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FOREWORD

This Annual Report presents the accomplishments during the

period of 1 June 1972 to 31 May 1973. The principal investigator is

Dr. D. C. Lai and co-principal investigator is Dr. T. Kailath. Since

the beginning of this project, it has been the result of the collabora-

tive efforts of many individuals. Most of the staff members contri-

buted in the writing of this report.
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Biocybernetic Factors in Human Perception and Memory
Abstract
This project is concerned with the application of biocybernetic

concepts to the problems of expanding human memory, In~particu1ar,‘the

goal of thtﬁfresearch is the enhancement of visual imagery as far as
possible in the direction of photographic memory. Scanpaths of the eye
during inspection of visual targets are treated as indicators of the
brain's strategy for the intake of visual information.” This research
will determine the features that differentiate scanpaths associated
with superior imagery from scanpaths associated with inferior imagery.
Similarly,'{he features correlated with superior imagery wiill be
differentiated from those correlated with inferior imagery. A computer-
ized biocybernetic scheme will be-implemented in an attempt to generate
image enhancement and to train the individual to exert greater voluntary
control over his own imagery. _In this report, we give an account of
our accomplishments in developin}‘and implementing the necessary
techniques for the realization of the biocybernetic scheme.

The implications of this project for the Department of Defense
arise from the possibility of devising new and umi.sual techniques that
will permit the development of stronger imagery in men with normal
memories. Since it is definitely an asset for the military man to have
the ability to absorb information rapidly and to retain it intact for
long periods of time, this project will attempt to intensify the post-

stimulus imagery as far as possible in the direction of photographic
memory--and to search out those features of successful recall strategies
so as to enhance the individual's power of redintegration.
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I. INTRODUCTION

This research project is concerned with the development of the
biocybernetic concepts and techniques needed for the analysis and
development of skills useful for the control and enhancement of human
memory functions, particularly those related to the "eidetic" images.
Specifically, we are concentrating on the problem of achieving bio-
cybernetic expansion of human visual memory through the use of real-
time computerized monitoring and feedback of cues that serve as keys
to memory encoding and retrieval. This approach is based on the
observation that the human nervous system depends heavily on spatial
and temporal cues both in the encoding and retrieval of memories,
especially sensory images.

Our plan is to develop and implement techniques for real-time
monitoring and prediction of central nervous activities through the
electroencephalographic signals and through the tracking of eye move-
ments and eye fixations. We shall use these techniques to determine
the temporal and spatial cues that serve as keys to human memory
encoding and memory retrieval by tracking of brain states and eye
positions. This inforination is then utilized for arranging the desired
coincidences between various brain states, eye positions, and the
delivery of visual stimulation. The visual stimuli are to be pres ~d
in complex tachistoscopic batteries or screens for either monopic or
dichopic viewing. The eye mcvements and eye positions are to be
measured by a unified system so as to obtain their optical and electro-
physiological characteristics. The brain states are to be monitored
through the EEG signals. Combining these real-time monitoring and

1
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predicticn techniques with a feedback scheme to close the control loop;
we expect to obtain greater control of image persistence and image

dissipation. In other words, we strive to use the computer system to

supplement and strengthen those deficiencies in human memory that

ordinarily result in image dissipation, We are assuming tentatively

that a superior pattern of visual inspecticn that results in a superior
memory is more consistent and also less probably of natural occurrence
than & visual inspection strategy that is less consistent. Through the

use of real-time computer guidance, we shall attempt to steer the sub-

ject toward improved encoding and decoding stratugies for memcry. In
h this report, we shall describe our accomplishments in designing,
developang, and implementing the techniques for reaching these goals.
The general schemes are described in the next section.

We chose a PDP-15 computer system manufactured by Digital Equipment
Corporation (DEC) for its unique capabilities suited to real-time data
acquisition and processing for the realization of our schemes and
algorithms. A major effort was devoted to bringing up this new PDP-15
computer system to full operational status. This required staff

familiarization with the computer as well as the design and implemen-

tation of assorted hardware, mainly for interfacing wvarious laboratory
instruments. The computer system is now being fully utilized for data
acquisition, data analysis, and further software development. Several
experimental programs and general graphics software have been completed.
These are described in Section 1II.

