U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

AD-A029 452

The Vocabulary of Brain Potentials:
Inferring Cognitive Events from Brain
Potentials in Operational Settings

Illinois Univ. at Urbana-Champaign

August 1976

~

s s B _— i " T T Y




S )

o
S
:
3
w

o RE

b
r

‘N-000-14-76~C-0002

=
%:Vf
e
.

3

.' THE VOCABULARY OF BRAIN POTENTIALS: INFERRING COGNITIVE EVENTS
FROM BRAIN POTENTIALS IN OPERATIONAL SETTINGS

— - - -4 Ay - - 3
" _< e - e b \ _ : .__.:__ R —— o '
b - - - - .1 ' “-

G\ «
b Department of Psychology
: m University of I1linois at Urbana-Champaign
1 "il 2\ Champaign, I11irois 61820
1 =
4 ! <r August 1876
': l Co;sab:;rmggﬁemiannual Technical Reports for
;:l Periods Terminating January 1, 1976 and July 1, 1976
B I Unclassified. Distribution Unlimited.
' Prepared for
' ADVANCED RESEARCH PROJECTS AGENCY
.: 1400 Kilson Boulevard
i I Arlington, Virginia 2220
] i " heprooucio Py o
b ' NATIC:{AL TECHNICAL
\ ' ! INFORMATION SERVICE .
( U 5 DEPARTMENT DF COMMLRCE
W - Y SPRINGFIELD, VA, 22161 -
, EHY G0 1o B does Bl
] - pesdt fuily lees it reproduction 9}\'




DISCLAIMER NOTICE

THIS DOCUMENT IS THE BEST
QUALITY AVAILABLE.

COPY FURNISHED CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




T

L2 ]

-

aw

.-

-8

an

«w

University of Illinois at Urbana-Champaign

Depariment of Psychology

THE VOCABULARY O BRAIN POTENT...S: INFERRING COGNITIVE EVENTS

FROM BRAIN POTENTIALS (N OVERATIONAL SETTINGS

Combining Semiannual Technical Reports for

Periods Terminating January 1, 1976 and July 1, 1976

Contract Details: Contractor Details:

Contract Number: N-000-14-76-C-0002 Name of Contractor: The Board of
ARPA Order Number: 3053 Trustees of the University of
Program Code Number: 6D20 Illinois at Urbana-Champaign
Date of Contract: 7-1-75 Principal Investigator:

Expiration Date: 6-30-80 Dr. Emanuel Donchin

Amount of Contract: $1,216,267 Phone: (217) 333-3384

Signature: E ; Dw C“\; n—

Emanuel Donchin
Professor

The views and conclusions contained in this document are those of the authors
and should not be interpreted as necessarily representing the official policies,
either expressed or implied, of the Advanced Research Fcojects Agency or the U.S.
Government.

[t




i

LE ]

.

SECU: . 1Y CLASYFICATION OF THIS PAGE (When Data Enternd)

REPCRT COCUMENTATION PAGE nep EAD IISTRUCTIONS

. REPORY NUMBER 2. GOVT ACCESSIOH NOJ| 3. RECIPIENT'S CATALOG NUMBER

N-000-14-76-C-0002

4. TITLE (and Subttile) 5 TYPE OF REPORT & PERIOD COVERED

THE VOCABULARY OF BRAIN POTENTIALS: INFERRING ANNUa
COGNITIVE EVENTS FROM BRAIN POTENTIALS IN Terminating 1-1-76 & 7-1-76

Semiannual Technical Reports

OPERATIONAL SETTINGS 8. PERFORMING OnG. REPORT NUMBER

7. AUTHOR(®) 8. CONTRACT OR GRANT NUMBER(s)

Emanuel Donchin N-000-14-76-C-0002
9. PER‘FORMING ORGANIZATION NAME AMD ADDRESS 10, :222ROA;‘OERLKESEINTTNPU‘LOBJ!EST TASK
Emanuel Donchin
NR201-195/05-06-75 441

Department of Psychology
University of I1linois. Champaign, IL. 61820

1. CONTROLLING OFFICE NAME AND ADDRESS 12, REPORT DATE

Defense Advanced Research Projects Agency July 1976
1400 Wilson Boulevard 3, [HURSHE O [RACES
Arlington. Virginia .2209 226
14, MOMNITORING AGENCY NAME & ADDRESS(H! difterent from Coatrotting Ollice) 15, SECURITY CLASS. (of thte réport)
ONR Resident Representative DO C9
University of Il1linois
Room 110, 55 E. Armory Street 15a, gg’sé.sjinglcAnou7novmam;;nmc

Champaign, TL 61820

16. OISTRIBUTION STATEMENT (of thie Feport)

Unclassified. Approved for Public Release. Distribution Unlimited.

17. DISTAISUTION STATEMENT (of the abzatrect entered In Block 20, tf diffsrsnt from Repori)

18, SUPPLEMENTARY NOTES

TS-;-EY WORDS (Continue on reveree elde If nsceseary and identtfy by block number)

Biocybernetics, Psychophysiology, Evoked Responses, Brain Potentials,
EEG, Human-Performance, Aircraft Controi, Computer Assisted Instruction,

CNV, P300.

20. ABSTRACT (Conilinue on reverae eide tf necaseasy and tderiify by Btock number)

This report outlines the experimental progress of the biocybernetics

Laboratory, and outlines directions of current and future research. The
separate components of the event related notentisl (ERP) are described,
emphasizing the efforts that have been directed towards identifying the
nature of the P300 component, and its relation to task relevance, event
expectancy, and information content. Also the ability to employ single trial

project in FY 1976, describes the facilities of the Cognitive Psychophysiology

3 1
DD . Foav 1473 EDITION OF | NOV 65 1S OUSOLETE /
S/N 0102-014-6601 |

JAN T

SECURITY CLASSIFICATION OF THIS PAGY (When Da‘a Fntered)



.

e

S N S A oy

S g

R

A

§-J

1

¥

— e ey

L |

B Rt L |

LLLUMITY CLASSIFICATION OF THI3 PAGE(Whan Dseta Entared)

[

extraction techniques for ERP classification utilizing discriminant analysis
is demonstrated. Experimental reports describing these research efforts

are included in a final section.

