by the
introduction of the trdcking task Lhan was the auditory. Furtheruore,
unlike the auditory probe results, the visual LRP gappears Lo be unatftect ed
by the order of the tracking dynanics. Workload effects, as observed here

appear then to be more accurately retiected when crosa- rather than

within-modality probe stimuli are oiployed.

s
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Primary Task and Probe Modality: Auditory Tracking.

The cross-intra modality 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 was exanined with a tracking and reactions time
task. Subjects performed either an auditory 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 was jreater competition
for resources (interference between tasks) between than across modalities,
however, this effect was only observed when auditory Lrdacking was employed.
The results also provided evidence for spatial specific resources, that were
independent of input modality.

[sreal's experiment 2 was directly analoyous to
experiment 1, except that the discrete stimuli were to be counted and LRPs
recarded, rather than requiring dn RT response. The following main
conclusions were drawn from this experinent: {1) Replicating previous
results, P300 amplitude declined when the trdacking task was performed. (2)
Unlike reaction time, there was no evidence for greater interference
(reduction 1n P300 due to tracking) within as opposed Lo between nodalities.
More specifically, when the discrete stinula required an intensity
discruminat 1on, P300 amplitude showed Lhe same ablenudtion across all
combinat 1ons of tracking and discrete staimul modabities.  (3) When a

spattal drscrimingtion was required for the discrete stimuli, a yreater

attenyatton in P300 was observed with the auditory than visual probes, but
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this effect was observed with both auditory and visual tracking.
Collectively, these results, (1) converyge with data
from the previous experiment in suggesting that the auditory £RP may be nore
sensitive to workload-related effects than the visual, (2) support the
conclusion that the P300 is transparent to modality specific interference
effects, thereby further emphasiziny the endogenous properties of that
component, (3) demonstrate the feasibility of an auditory tracking display.
While this demonstration does not direcLly pertain to the LRP, we are
pursuing the development and optimization of the auditory display, in an
effort to provide technology for reallocating the pilot's processiry demands

away from the heavily overloaded visual channel.

2.2. Expectancy and Subjective Probability.

A considerable volume of research conducted in our uwn laboratory
and elsewhere has demnonstrated 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 information thal contradicts the
subjects "internal model" of the enviromient.. In Lwo experiments described
below we have demonstrated that variations in P300 anplitude attibutable to
expectancy, can provide information concerning an operalor's cognitive model
of the environment: information, that is not revealed by overt behavioral
responses. In applied contexts, this information could be employed by a
sophisticated computer to maintain a nodel of the human operator's
understanding of the enviromnment. Lguipped with such information, the

intelligent, adaptive system could impruve the aoverall level of systen

performance. The first of these investigations examines the independence of

P300 related indeces of subjective probability and overt probability
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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 “he 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 Making. It 15 commonly assumed, in
the study of subjective probability (SP), that subjects' predictions of
future events accurately reflect the SP associated with these events. Yet,
evidence suqggests that overt predictions are determined by the operation of
two independent processes: the perception of probability and the complex
motivation and st.rategies 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. [t 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 motivational 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 straleqgy for maximizing payoffs was to




predict 1's and 3's in the AON condition and to predict 2's in the LIN

condition. Subjects were not inforued of the optimal strategies, but were
left to adopt whatever strategy they liked.

EEG was recorded frow Fz, (2, Pz,and 0z {referred to linked
mastoids) as well as £0G using a4 2.5 second time constant and upper
half-amplitude cutoff of 35 Hz. LEG and LOG were dijitized at 100
samples/sec for 128 points beyinning 100 msec prior to the presentation of a
number., Single trials containing excessive LOG artifacl were removed
off-line prior Lo averaying.

fRPs were sorted for dveraying on the basis of subject,
stimulus, electrode, and payoff condition. P300 amplitude was quantified by
removing the 100 msec pre-stimulus baseline from 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 on P300 amplitude did not significantly interact with the payoff
manipulation (F(2,30) = .237, p > ./9). This is shown in the right side of
figure 7. [t 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 P30U recorded at Pz were calculated for :
each subject, stimulus, and payoff condition and subjected to an ANOVA.

Although we made no predictions regarding P300 latency, the results of this

analysis were identical with the P00 amplitude analysis, i.e., P300 latency
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was significantly affected by stimulus probablility (F(2,30) = 19.155; p <
.0001) but this effect did not interact 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 dramatically in the two conditions. The averaye percentages for
predicting a 1, 2 or 3 are shown at the bottom of figure 9. Although
predictions varied, subjects were aware of the actual probabilities, and
their estimates, given at the end of a4 block of 100 trials, are shown dt the
top of figure 9. [t is clear from this fiqure that subjects were aware that
the probabilities were actually the Same in both conditions.