A real-time monitoring technique for EEG signals is described in

Section IV. Our work on the measurement and tracking of eye movement

T T T ki R N TR T
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is presented in Section V. Conclusion and future plans are made in
Section VI,

The significance of this research project for the Department of
Defense resides in the possibility of devising new and unusual tech-
niques that will permit the training of stronger imagery in persons
with normal memories. Since it is definitely an asset for the military
person to have the ability to absorb informstion rapidly as well as to
retain it intact for long periods of time, tais project attempts to
intensify the post-stimulus imagery as far as possible in the direction
of photographic memory--and to iaentify and seek out those features for
successful strategies of retrieval 10 as to enhance the redintegrative

power of the individual.




II. DESCRIPTION OF GENERAL SCHEMES

Eince this project is concerned with the development of trhe bio-
cybernetic concepts and techniques necessary for the analysis and
training of skills useful for the manipulation and control of the
concrete ("eidetic") images, we plan to concentrate on those aspects
of concrete memory which could be expected to make a substantial
contribution to practical volitional memory if they can be brought
under stronger individual control. It is imperative for us to develop
for analyzing some of the basic strategies used 'n superior memorization
and to compare them with strategies which result in an inferior
mnemonic product. This would involve the use of advanced signal
processing schemes, pattern recognition concepts, real-time monito:ing
and prediction, and advanced electronic devices to effect the control
of stimulus and response variables in real time. Using these tech-
niques, we expect to generate frequent and sustained combinations of
stimulus-response relationships which have a low probability of natural
occurrence. Our general scheme can be divided into three major areas:

(1) To develop and implement techniques for real--time monitnring

of centra’ nervous activities via the analysis of electroencephalo-

graphic signals and thus to determine the optimal times for the

presentation of sensory stimuli.

(2) To develop and implement techniques for real-time monitoring
of eye fixation and eye movement and thus to determine in the

visual field the optimal location for sensory stimulation during

impression and recall.




(2) To develop and implement techniques for feedback of the
temporal and spatial information to produce the most effective

stimulus-response relationships during impression and recall.

The first tw~ basic areas necessitate the use of advanced signal
processing and pattern recognition schemes. The last involves the use
of cybernetics. All of them require real-time monitoring and pre-
diction, and the use of advanced electronic systems. The following
schemes are to be implemented.

Denote the sequence of parameters of interest measured or observed
at time instants tl, t2' oo tn by Yl, Yq, oo .,Yn which are
vectors. These vectors represent the parameters derived from EEG

signals or eye-position or eye-movement measurement, For instance, in

the case of eye-position imeasurement, we have

Y1

Y = (11.1)
n yz

n
where (yl) and (y2) r2ncte the horizontal and vertical coordinates of
n n

the eye position at the .ime tn; in the case of EEG signals we have

n
You = fn (11.2)

¢
n

where An' fn’ and ¢n signify the amplitude, frequency, and phase,
respectively. Let Xl, Xz, Mol R xn-l' Xn, « +« « be the sequence of
the true parameters desired to be estimated or predicted. It then

depends on the measurement instruments that Yn may relate to Xn in the

following ways:




Mxn + Nn (I1.3)

Mnxn + Nn (11.4)
. F[Xn, tn] + N (11.5)
where Nn representing measurement errors and noises introduced is
random in nature. The first expression shows that Y“ related to Xn by
a linear transformation as specified by the matrix M and an additive
observation or measurement error term symbolized by Nn' The second
expression signifies that Yn is related to Xn by the time-varying
linear transformation Mn plus an observation error Nn' The last one
denotes that Yn is related to Xn by a system of nonlinear transforma-
tions, plus the error term Nn' For example, if the cbservation devices
are transducers, then tiie measurement is made directly; i.e., there

will be no transforma.ions and

Y =IX +4N =X +N (11.6)
n n n n n

with Mn = I, the !dentity matrix. 1In other words, the matrix M or
F[xn,tn] characterize the measurement instrument.