Finally, an outline of ongoing and proposed research is presented that
concerns application of ERP's to enhance performance in two applied contexts:
The man-machine system environment characterizing the multi-task structure
of the aircraft cockpit, and tine field of computer aided instruction (CAI).
In both settings, information provided by ERP's may supplement or replace
that provided by operator responses, and allow the computer to affect
adaptively the natur< of the man-computer interaction. In the cockpit
environment, the ERP can convey information concerning operator workload
and the allocation of attention between tasks. In the CAI environment
such information might concern the degree of learning of different items

in the instructional set.
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PREFACE

In this document we report on the progress of the first year of a five year

research program entitled "The Vocabulary of Brain Potentials: Inferring Cognitive

= &

Events from Brain Potentials in Operational Settings." This report combines the

two semi-~annual reports which concern the period July 1, 1975 to July 1, 1976.

$ot

During the first six months of the project much of our effort was devoted to the
design development and installation of the laboratory facilities described in
Section B below. It seemed, therefore, more appropriate to include a descripticn

iw of these physical developments with the detailed report of the scientific work con-
ducted during the remainder of the year.

The report is organized as follows. In Section A we present a narrative sum-~
m2~y of the proposed experimental program as well as a summary of the laboratory's
accomplishments during the reporting period. In Section B we present a detailed
description of the Cognitive Psychophysiology Laboratory. The development of this
unique resource has been supported almost entirely with funds provided under this
contract. In Sectinn C.l we discuss the manrer in which event related potentials
(ERPs) may be used in the enhancement of the performance of man-machine systems,
and outline our experimental plans. Section C.2 discusses in the same manner our
plans for the incorporation of the ERP channel in the Couputer Assisted Instructional
Environment. These two sections summarize progress we made this year in identifying
the framework for the use of Biocybernetic communication in operaticrnal environments
and in developing initial test environments fo- the efficacy of this channel. Fi-
nally, Section D incorporates a series of detailed reperts of experimental work com-

i pleted during the reporting period. The work desrribed is concerned with the

e elucidation of the vocabulary of the ERP and with the identification of ERPs at the

single-trial level.
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SECTION A

EXPERIMENTAL PROGRAM AND ACCOMPLISIMENTS

A.l The Research Plan

In a proposal we submitted to ARPA on April 4, 1975 we iutroduced our research

plans as follows.

Narrative Summary

A.1.1 Rationale

We have demonstrated that cognitive events can be inferred from cortical poten-—
tials which can be recorded through the scalp of intact, awake human subjects. Spe-
cific components of these event related poteutials (ERPs) have teen shown to be mani-
festations of such cognitive events as the preparation to perform a response, the
preparation to intake and process information, the registration of a surprising event,
or the processing of task relevant information.(l) W.th the application of powerful

(2)

analytical techniques, we have in the past few months been able to greatly refine
the resolution with wiich we can dissect the ERP into cognitively relevant components.(3)
We will refer to this phase of the work as the determination of the ERP vocabulary.

A brief summary of the availabie data on ERP components which are demonstrably
associated with cognitive events follows.

An ERP 1s a transient series of voltage fluctuations induced in cortical tissue
immediately following the occurrence of some critical inducing event. The ERPs can be
induced by a variety of events such as the presentation of a stimulus, the occurrence
of a resporse, a change in the rate of stimvlation, etc. The amplitude of the re-
sponse, as recorded from the scalp, is minute relative to the on-going brain wave
activity (EEG), and it is only through the use of signal-averaging techniques that
the waveform and characteristics of ERPs can be ctudied.

An ERP consists of a series of positive and negative peaks which continue for

about 500 msec. The waveform, i.e., the sequence and timing of positive and negative

peaks, depends on the eliciting event, on the state of the subject, and on the
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placement of the recording electrodes on the scalp. For any given set of conditions
ERPs are quite consistent between individuals, yet each individual tends to display
a characteristic wave pattern. In the few published reports of ERPs recorded from the
same individual over long periods the wave patterns proved remarkably stable.

Each peak-to-trough, or base-to-peak deflection appearing in the ERP at a con-
sistent temporal interval following the eliciting event is called a "component." Many
components are ''exogenous,' that is they represent the response of cortical tissue to
the arrival of sensory volleys as a result of the activation of a peripheral sense
organ. The exogenous components are often followed by what we shall call endogenous
components. These represent cortical information processing invoked by the psycho-
logical demands of the context in which a stimulus is presented rather than by the
physical properties of the stimulus. For example, we, and others, have shown that if
a stimulus provides task-relevant information to a subject the ERP elicited by that
stimulus will be characterized by a large positive going wave with a latency to the
peak of about 300 msec. We call this component P300.

With few exceptions, ERP components are 'abeled by a <character><number> designa-
tion. The character indicates the polarity of the component (P = positive, N = nega-
tive), the number refers to the modal delay between the eliciting event and the peak
of the component.

1. N100. Present in ERPs elicited by all stimuli of moderate and high intensi-
ties. Recent e¢vidence suggests that the amplitude of N100 is a function of
the degree to which subject is attending selectively to the modality in which
the stimuli are presented.