These results show that, under certain conditions, overt
predict ions and SP can be dissociated. P300, unlike predictions, reflects
stimulus probability consistently regardless of the payoff structure. We
conclude then that P300 provides a reliable neasure of SP when overt

predictions fluctuate.

2.2.2. P300 and Subjective Probability in a Learning 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. Averade event-related potentials (ERPs) elicited by the
subsequent presentation of the actual paired syllable varied with the
interaction of confidence and trial outcome. A Targer amplitude P300 was
elicited by syllables which informied subjects that they were correct when

they thought they were incorrect, than by syllables which confirmed

subjects' expectations., That this average FRP result was indeed an effect
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on P300 amplitude, and not an artifact of single-trial variabi1lity in P300
latency, was confirmed with a trial-by-trial latency adjustment procedure.
Consistent with findings from other tasks, P300 amplitude varied inversely
with the subjective probability of Lhe ERP-eliciting events.

From these results, it is plausible to envision dn adaptive
progranmed instruction course, in which difterent "branches" of a branching
program are taken given the computer's inference of tie subject's state of
knowledge of the material. Based on the assumption thal a correct answer
does not necessarily imply knowledge of the material, if the subject 1is
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 N2GJ. The P30G component
of the ERP elicited by unexpected task relevant events, is commonly 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 NZ200 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 cateyory violations

elicit an N200 even when judgments about category siembership 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).
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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 cither /%, .50, or .¢b. In a control series an
alphabetic character was presented and the subjects were to indicate whether
it was a prespecified letter. The LIG was recorded from Fz, Cz and Pz
(referred to linked mastoids), and digitized at a rate of 128 points/second.
Recording bandwidth was O to 35 tiz, with a 10 sec Lime constant. In all
experiments subjects responded by pressing one of two buttons and reaction
time was recorded. Rare events elicited a P300 component which was ost
prominent at Pz. In addition, a negative component with a latency of 300
msec 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 no-e 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, 60% of the stimuli belonged to the
same category of items, 20% were non-categury words, and 20% were non-words.
The instructions to the subjects did nol refer Lo the category/non-category
distinction; subjects were asked to indicate whether a word or a non-word
had been presented. Thus, the task required 4 lexical decision where both
category and non-cateqgory words called for the same overt response. The LLG
and the overt responses were recorded in the same manner as in [xperiment 1.

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

words. The L[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 frountal 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 wmodel of the enviroment,
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 [xperiments 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 tria)l 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 .50. The LRPs '
elicited at the frontal and central electrodes by the seventh word in the
two conditions were remarkably similar. A negative wave, very nuch 1ike

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

"inconygruous" termmination 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 the vocabulary of the tRP.  They
suggest applications to areas in learning where the subjects' knowledye of
category membership can be inferred withont the explicit requirenent of

task-related responses.

2.3. P300 Latency.

An important source of information in human engineering is the
latency or speed with which perceptual cdategorizations are made. Slower
perception, in a sense represents less efficient perfomiance, and system or
task characteristics that prolong latency should be avoided. Previous
studies in our laboratory have indicated that the latency of P30U is 1ndeed
sensitive to experimental variations in task difficulty, (Heffley, Wickens &
Donchin, 1973}, or prucessing complexity (Kutas, McCarthy & Donchin, 1977).
These investigations furthermore suydgest differences in processing latency
in P300 may reveal efficiency or prucessing changes that are upaque to

reaction time measures. The mental chrononetry of P30U and reaction time is

explored in the following experiment.

2.3.1. P300 and RT Latency. (Details are provided in
Appendix £, McCarthy & Dunchin, in press). In this experiment, subjects
performed a choice reaction time task, to the stimulus words “right" or
“Teft". The stimulus words were assiyned to responses in either 4
compat ible (respond with right hand Lo "right" and left to "left") or
incompatible reygime (respond with the right hand to “left" and left to

"right" respectively). In addition, stiuulus words were presented 1n either

a clear or 4 masked format. Reaction time was prolonged by both the
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incompat ibility 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. 1
The utility of P300 latency information 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 nore 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 then
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 i
without knowledge of their correctness. Those trials showinyg 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 367 error trials, 343 are correctly identified as errors on the basis
of the feature analysis.

The paradigm provides demonstration of how information
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.