The desired parameter X is generated by some physiological system
which may be characterized by differential or difference equations and

can thus be expressed as

L Yda % (11.7)

where ¢n-[, a is the so-called transition matrix. In essence, the above
expression says that since the parameter is generated by some physiolog-
ical system the past, present, and future values can change only with
certain structural constraints and are interrelated. The differential

equation or equations are a mere abstraction of these structural
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constraints which set the rules how the parameter values should vary

with time.

Since any estimation or prediction 1s based on past observed cata,
it will be convenient to write the equation in such a way that the
past obse,ved data will be in the form as the input to the algorithms
to be developed and implemented by u.,ital computer. Considering the
fixed-length nature of thc computer nemory, we shall introduce the
total observation vector and eérror vector which represent the past k

vectors up to the prasent vector:

I o [ N
n n
Yh-1 Nn-1
Y(nf 5 and N(n)= J (I1.8)
Yn-k J Nn-k

Assuming that the measurement instrument is characterized by the matrix

M and combining Equation (I1.4), (11.7), and (I1.8), we obtain:

Foe 4 r M 7 E B ]
n n n
Yn-l - Mn-l q>n-l, n = n-1
n
. 5 E . (I11.9)
Yn-k L Mn-k q>n-k, n | hNn-k -
Defining the matrix
i M
n
A n-1 °n-l
L 2 . 1 (11.10)
n 1]
LMn-k on-k, n
we then have
Yn = Lan + N(n) (I1.11)




which relates the total otservation vector to the present desired

vector which represents the parameters of interest to be estimated or
predicted. The matrix Ln encompasses all of the a priori decisions
made for the filtering or prediction schemes, viz., how and when we
observe and what we believe we are observing. The task now is to
estimate Xn or xn+[' In the former case, we would obtain an estimate
of the pi'esent parameter values Xn based on the past k observed values

Skl and the present observed values Yn. This

Yn-k' Yn—k+1’ n-1'

is called filtering or smcothing. In the latter case, we would obtain
an estimate of the future parameter values xn+i at the [th future
insteats from the present based on the present and past observed values.
This is the so-called "prediction". Both the estimated values of X
and Xn+£ are to be updated whenever a new measurement Yn+1 is made.

The criterion most popularly used for obtaining the best estimate is
the so-called least square principle in which the mean square error
between the desired values and the actual value estimated is minimized.

Without going through the detailed derivations, we shall write the

resulting best estimator in the least squares sense
o T =l T
X, = L 3 11.12
A [( - Ln) L ]Y(n) ( )
We shall not derive here the computational algorithms for the imple-
mentation of this estimator. There are some classical algorithms in
existence. We are planning to devise our own algorithms to suit our

needs. The least-square criterion is based on minimizing the summed

(average) squared errors. In other words, the algorithm was set up

in such a way as to minimize the sum of the square of the randc.




components obtained on each successive sample drawn from the observation
process without any regard for the errors of the individual components,
The weighted least-square criterion is used while each of the errors of

the individual components is minimized. This leads to the following

estimate
N T -1 T-1
Xn = [(Ln R(n)Ln) Ln R(n)]y(n) (I1.13)
where
R = E[F NT (11.14)
m) -~ ") (n)] d

which is the total covariance matrix of the input errors. The filtering

idea discussed above may be summarized by the block diagram shown in

Figure II.1.
optimum filter ~ A
physiological Xn measurement Yn or predictor as xn or Xn+[
process -4 instrument + realized by com- p———n
puter
parameters observed parameters
desired distored by the in- the best
strument and observer estimate of
modeled ty appropriate
differeatial or error the desired
difference equation PUESNELeR
according to certain