2. N19). This ERP component, studied in detail in our laboratory, seems to be
elicited whenever a rare, or unexpectad, event occurs. It is of particular
interest because it can be elicited by stimuli which are in fact in the
periphery of the subject's attention span. Due to the fairly recent discovery

of N190 the details of its relationship to psychological variables have yet

to be worked out.
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3. P300. This is the most robust of the endogenous ERP components. In more
than a ducade of research it has been recorded in many laboratories, in a
large number of situations. It seems to be most reliably recorded in associ-
ation with task-relevant, rare stimuli and seems to reflect in amplitude the
complexity of the information processing invoked by the stimulus.

4. "Slow Wave". We have established that the P300 component 1s often followed
by a slow potential shift which is affected by the same variables which are
known to affect the P300 except that it has a different scalp distribution.
Whereas P300 appears largely as a positive going potential peaking on the
parietal (posterior) scalp, the slow wave is positive going in parietal elec-
trodes and negative going in frontal electrodes.

5. The Contingent Negative Variation (The CNV). This wave precedes anticipated

events in response to which the subject will have to perform a demanding
motor, or mental, act. It is very reliably recorded during the warning inter-
val (foreperiod) in a reaction time task, in the form of a negative ramp
beginning about 400 msec after the warning stimulus and peaking just prior

to the response-commanding (imperative) stimulus.

6. "Readiness Potential" (RP). This is a CNV-like wave. It is distinct only in

the sense that it appears prior to self-paced voluntary i1esponses. Its
occurrence is independent of the presence of an eliciting, or a command
stimulus. The relationship between the RP and the CNV is a subject of much
active research and some controversy.

The determination of the ERP vocabulary consists of defining with ever increasing
resolution the specific psycholegical variables which determine the amplitude and scalp
distribution of these potentials. It is also necessary to develop techniques for
dissecting any given waveform into its constituent components. These have been the
main charges of our past research and we feel we made substantial progress. Speci-

fically, we have developed a powerful combination of Principal Component analysis and

e e T e
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«e analysis of variance which has enabled us to clarify the relationship between ERP

(4)

components.

Ac the known vocabulary of ERPs develops it becomes increasingly likely that the

ERP might play an important role in man-computer interactions. If the vocabulary can

kgl

: be '"understood" by a computer, and there is no doubt that it can, then an important

E . communication link can be established between the operator and his equipment. At

} least three advantages are apparent in such a communication channel.

1. As the ERPs seem to, at least in part, manifest events in the nonverbalized
substrate of cognition they may provide information which cannot be otherwise
communicated by the operator.

2. The immediate access ERP components provide into the subject's cognitive
world suggest that they might enhance communication speed.

3. The strong presumptive evidence that an individual's ERP is unique suggests
that these potentials might constitute an ongoing self authenticating com-
ponent of the communication process.

The project plan proposed here capitalizes on the success of the first two years
of our ARPA support and 1is designed to develop realistic implementations of biocyber-
netic communication systems in simulatz2d operational environments.

We see the following specific tasks.

a. Refine our present knowledge of the ERP vocabulary. Particular emphasis

will be placed on the newly discovered Ni90 and '"slow wave' components, as
i well as on consolidating our understanding of P300 as a measure of the feed-
back subjects derive from specific stimuli.
b. Test the utility of the well established vocabulary in enhancing performance
of operatore controlling complex devices (with our major model being the

aircraft cockpit).

c. Test the utility of the vocabulary in the Computer Assisted Instructior envir-

onment. Here the model will be the PLATO lesson and our goal the facilitation

of interaction between the student and the teaching console.

T TP IR, - — i Rl
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The major difficulty in developing the ERP as a communicatison channel is the
very low signal to noise ratio in the channel.(s) The ERPs are minute in amplitude
relative to the '"polyneurali roar'" or the ongoing EEG activity. In determining the
vocabulary, signal to noise ratios can be enhanced through the use of signal-averaging.
This technique relies, of course, on the repeated occurren:~ of the cognitive events
as well as on the computer's precise knowledge of their time of occurrence. While
this procedure is adequate for vocabulary identification it will not do for practical

communication in cperational environments. In these we must be able to identify the

occurrence of ERP components in the ongoing EEG activity immediately following single

occurrences of the specific rvents. The problem then becomes one of deveioping single-

trial signal extraction techniques (STSE).

6)

We have been developing STSE procedures for some time. Work conducted with
our present ARPA support indicates that Stepwise Discriminant Analysis (SWDA) proce-
dures allow correct classification of trials at a hit rate of 80 percent. This hit
rate is based on a crude application of SWDA. It is likely that STSE could be greatly
improved by combining data from multiple channels and by prefiltering the ongoing EEG
activity to eliminate energy in the "noise" bandwidth bef::e discrimination begins.
Development work on STSE could not begin in earnest prior to the identification of the
vocabulary and it is corntingent on computational power which will be at our disposal
according to present project plans. We intend to devote much effort to the single-
trial problem. The development of a STSE is contingent also on the development of
refined techniques to increase signal to noise ratio in the real-time evaluation of
performance. In fact, failure to "correctly" detect ERPs on single trials may often
be due to variability in the concomitant performance variables as much as it is due

to inherent '"nmoise' in the EEG. Thus the development of STSE techniques requires a
conjoint measurement of performance and EEG variables. We need techniques which lead

towards sufficiently accurate definitions and measures of single "performance" events,
P

which can then be correlated with their ERP ccunterparts. The investigation of this

B, el s Y
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problem and the development of such techniques will be directed by the Aviation
Research Laboratory. Both research piograms will be joined in an effort to improve
the real-time evaluatica of cognitive and behavioral events. All data collected in
all experiments to be conducted in the laboratory would provide a data base for the
development of STSE procedures. The operational environments in turn will be used

for specific demonstrations of these procedures as they emerge.