24

2.4. Movement Related Potentials.

The ultimate goal of this research area is to deteraine the
relationship between movement-related brain potentials and voluntary
movements., Equipped with such inforpation, an intelligent on-line comput er
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.
Qur initial objective was to establish sowe 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 predoninately crossed pyramidal motor pathways and
contralateral control of movement, those persons who are inverted-writing
are hypothesized to have largely uncrossed pyramidal trdacts 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 analyziny the readiness potential in
subjects identified on the basis of handedness and handwriting posture. The
RP is a slow negative change in activity neasured at the scalp prior to the

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

sites over the notor cortex contralaterdl to the moving limb and is
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considered tu reflect the directiun uf cuntrol 1n the motor systest. In our
first experiment, three groups of eight males were used: one group of
noninverted-writiny) right-handers (RN), oune of nuninverted-writing
left-handers (LN), and vne of inverted-writing leti-nanders (L1). tach
subject was requirad to perfoni d self-paced unimgnual syueeze, the sub ect
squeezed a dynariom:ter 96 times with the lef. and rijht hand 1n sepdrdie
blocks of trials. Levy and Reid's riodel | redicls tha! noniaverted- writing
subjects will have contralaterally domnant Rbs, whereds 1nverted-writing
subjects will have ipsilaterally doantnant RPs.  fGur resyl*s revealed,
however, that in a | subjects, withou' exception, the P9 associated with the
self-paced squeeze was contralaterally larger. The inference drawn fruoo
this finding is thiat control of this moveitent oriyinates froc the wotor
cortex opposite the moving Timb in hoth noninverted- and 1nverted-writing
persons. Thus, ou~ data fail to support ievy and Rerd's nodel.

However, since Levy and Reid can be 1nterpreted as hypothesizing
ipsilateral contro! of handwriting wovements only, the failure to find
ipsilaterally domibant RPs in 1nverted-writing subjects producing a4 squeeze 1
is not refutation »f their model. C(onsequently, we conducted a second
experiment in whicy male subjects (4 BN, v [N, / Ll), wdentitied on the
basis of handednes; and handwriting posture were required o pertonn 4
number of unimanual self-paced movements. Lach subject wrote Lwo words,
“he" and "hand", connected dots either 1 or 2 inches apart, tlexed his
wrist, and squeeze! a dynamometer. [n all conditions but handwriting each

subject was tested with the dominant and nondominant hand. 56 trials were

performed in each :ondition.
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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 contralaterally doninant. 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 wovewments. Thus, although we did not find support for
the relationship between handwriting posture and ipsilateral control of
movement , 1ncluding handwriting, we did identify one subject who apparently
does have 11psilatlateral control of certain distal limb movements. We have
no ready explanation for this difference. A)l) subjects were chosen on the
basis of strict criteria: male, strongly dominant, use dortinant hand for
writing and throwing, and no fanily history of left-handedness.

Since the nunber of trials used in txperiment 2 was relatively
small, we conducted a third experiment in which subjects wrute "he” and
"hand", and perfurnied self-paced s.queezes with the left and right hands.
Jur data ayain farl to support the ltevy and Reid model. In this study, we
Hentified an inverted-weating right -hander (they dare rare, approuxingtely
e percent. of the coght -handed popal ot ron) and recorded the RP from thas
sabject o He, Yoo, orodaced contrataterally doningnt Ri's 1n each mnovenent
condition.

Inadibvon 0 testing the hy obthests suggested by the Levy and
Reld model, we are characterizing the act ivaty neasared at the scaly during
the executron of each of “hese various Noverents.  Srevious rescarch has
tocused on the rencgvient act vty however, recent work sugjest s tha

msitive yoing potent tals chdaracterize the soveaent period. e laborgtory,

however, reparts 4 Sun' a1ned negat iy rtty e oanssot gt ron with novenent
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(Grunewald, et al.). This negativity, called the yoal-directed novement

potential (GDMP), was reported in a movemnent toward the body's midline. The
positivivity reported by other investigators is seen during discrete
movements, such as finger flexions. Thus, we required that our subjects
perfarm both discrete and sustained wovients (e.q., squeeze versus
handwriting). Further, since there is evidence to suygest the lmb
movements toward tne body's midline dre cuntrolied by airfferent cerebrdl
mechanisms than are those away from the body's widline, we required that vur
subjects connect dots by moving either fru the outside dot to the inside
dot (toward the midline) or from the inside dot Lu the ovutside dot (dway
from the midline). The movement-related activity 10 all conditions except
that requiring movuinent toward the widline was positive yorng. During
movenment toward the midline, however, the activity was negdative going, like
that reported by Grunewald, et al. Since vur analyses ot these datd are not
coaplete, any conciusions are premature. Subseqguent tests of these various

moveinents are beiny conducted to see if the differences can be replicated.
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