criteria
Figure II.1 Block Diagram Demonstrating the
Basis for the Estimation or
Prediction Scheme
To illustrate the use of the scheme described above, we shall
consider the problem of measuring eye position and velocity of eye
movement. To simplify the example, we shall assume that we are inter-

ested only in the motion along a single axis. The observation vector

Yn becomes a scalar yn. Suppose these measurements were made every T

b : b e - . T T




seconds (sampling interval). Let the most recent obgéryed value be
Ty
Yo The total observation vector is then
i n
| Yn
yn-l
Y = 3 o 11.15
(n) ; ( )
l!b‘ L yn-k o
|
We shall use a polynom?al [ 3 (Y)]n as our model. The variable VY is
1 a time index increasing positively with the time whose origin is -
f located at t = (n-k)T; i.e., kT seconds before most recent otservation.
]
3
[ Figure I1I1.2 shows the Y-axis in relation with the time axis and the
E- interpolating polynomial, When a new value : is observed after T

seconds, the polynomial is updated from the new total observation

vector

Y(n+1) = | ———— (11.18)

Ya-
L n k+1J

To be more definite, let the polynomial be of the first degree and

K = 3, and we are interested in a one-step position and velocity

‘ predictor. Applying the least-square principle, but deleting the

details, we obtain

”~
xn+1 = alyn + azyn_l + a3yn_2 + a4yn_3 g A (11.17)

% = (b b
; xn+1 i lyn 1

= b3yn_2 + b4yn_3) (11.18)

where the values of the coefficients a_,. . .,a, and b

1 4 1" .,b, can

4
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be obteined by appropriately choosing the modeling polynomial and using
the least -squares criterion. In the derivation, we have assumed the
fixed-length nature of the filter memory. As each new observation yn
arrives, the previous ones are pushed down and Vet is discarded. The
latest one-step predictions are computed by the use of (II.17) and
(I1.18). The predictor stores and uses only the most recent four
observed values, and any which are older than 4T seconds are completely
wiped out or forgotten. Figure II1.3 shows the block diagram of our

scheme.

Position
> modeled by [e—————e Position Ouptput Xn
(Bl

+1

Velocity
modeled by

[;,d—t- ’15(7)]n

Figure 11.3 Block Diagram Depicting the Prediction Algorithm

prem——t Velocity Output Xn+1

Such estimators must be computed simultaneously and independently
for optical measurements and for electrooculographic measurements of
eye position, These two sets of measurements must be compared
frequently and combined into a single best estimator derived from a
proper weighing of their respective contributions based on other fac‘ors,
e.g., during eyelid closures, EOG information is obviously superior to
optical information; on the other hand, when eyelids are open, the

optical measurements can be used as a reference for nulling out EOG

12




drift or error. The scheme described above omits many details and
refinements. It is intended solely to indicate ihe nature of the
approach.

The success of thre described scheme depends on a good model for
the psycho-prysiological process. Inappropriate modeling of the
physiological process is a serious source of estimation error, The
above-discussed scheme assumes that an appropriate model for the
physiological process is known. The modeling problem, as we all know,

is by itself a major research topic. This modeling problem may be

circumvented by the use of a computer~-based model with the ability to
mimic the actual physiological system as far as the stimulus-response
relationship is concerned. We shall discuss such a scheme as part of
our integrated man-machine system.

Another assumption, which was made implicitly, is that the appro-
priate choice of parameters has been made. What parameters to measure
is again a problem of major portions. Finally, we have also made the
assumption that we can measure the selected relevant parameters
separated from other irrelevant parameters or signals being generated
by the physiological process. To achieve that, we plan to apply a
variety of sophisticated filtering and signal processing techniques
and to work in close collaboration with the life scientists who are

skillful in making the various eye~-pointing measurements,

As mentioned before, the success of iiile estimate or prediction of
the psycho-physiological parameters hinges on an appropriate mathematical