A.1.2 Research Plan

Three concurrent activity streams will be maintained during the next year.

a. The procurement and installation of hardware and software for recording ERPs
in simulacted cockpits and in a CAI installation.

b. Intensive development of STSE techniques and the implementation of at least
one demonstration in which a STSE is used in biocybernetic communication.

c. Continuation of work on vocabulary identification, using our existing
facility.

It should be emphasized that even though a major development effort will be re-

quired by activity stream a we plan to maintain a steady level of effort in the other

two categories. If the proposed personnel contingent is approved the installation of

the new laboratory can be accomplished with no reduction in our present rate of progress.
Moreover, we intend to support the use of our facilities by remote investigators as the

need arises.

Footnotes
(1) Gilden, L., Vaughan, H. G., Jr., and Costa, L. D. Summated human EEG potentials

with voluntary movements. Electroencephalography and Clinical Neurophysiol-

ogy, 1966, 20: 433-438.
Walter, W. G. Slow potential changes in the human brain associated with expec-

tancy, decision and intension. Electroencephalography and Clinical Neuro-

physiology, 1967, Suppl. 26: 123-130.
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motor potential. Electroencephalograpny and Clinical Neurophy. .ology, 1968,
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158-168.
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tic stimuli. Psychophysiology, 1966, 2: 187-196.
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and Clinical Neurophysiology, 1971, 30: 511-517.
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Clinical Neurophysiology, 1971, 31: 451-456.
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of the probability of event. Psychophysiology, 1971, 7: 385-394,
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firming and disconfirming feedback following an auditory discrimination.
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i Clinical Neurophysiology, 1970, 28: 146-152.

Hillyard, S., Squires, K., Bauer, J., and Lindsay, P. Evoked potential corielates

of auditory signal detection. Science, 1971, 172: 1357-1360.

(2) Donchin, E. A multivariate approach to the analysis of average evoked potentials.

IEEE Transactions, Bio-medical Engineering, 1966, BME-13: 131-139.

Donchin, E. Discriminant analysis in average evoked response studies: The study

of single trial data. Electroencephalography and Clinical Neurophysiology,

1969, 27: 311-314.
Donchin, E. Data analysis techniques in average evoked potential research. 1In

E. Donchin and D. B. Lindsley (Eds.), Average evoked potentials: methods,

results, and evaluations. NASA, SP-191, Washington, D.C., 1969, 199-236.

Donchin, E., Callaway, E. IIl, and Jones, R. T. Auditory evoked potential varia-
bility in schizophrenia. II. The application of discriminant analysis.

Electroencephalography and Clinical Neurophysiology, 1970, 29: 429-440.

Donchin, E., Kubovy, M., Kutas, M., Johnson, R. Jr., and Herning, R. Graded
changes in evoked response (P300) amplit.de as a function of cognitive

activity. Perception and Psychophysics, 1973, 14: 319-324.

Donchin, E. and Herning, R. A simulation study of the efficacy of stepwise
discriminant analysis in the detection and comparison of event related poten-

tials. Electroencephalogra,.y and Clinical Neurophysiology, 1975, 38: 51-68.




L

T T e

! (4)

(5)

(6)

e T R S TR T b ek b SRl e e

9

i (3) Donchin, E., Tueting, P., Ritter, W., Kutas, M., and Heffley, E. On the inde-

pendence of the CNV and the 2300 components of the human averaged evoked

potential. Electroencephalography and Clinical Neuroptysiology, 1975, 38:
449-461.

Squires, K., Donchin, E., Herning, R. I., and McCarthy, G. On the influence of
task relevance and stimulus probability on event-related-potential components.

Electroencephalography and Clinical Neurophysiology, 1976, in press.

Donchin, E. A multivariate approach to the analysis of average evoked potentials.

IEEE Transactions, Bio-medical Engineering, 1966, BME-13: 131-139.

Donchin, E., Tueting, P., Ritter, W., Kutas, M., and Heffley, E. On the indepen-
dence of the CNV and P300 components of the human averaged evoked potential.

Electroencephalography and Clinical Neurophysiology, 1975, 38: 449-461.

Squires, K., Donchin, E., Herning, R. I., and McCarthy, G. On the influence of
task relevance and stim:lus probability on event-related-potential components,

Electroencepnalography and Clinical Neurophysiology, 1976, in press.

Geisler, C. D. Average response to clicks in man recorded by scalp electrodes.

MIT Research Laboratory of Electronics, Technical Report, 1960.

Donchin, E. Brain electrical correlates of pattern recognition. In Signal

Analysis and Pattern Recognition in Bio-Medical Engineering, (Inbar, G., Ed.).

John Wiley, 1975, 199-218.

Donchin, E. Discriminant analysis in average evoked response studies: The study

of single trial data. Electroencephalography and Clinical Neurophysiologz,

1969, 27: 311-314.
Donchin, E., Callaway, E. III, and Jones, R. T. Auditory evoked potential varia-
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Donchin, E. and Herning, R. I. A simulation study of the efficacy of step-
wise discriminant analysis in the detection and comparison of event

related potentials. Electroencephalography and Clinical Neurophysiology,

1975, 38: 51-68.

A.2 Summary of Accomplishments

The following summarizes the results of the research conducted during the report-
ing period in this laboratory with the support of Contract #US Navy W00014-76-C-0002 en-
titled "The Vocabulary of Brain Pctentials: Inferring Cognitive Events from Brain
Potentials in Operational Settings." Most generally stated we have:

1. Greatly expanded our knowledge of the P300 component of the
human event related brain potential (ERP), to the extent that
we now have a fairly good understanding of the variables
which control P300 amplitude and latency. Thus, strong infer-
ences can now be drawn from this ERP component about an oper-
ator's cognitive activity. More limited conclusions were
developed with respect to other elements of the ERP vocabulary.

2. Demonstrated conclusively that P300 can be detected without
recourse to signal averaging using stepwise discriminant
analysis.

3. Developed the paradigms in which the utility of a biocybernetic
communication channel could be evaluated within a pursuit track-
ing environment and within the CAI environment. :aitial experi-

mentation in both environments has been concluded.

These general statements are based on the following results:

A.2.1 ERP Vocabulary Elaboration

In reviewing the following results the reader should keep in mind that all per-

tain to the ERP elicited by task-relevant stimuli. The same sequence of phycical

T -~ ot s i
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stimuli presented to the same subjects while they perform tasks to which the
stimuli are not relevant fail to elicit a P300. It is this sensitivity of P300 to
degrees of task relevance which implies its putential utility in the Biocybernetic
applications we plan for FY 77 and the following years.

a. We have discovered thai the amplitude o! P300 is exquisitively sensitive
to momentary variations in a psychological variable we choose to call "expectancy."
We have demonstrated that the "expectancy” of an event varies as a function of three
variables, the number of like events occurring in the recent past, the specific
structure of the precedirg series of events and the a priori probability of the event.
Using a mathematical model based on these assumptions about expectancy we can explain
80% of the variability of P300. Specifically, the more "unexpected" an event, the
larger the amplitude of P300 it elicits (Squires, Wickens, Squires & Donchin, Science,
in press; see also Section D.1).

h. We have shown that the relation between P300 and expectancy is independent
of the modality of the stimulus used to elicit the P3J0 at least when we use visual
and auditory stimuli (Squires, Petuchowski, Wickens & Donchin, in preparation*).

¢. We completed a parametric study of the relationship of P300 to the a priori
probability of an event. The data confirm the results described in (a) above and

establish that the relation of P300 to expectancy holds over the entire range of a

priori probabilities from 0.10 to 0.90. Furthermor~, the data support the assumptior
made in our model that the effects of a prior: lity and of sequential constraints
interact in an additive manner to determine the plitude of P300 (Duncan-Johnson &

Donchin, in preparation).
d. We investigated ERPs elicited by compound stimuli, that is by simultaneously
presented auditory and visual stimuli. This study enabled an analysis of the behavior

of P300 when stimuli deliver redundant and non-redundant information. The data

*
Manuscripts are cited as being in preparation when drafts are ready for internal

review.
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suggest that it 1s possible to infer from the amplitude and latency of P300 to
which element of a stimulus compound a subject is directing attention (Squires, N.,
Squiree, K., Donchin & Grossberg, submitted for publication; Section D.2).

e. As P300 seems to be enhanced by stimuli which resolve the subject's uncer-
tainty, it was important to determine if resolving temporal uncertainty (i.e., deter-
mining when an event will occur) is as effective as resolving event uncertainty
(determining which event will occur). We completed a study which demonstrated that
P300 is not affected by temporal uncertainty (McCarthy & Donchin, in press; Section
D.3).

f. We have begun to investigate the role of the feedback value of stimuli in
determining P30C amplitude. When a stimulus which serves to indicate to the subject
whether or not he has pefformed some task correctly elicitsa P300, it turns out that
the amplitude of P300 varies with the difference between the intensity of the stimulus
which indicates to the subject that he performed the task correctly and that which
indicates errors. The bigger the intensity difference between the "correct" and
"error'" indicators the larger the P300 elicited by these stimuli. These data suggest
that the utility of a stimulus in a feedback loop affects the amplitude of P300.

g. We have shown that P300 latency is determined by the duration of the cogni-
tive activity.required of the subject before he can correctly categorize the eliciting
event. This result is very important. It establishes that the "late positive
components' whose latency may range from 300 msec to over 600 msec after the physical
eliciting stimulus are all instances of the P300 component. This experiment was also
important in demonstrating that different physical stimuli which belong to the same
semantic cateéory can elicit the same P300, if the subject performs the same cognitive
operation on the stimuli (Kutas & Donchin, in press; Section D.4).

h. An important aspect of the data obtained in all the experiments described
above 1s that in all cases P300 shows the same scalp distribution, with a maximum over

the parietal lobe ("association cortex"). Analysis of the scalp distribution of ERP
P P
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components is emerging as a major tool in the interpretation of the data.

i. We conducted a detailed analysis of the degree to which slow negative pre-
paratory potentials will show a differential distribution over the two hemispheres
as a function of the nature of the processing required of the subject (verbal vs.
spatial tasks). We do find su-h lateralization of the preparatory potentials. How-
ever, it occurs only when the Processing demands vary from trial to trial. No changes
are observed when the processing demands are uniform over the trial. Our data sug-
gest that the lateralization of the potentials changes in the amplitude of the poten-
tiale recorded over the left hemisphere rather than reciprocal changes in the acti-
vities of both hemispheres (Donchin, Kutas & McCarthy, in press; see D.5).

}. In a detailled analysis of all ERP components elicited during a categoriza-
tion task we have been able to dissociate clearly two additional endogenous components
of the ERP, the N200 and the Slow Wave. These data confirmed and clarified reports
from other laboratories. The N200 component promises to allow monitoring of fluctua-
tions in the focus of attention (Squires, Donchin, McCarthy & Herning, in press; see

D.6).