model. Since neither the characteristics cf the physiological process

13
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are completely known nor the characterization of the physiological
process in mathematical terms is always possible. To circumvent this
problem, we shall devise a computer-based model which is continually
updated by a machine learning process. The model is to be realized by
an algorithm vhich relates a set of stimuli, responses, and internal
states. We will then use this computer-based model to predict (forward-
time analysis) the sort of stimuli which should be used to the machine
in order to produce the desired future model responses. In coniunction
with this computer-based mcdel, we plan to realize an optimal cont ol
scheme for delivery sequences of sensory stimulation conditioually
related to eye position and brain state, and thus to explore system-
atically their relation to memory recall. Tc facilitate discussion

we have simplified our integrated control scheme and depict it in
Figure 11.4. We use the EEG signal (Yn)1 and the eye-movement measure-
ment (Yn)2 as our availabli. outputs. These responses are closely
controlled since the models mimic or are similar to the actual physiol-
oglca’ process as far as the stimulus-response relation is concerned.
The boxes in the block diagram of Figure II.4 are labeled according to
their functions. All except the interface electronic system can be

implemented on the PDP-15 computer.

14
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Eye-movement measurement (Yn)2

(Yn)l

(Y;T;

EEG (Yn)1
.
1
3 =
PDP-15 (Un) ‘ =
E (minimize ) Interface Interface
system error n-2 Electronic Electronic
l and System System
syathesize
E gostrol) Part of PDP-15
F r_.._....._..__.__.]
|
Y
| Computer- I ¢ m)l P
based
Yc l Model | Model Hesponse
Command I I (em)1
Signal t
(or l (44 l Modeling Error (to be
\
desired I Speed-up I minimized)
response) Model for
Prediction I
(le)l ] l
{ Predicted Model l
] Response I I
I ! Computer- I (Ym)2
T based 4
| Model : Model Response
l ' | (),
| l Modeling Error (to be
b [ipeei=a l minimized)
i Model for l
Prediction I
B s | | =
n+f’2 | I I
Predicted Model L_.___.__l
Response

Figure 1I.4 A Control Scheme for
Memory Tracking or Training
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III. COMPUTER ORGANIZATION AND PROGRAMMING

The effort required to get an intermediate-sized computer facility
running should not be underestimated. In this section, we describe
our research facilities and our effort in designing interface hardware
and programming in order to realize our schemes and algorithms. During
the past year, one of our major efforts was devoted to bringing up the
new PDP-15 computer system to full operational status. The computer

system is now being fully utilized for both data acquisition and data

analysis.,
13 Hardware

The block diagram in Figure IIIl.1 depicts our general set up. The
PDP-15 computer system is the core of our hardware system which consists

of the following items:

PDP-15/35 Disk Operating Advanced Monitor System, consisting of:
24,000 18-bit, 800-ns core memory

- LA30 DECWriter

- PC15 High Speed Paper Tape Reader/Punch
- KE15 Extended Arithmetic Element

- KA15 Automatic Priority Interrupt

- KW15 Real Time Clock

- TC15 DECTape Control

- TU56 Dual DECTAPE Transport

- RFi5 DECdisk Coutrol

- RS09 DECdisk Drive, 262,144 words

KM15 Memory Protect

KF15 Power Fail

FP15 Floating Point Processor
KT15 Memory Relocation

TC59D Magnetic Tape Transport Control for up to 8 TU10A, TU10B,
TUS0A, TU30B Magnetic Tape Transport Units

16




PDP-15 Computer

1/0
Processor
1/0 Burs
===
| CSS 18-Bit Device
1/0_Inter- lfelector
face
4 . 4 . 4 =
r——-h——' e ——— r_—-b-.-—l
tronic Electronic Electronic Electronic lElectronic | Electronic |
rface Interface Interface Interface Interface Interface
) L erated g
]
Random Projector fiatiatos EEG Eye- Time Code
Access Shutter Tione Thelifdens Movement Unit
Projector P mp Monitor
Analog Tape
Recorder
A/D & D/A
Converaion
Interface

To other atandard
peripheral devices

Figure I111.1

essmme DEC hardware

Non-DEC hardware

Block Diagram of Hardware System

Future hardware
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TU10A 9-Track, 45 ips Magnetic Tape Transport, 800 bpi

VP15C Oscilloscope Display, VR14 X-Y Display Unit (7" x 9" CRT)
anr! Control

XY15AB 0.0005-Inch Step 18,000 Steps/Minute 3l-inch drum, CalComp
Model 5C3 and Control

CR15 300 cpm Reader and Control (Punched Cards)

AAl15B Multiplexer Control for up to 16 Type AAC3 12-bit digital-
to-analog converter channels

AAC3 Digital-to-Analog Converter, signal buffered, OV to * 10V
AD15 128 Channel A/D Converter (Medium Spced) Three-cycle data
channel capacity with provision for mounting the first 32 channels;

each 4-channel group requires one BA124

BA124 Four-Channel MOS FET Multiplex switch; one required for each
4-channel group

CSS 18-Bit Digital I/O Interface

RSX Software Package

RASP Software

LP15~-F Line Printer
Figure III.2 shows the physical set up of the PDP-15 system and its
peripherals. All of the interface hardware, shown in Figure III.1,
except the CSS-18 1/0 interface, are designed and built or to be built

by us. A brief description of these interface hardware is given below.

(a) General

B e e s e TR L e TR e T TR e ST et L
]

A general method for the interface of the special peripheral

devices required for this project was developed using a special device
(the CSS 18-bit interface) provided by the computer manufacturer. This
is a bi-directional inte-face package which does all of the address

decoding and timing functions required of a device controller. Our
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use of several devices requires that a device selector/data multiplexer
be built, and then additional special control (level shifting, inverting,
?tc.), unique to each device. Thus far, the special interface units
have been designed, and, where noted, built. The device selector is

in the planning stage. It is presently circumvented by paralleling

several devices.

(b) Tachistoscope
The interface between the ICONIX tachistoscope and the PDP-15 has
been completed and is operational. The unique functions required were

level shifting and pulse generation, for a total of six commands.

(c) Random Access Slide Projector

The interface unit has been designed and is currently under con-
struction. Logic was required to allow parallel entry of data, and to
properly time the control signals. Level shifting of all command and

data lines is also required.

(d) Time-Code Generator

The interface for the tape search unit/time code generator is not

completed. The functions required are;timing, control, and inversion

of data.

2. Softwzvre
To bring up the PDP-15 computer to its operational stage and to
fulfill our own special needs, we need to generate software which fzlls

into the following three categories:




PP ————

M e . oo Rl Lk o oo ke o b

LT T e —_— —

Category (a) General Support Prograns and Subroutines

These include utility programs and library routines written for
use by all project personnel. These are extensions of the operating

system and utility packages produced by the manufacturer of the computer,

which are required for day-to-day operation.

Category (b) Software Investigations

Research effort required for production of functional programs.
Most work is concerned with the timing constraints on real-time systen

operation.

Category (c) Application Programs

These are programs which perform specific functions,

Most of the software in categories (a) and (b) is completed since these
form the basis for operation of the system in our application. The
software in category (c) is an on-going effort. We shall describe our

accomplishment in each category separately,

(a) General Support Programs and Subroutines

The PDP-15 Real~Time Executive (RSX) was designed for a general
scientific user. 1In order to tailor the system to our specific needs,
certain modifications to the DEC software were necessary. Unfortun-
ately, these modifications could not be realized using the RSX system
(due mainly to the large core requirements of the resident monitor).
We were, therefore, forced to use DEC's disk-oriented batch-processing
monitor (DOS) to update and assemble the RSX system.