A.2.2 Single Trial Analysis Techniques

a. Sixteen subjects were presented with a series of tones, each tone either
1000 Hz or 1500 Hz. The a priori probability of the 1500 Hz tone was 0.10. These
rare tones, elicit, of course, a P300. When these data are used to develop for each
subject, a discriminant function we find that we can classify correctly over 80% of
the individual stimuli obtained from each subject (Squires, Donchin, in press; see
D.7).

b. The generality of the discriminant function was evaluated by developing a
cross-subject function using the data from all subjects and testing this function both
on the data of each of the 16 subjects and on data obtained from seven new subjects.
In all cases the classification performed quite well, percentages of correct classifi-~

cations ranging from 64 to 77% (see D.7).
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c. While an 80 correct classification rate is remarkable we pursued the possi~
bility that the "misclassifications" reflect real changes in the subject's response
to the external stimulus. The search led to the discovery of the dependence of P300
on the sequence of preceding stimuli (A.2.la). We then conducted a study in which the
a priori probabilities of the two stimuli were equal. The discriminant functions are
now developed on the basis of the two extreme expectancy conditions (that is, we dis-
criminate between all stimuli preceded by four identical stimuli and all stimuli pre-
ceded by four different stimuli). This classification in terms of expectancy appears
to identify correctly the expectancy associated with each stimulus in the sequence.,
This study demonstrates that single trial identification of the subject's cognitive
response to the stimulus is feasible.

d. We have shown that discriminant functions developed on the basis of auditory

sequences can be successfully applied to visual stimuli and vice versa.

A.2.3 Operational Environments

a. Two studies were completed, each using six subjects, in which ERPs were re-
corded while the subjects performed a pursuit tracking ta<k. The difficulty level of
the tracking was systematically manipulated. The experiments helped to identify tne
problems encountered during such tests. Most of the problems have by now been solved
and systematic experimentation has begun. The data obtained in the first two experi-
ments are inconclusive and indicate several sources of uncontrolled variation in
subject motivation and performance which have been corrected. The data, however, do
indicate that ERP waveform changes with subject's task load. However, the patterns
varied from subject to subject. In an attempt to force a more uniform strategy on the
subjects the experiment has been redesigned using compensatory rather than pursuit
tracking tasks.

b. Several experiments were conducted in which ERPs were obtained from the
subject interacting with a Plato terminal. Again the problems associated with record-

ing in this complex eunvirorment have been identified and many were solved. These
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studies have led to the selection of the Drill and Practice paradigm ac the proto-
typlcal CAI task for testing the efficacy of the biocybernetic channel. (Drill and
Practice 1is the set of procedures whereby a student is helped in memorizing lists of
items.)

In summary then, we have been successful in our pursuit of the vocabulary of
ERPs and in developing the techniques for real time use of the endogenous ccmponents
of the ERP. In addition, at the end of this first year of the project we completed
on schedule the development of the facilities for studying ERPs in semi-operational
environments and are already deep into the experimental phase of this aspect of the

program.

A.3 Analysis of Milestones

We list here the project's milestones as outlined in the original propcsal for
the reporting period and review the exten* to which we attained each.
Milestones

July 1, 1975 - Issue formal purchase orders for all required equipment.

Done.

- Install Plato terminal and begin ERP recordings.

Done.

September 1, 1975 - Begin recording ERP in Aviation Research Lab's GAT-2

Simulator.

The feasibility of such recordings has been es-
tablished. However, due to the cost involved 1in the use
of the GAT-2 and other ARL facilities it was decided to
restrict all experimental activity to the premises of the
Cognitive Psychopnysiological Laboratory during the first

two years of the project.
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id - Complete study of Cross-modal P300 as well as CNV-RP

T studias. Submit for publication.

L1
Done.

I - Provide on-line demonstration of the feasibility of

single trial techniques in the detection study.

;I Done. We used the "odd-ball" paradigm instead of the
- detection paradigm.

- Complete installation of all lehoratory equipment system.

-

Begin software installation.

xw

Done.

i December 1, 1975 - Complete installatiun of 11/70 system.

Done, except that instead of the 11/70 we acquired
and installed the Harris Slash 4 (to be replaced by a
Slash 7 in August 76).

- Complete first ERP/tcracking study.

Done.

April 1, 1976 - All 4 computers in the network fully implemented and

interconnected.

Partially done. All computers are functioning. The
computers are also interconrected using 300 baud lines.
The DECNET software, however, was delivered by DEC in
e May, 197¢ (8 months behind scheduls} thus the full
implementation of an online network has been delayed
and is now scheduled for September, 1976.

- Connection to ARPANET complete.

It was decided not to connect the laboratory to the
. ARPANET. The Harris' computational power made us fairly

e independent of off-site computers.

Ak 4
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- Specification of CAI-ERP studies completed,

Done.

At least 4 ERP vocabulary studies submitted for publi-

caticn.
Done.

PDP 11/70 and rest of network used in at least one on-

line experiment.

Awaits installaticen of DECNET. However, ali links in
the chain on each of the networks components is now
fully functional.

Standard procedures available for all ARPANET data

storage and data analysis.

Implemented on the Harris.

STSE procedures standardized for rest of project.

Partially done.

ARL recording techniques fully developed. At least

sne ERP experiment completed at AR..

Postponed. Budget does not permit and project needs
do not justify use of simulator. These activities are

now scheduled for FY 78. Note that ARL personnel are

actively involved in project and in experiments at CPL.
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SECTION B

THE FACILITIES OF THE COGNITIVE PSYCHOPHYSIOLOGY LABORATORY

B.1 Introduction

The Cognitive Psychophysiology Laboratory (CPL) is dedicated to the study of
electrocortical, and other psychophysiological, manifestations of cognitive processes.
The Laboratory's primary interest is in elucidating the functional significance and
physiological basis of such endogenous components of Event Related Brain Potentials as
P300 and the CNV. This interest is expressed within the framework of an attempt to
develop Biocybernetic man-machine communication channels which by enriching the infor-
mation aveilable to a computer-driven system about its operators, may enhance the
performance of the system.

The Laboratory's main source of support is the Uybernetic Technology Office of
the Advanced Research Projects Agency of the Department of Defense. The CPL's con-
tract with ARPA is one >f several contracts which ARPA's Biocybernetics Program,
managed by Dr. Craig Fields, has awarded to investigators in universities and o:her
Lesearch organizations. In addition to its own research program, the CPL serves to
test the applicability of findings developed by other investigators in the simulated-
operational environments it has developed.