The first such modification was extending the RSX teletype handler

21
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to simulate horizontal tabulation on our high-speed, teletype~compatible
teleprinter. Unlike a teletype, the 1A30 has no hardware tabulation,
Additional core was added within RSX to monitor the current position

of thc carriage, make note of new read/write requests, and print blank
characters when necessary to achieve carriage movement corresponding

to tabulation. We are now able to 1) enter columnar data with much less
mental effort, and 2} reduce symbolic file space by at least a factor

# of two,

In order to allow the system to be "booted in" from disk without

using the paper tape reader, we made a second extension to RSX. The

———m

system must be "booted in" to start the system in the morning and to
refresh memory following any severe system failure. The delivered
system required a "warm start” tape to be placed in the paper tape
reader along with the setting of certain console switches. By placing

a copy of the warm start program within the resident monitor (less than

20 words) we are now able to warm start the system by simply depressing
the START switch. Since paper tape is cumbersome to work with, this
saves time and effort,

In addition to a powerful operating system, most computer users
need an assortment of utility routines such as memory and magnetic tape
dumps, graphics support (plotter, CRT), special purpose subroutines,

magnetic tape copy, etc. Although the DOS system supplies some utility

I e e T I ——

software, RSX includes virtually none. A list of the utility software

written by us is given below. The details of this software effort are

described in the Appendices A, B, and C,

Appendix A: GS-15 Graphics System

22
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Appendix B: DIGIT Digitizing System
Appendix C: Miscellaneous Utility Software

CORE/DISK DUMP

DECtape Dump

Magnetic Tape Dump

LAS/ISWTCH

RIPOFF

REA

GT132

EMMXY

CALDT/CALTD

CALPLT
CALCHK

(b) Software Investigation

Practically all of our raw data are in analog form., It is impera-
tive that we should have, in operation, a good analog-to-digital! conver-
ter used to input data. An I/0 handler package, produced by the
manufacturer, was available, and several programs were written to take
advantage of this handler. A measurement method was designed to utilize
a square wave input (at 1GHZ) and an off-line data analysis program
which searches through the data to determine the consistency and
accuracy of the A/D operation. It became obvious that accuracy of the
A/D was not a significant cause of error, but that millisecond level
scheduling ¢f the data collection task was causing severe CPU utiliza-
tion problems. The strategy chosen was to tune both the hardware and
the software for optimum A/D operation.

Accordingly, the standard I/0 handler was replaced with a high
speed, less general driver which reduced the need to schedule two tasks
virtually concurrently. In addition, a hardware modification was

designed to allow the A/D to operate on its own clock rather than
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requiring a CPU driven task to schedule each A/D operation, In combin-
ation, these will allow a substantial incrase in the digitizing rate

that can be supported by the system.

(c) Applications Programs

These programs perform specific functions as specified by users.
So far, we have developed and completed programs designed for use in
acquisition of the eye-movement data., These can also he used for the
acquisition of EEG data.

Another program (SEER) is in the development stage. This program
is designed to use the Tektronix 611 CRT for image production and

viewing. Both of these programs are described in detail in Appendix D.
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IV. REAL-TIME MONITORING OF EEG SIGNALS

ki Introduction

Stroboscopic stimulation of the eyes results in changes of the
alpha activity of the EEG. When the waveform is treated as a band-
limited signal it is common to specify it by parameters like amplitude,
phase, and frequency. Measurement and interpretation of these parameters
(or any other set of parameters) during stimulation may supply informa-
tion relevant to improvement of visual task performance.

Although spatial distribution of the electric field and particular-
ly spatial coherence might be of even greater interest because of large
integrating area of scalp electrodes, we have confined our attention to
spatially-averaged temporal coherence which appears to be a dominant
factor in a real-time measurement, interpretation, and prediction of the
above-mentioned parameters.

In Section 2, we present an analytic treatmert of the temporal
coherence problem that leads to the basic scheme which we use in order to get

rid of the redundancy associated with the o-waveform; thisredundancy is,

incidentally, an obstacle to the design of a real-time digital system.
Section 3 presents the basic scheme and the digital processing associated
with a representation of a-waves in a more compact way. In Section 4,

we present the modified scheme.