The CPL 1is directed by Professor E. Donchin and its scientific staff consists
=i collaborating faculty members, post-doctoral Research Assoclates and graduate
students. These are aided by a technical support staff of engineers, programmers,
technicians and secretaries. The Laboratory is fully integrated in the Department of
Psycholngy of tlie University of Iliinois. Appointments at the Laboratory at all

levels are made through the Department and all personnel must meet the Department's

acceptability criteria.
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B.2 Description of Facilities

B.2.1 General

The Cognitive Psychophysiology Laboratory occupies aver 3500 square feet in the
Department of Psychology's building. The building, opened in 1969, has been well
designed to meet the needs of research in Psychology. There are extensive shop facili-
ties, a good animal colony, computer facilities with easy access for data paths from
all parts of the building and good control over illumination and other environmental
conditions. The lahoratory wing is exceprionally free of electrical and elec.rostatic
noise, easing the burden of the psychophysiologist.

The Department of Psychology has been generous to CPL in allocating both labora-
tory and office space. Cramped but adequate office-space is available for the entire
staff and for data-storage and data-analysis. The laboratory space houses the CPL's
Harris Slash 7 computer, three computer-based laboratories and such auxillary services

as a shop and a computer t-imir il room.

B.2.2 The Network: OQverview

The functional organization of the laboratories is shown in Figure 1. A Star
network of computers supports the laboratories. At the center of the star is a PDP
11/40 computer whose prime finction is to manage the operations of the Network. This
computer is referred to as t%= Front End (FE) and is driven by the RSX11D/DECNET
package supplied by Digital Equipment Corporation. Through the services of DECNET
it interconnects the three laboratory computers with each other, and all three with
the Harris Slash 7. [Note: While all components of the Network are operational when
this 1s written (7/1/76), the DECNET software has been installed but the Harris - DEC
interface is yet :0 be completed. Implementation is underway and the Network is
expected to be operational by Sept. 30, 1976.]

One of the four outer points of the star is the Harris computer. This is a "Midi"
computer, fully described below, which can support most of the data reduction and

data pcocessing needs of the Laboratory. This it can do both for previously acquired
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data or online through the Network.

At the other three ncdes are three computers, each supporting a Psychophysiolo-
gical Laboratory. These use a PDP11/40 (GT44) supporiing a Human Performance Lab, a
PDP 11/10 (GT40) which is attached to PLATO, the University of Illinois' Computer
Assisted Instruction System, and a PDP 8/e which supports both a standard experimental
psychclogy lab, and a facility for studying the relation between cortical activity

and motor behavior in humans.

B.2.3 The Laboratories

B.2.3.1 General Features

All three labs share the following features:

(a) All experimental control and data acqusition are under computer
control.

(b) The laboratory computer can support a moderate degree of on~line
data analysis and extensive information on the progress of the
experiment can be provided on~line to the investigator.

(c) Experimental control, data~acquisition and on-line feedback are
all controlled by Fortran-callable assembler subroutines. Thus
while the computer's speed aind power can be applied to its tasks
the investigator r_ed program in FORTRAN only.

(d) Data acquisition is all-digital. Both raw data and processed data
are stored on 9-track, induitry compatible, magnetic tapes during the
experimental sessions. (Analog data recording is still required in
the 8/e supported laboratory. This lab will be converted to all-
digital operation in 1977.)

(e) Each laboratory has the following components:

(1) Stimulus generation and response~-logging equipment.
(2) Psychophysiology recording system (mostly for F&G).

(3) A computer.

i i g, 1> : y i
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(4) Experimenter display and control station.
The following sections will briefly describe each of the three laboratories.

B.2.3.2 The Human Performance Laboratory

A detailed block diagram of the lab is shown in Figure 2. At the core of
the lab 1s a GT44 computer system. This is a PDP 11/40 with a special display pro-
cessor (VT17). Notable is the extensive configuration of this GT44. It is equipped
among other things with memory management, 54K of core, 2 disks and 2 tape drives.

A wide range of stimulus generating equipment driven by an Iconix system is available
(e.g., a 4 field Tacnistoscope, tone generating equipment, etc.). In addition, a
Megatek display is used in generating a tracking display. Targets following fairly
complex paths are generated on an oscilloscope screen and the subject can control

the screen display via a joystick according to the experimenter's instructions.

As an example of the laboratory's capacity we describe one of our current
experiments: Subject is performing a two-dimensional tracking task. The target
is driven by the computer which also monitors the subject's joystick. The target
behavior is changed adaptively, on-line, to achieve a prespecified performance level
by the subject. While tracking the target the subject is presented with a series of
tones, each of which may be either high (1500 Hz) or low (1000 Hz), acrording to a
computer determined random schedule. The subject's EEG is digitized continuously from
12 electrodes. Epochs of EEG Just preceding and just following the tones are stored
on digital tape. These same epochs can be displayed to the investigator. At the
same time the average event rela’«d potential is computed, stored on another digital
tape and may be displayed to the investigator. A record of the subject's performance
both on the tracking task and on a secondary task associated with the tones is also
kept on tape. A summary of the session results can be printed out. At anytime during
the session the investigator can easily change any of the parameters controlling the
experimenter.

B.2.3.3 The PLATO Laborate .y

A block diagram of the laboratory is shown in Figure 3. The figure shows
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the final configuration of this lab which should be completed by September 1, 1976.
A more limited configuration is currently in use.

The laboratory is based on a GT40 (which is an 11/10 with a display pro-
cessor), with 16K of core, a disk and one digital tape deck. Its mode of operation
is much like that of the Human Performance Lab with the limitations imposed by its
smaller configuration.

The laboratory, however, is unique in that it serves as an intelligent
terminal for the PLATO system. Its intelligence extends to the capability of record-
ing psychophysiological responses associated with any specific event or class of
events in the PLATO lesson. The access to PLATO provides a unique opportunity to study
the psychophysiology of the instructional process. In addition, PLATO's extensive
computing power coupled with its rich graphic display capabilities provide the user
with unprecedented power to design complex experiments in human information pProcessing.

It should be noted that an as yet unrealized benefit of the PLATO connec-
cion is that it provides users of the PLATO network direct access to our network.

As any PLATO terminal can communicate with any other terminal, remotely located
terminals can be provided with full access to the CPL's own n-twork (albeit at speeds
not exceeding 300 baud).

In a typical experiment the subject will be progre:.ing through a PLATO
drill and practice lesson. The sequence of PLATO material is intercepted by the GT40.
This allows tighter control of the timing properties of the display. Moreover, the
GT40 can initiate PLATO-related digitizing of EEG in relation to either stimulus or
response events in the lesson. The data are displayed to the investigator and/or
processed and stored for further analysis. |

B.2.3.4 The Moter Performance Laboratory

A block diagram of this laboratory is shown in Figure 4. The central com-
puter is a PDP 8/e with 16K of core, one disk and assorted peripherals. This labora-

tory is also equipped with a Hewlett Packard 3955 14 channel FM tape recorder. All
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data are recorded on tape and digitized off-line on an IBM 1800 in the Psychology
Department's computer facility. We plan to upgrade the system during 1977 to allow
digital recording of the data. This will be done either by adding equipment to the
PDP 8/e or by replacing the 8/e with another fDP 11.

The lab is equipped with a 3 field Iconix T'scope, and the usual array of
tones can be generated. A unique feature is a bimanual electronic dynamometer with
which the force exerted by isometric movements of the subjects can be measured with
considerable precision. The PDP 8/e is equipped with an interface to the PLATO ter-
minal which allows the terminal's digital output to trigger actions by the computer.
A limited range of PLATO related experiments can be conducted in the lab.

A typical experiment has the subjects Squeeze one or the other of the dynamometers
with the right or the left hand. Scalp potentials associated with the movements are
digitized online by the PDP &/e and the averages are displayed to the investigator.
The EEG is continuously recorded on the FM tape in conjunction with event labeling
pulses. The data are subsequently digitized and averaged on the IBM 1800 and the
Harris computer.

B.2.4 The Harris Slash 7

The data acquired by the three laboratories is processed by this computer, a
block diagram of which is shown in Figure 5. This 24 bit computer is equipped with
three tape drives, two 80 MB disk drives and a 1.7 MB fixed head disk. Large data
bases can be kept on the disks for analysis. The Harris can execute fairly elaborate
statistical programs. We have, for example, implemented several programs of the BMD
package, including the Principal Components Program (BMDO8M) and the Stepwise Dis-
criminant Analysis Program (BMDO7M). Both are applied to data bases consisting of
hundreds of 80-150 element veziors. The Harris can execute programs requiring up to
256 K words by utilizing !ts virtual memory feature. It can, in fact, execute
several such programs in parallel.

Most of our work is done in FORTRAN, though the Harris supports BASIC and SNOBIL

s i i 2 Ll b L
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as well as RPG. 1Its VULCAN operating system includes several important utilities,
such as a SORT/MERGE package and a full accounting system. VULCAN has combined time-
sharing and Batch capabilities, and the system can be accessed via 7 time sharing
ports, three of which are available to remotely located investigators through Dial-
in lines.

In addition to the BMD programs we have already implemented on the Harris a Time
Series analysis package and a FORTRAN callable version of SOUPAC, the University of
I1linois statistical analysis package. A variety of programs are also available for
managing psychophysiological data bases. A measure of the system's power is the
fact that it currently supports almost the entire data processing needs of the Cogni-
tive Psychophysiology Laboratory. These needs were previously met by the Computer
Services Office at Illinois and the CCN facility at UCLA. [Please note that while
this section refers to the Harris Slash 7, we have as yet a Slash 4 only. This
machine is substantially slower than the Slash 7. The Slash 7 will be delivered in
the next couple of months.]

As soon as the link via DECNET is established between the Harris and the labora-
tory computers network, data could be streamed to the Harris during an experimental
run. This will be done if, and when, data processing at a level exceeding the capa-
city of the PDP 11 will be required to determine the course of an experimental run.
Thus for example, the Harris may be called upon to develop a discriminant function
to be used during an experiment, to estimate the parameters of an adaptive filter, or
to perform the computations required by the more complex displays.

In addition to its role as the prime number cruncher for CPL, the Harris will
support a wide range of ancillary activities. We ordered an Imlac PDS-4 graphics
terminal to allow interactive examination of the ERP waveforms. A Houston plotter is
already on site. Other activities may rarge from manuscript preparation to biblio-

graphic services.
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SECTION C
THE USE OF EVENT-RELATED~POTENTIALS IN THE ENHANCEMENT

OF MAN-MACHINE SYSTEM PERFORMANCE

This section presents our current thinking on the manner in which a Biocybernetic
communication channel can be incorporated in a man-machine system to improve system
performance.

The enhanced understanding of the ERP vocabulary cogether with the improved
ablility to read the vocabulary on single trials enables an acceierated exploration of
the applications of the vocabulary in man-machine interactions. Two avenues of appli-
cations emerge from the present research. One related to the evalua“ion of operator's
workload, task difficulty and spare capacity by using probe stimulus techniques and
secondary task paradigms. This application is thoroughly discussed in Section C.1,
together with a description of our preliminary experiment using a tracking task.

We also plan to pursue the enhancement of performan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>