2 Averaging with Coincident Peaks

A procedure commonly used to evaluate parameters associated with
o-waveform is "averaging with coincident peaks'. This method involves

averaging a large number of "sample-functions" of recorded data which
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are previously aligned so as to have a local maximum at the origin.
The averaged signal looks like a damped sinusoid, the envelope of
which decreases more or less exponentially [1], [2]. The rate of
decrease serves as a measure of the temporal coherence, and models
have been propcsed to investigate the relationship between the rite
of decrease and responsiveness to visual input.

We show that under certain conditions the averaged signal 1s a
good approximation to the autocorrelation function of the in-phase and
quadrature components of the analytic signal associated with the o-
waveform. We conclude, therefore, that the familiar representation of
the waveform by two slowly varying processes; viz., the in-phase and
quadrature modulators, is applicable to the a-waveform although the
latter, strictly speaking, does not fall into the category of narrow-
band processes.

The following is a procedure for analyzing the 2nvelope of a
waveform obtained by averaging N sample functions of band-pass process
conditioned to have a local maximum at t = 0, that is, averaging with
coincident peaks.

Let xi(t),i =1, ... N, denote identically distributed independent

band-pass processes defined by

xi(t) = ci(t) cos abt + Si(t) sin abt (Iv.1)

where ci(t), si(t), c,(t), s, (t) i, J, =1 ... N are stationary normal

J

processes with zero mean and

J

(t-1)] = r(1)8

E[ci(t)c

(t-1)] = Efsi(t)s

J J 1)

E[si(t)c (t)] = 04, J .

J
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It follows that the autocorrelation of xi(t) is

rx('r) = r(1) cos 4T . (Iv.3)

Now define the coincident-peaks-sum process x(t)

N
1
x(t) = =— 3 x (t=t ) (1v.4)
ix]
where ti is an instant of local maximum and is given by

Ci(t) + absi(t)

tanw . t, = (Iv.5)

01 woci(t) - Si(t)

t=ti

if the band-widtlL is narrow with respect to ab we may omit Ci(t) and

Si(t) and get

s (ti)
& = .6
tana)oti NCW) tg¢i (1v.6)
LA |
c, (t,) s, (t,)
cosw.t, = ——=—; sin oy t zL_i-
01 €i(ti) 01 ei(ti)

where the phase éi(t) and the envelope ei(t) are defined by

Si(t)
tan¢3(t) = ci(t)
2 2 2
ei(t) = Si(t) + Ci(t) (1Iv.8)
we conclude that
xi(ti) = ei(ti) cos(woti - ¢i) = ei(ti) (Iv.9)

which means that shifting the time origin by ti is equivalent to the

initial conditions:

(Iv.7)



Y = 2 s = =
51(0' 5.0 2 0; ci(O) €0 2 0;
2 + i g €2 0) = €2 it
=TT ] = %0 -
Now we write x(t) in the form
N N N
1 1 1
x(t)=—z:x(t)=— c(t)coswt+—-Zs(t)sinwt
N rps] i N i1 i 0 N io1 i 0
= c(t) cosubt + s(t) sin abt = e(t) cos(u%t - ¢ (t)) (Iv.11)
where
N N
1 1
c(t) = =2, ¢ (6); s(t) = == D, 5 ()
i=1 i=1
s(t) 2 2 2 !
and tan¢(t) = ;?:;; € (t) =8 (t) +c (t) . (IV.12a-d)

The conditional mean and variance of the random variables ci(t)

and si(t) given the initial conditions are

E[si(t) | 50" © ]

100 = T8y

(IV.13a-c)

]

E[ci(t) I s r(t)c10

10’ 10

Var[si(t) | 8 ] = Var[ci(t) I 8,0’ © ] = ro[l-pz(t)]

10’ ‘10 10

where p(t) is the normalized autocorrelation

r(T)

p(t) = -;QET— H (1v.14)

Defining the N-dimensional vectors co, s0 by their respective components

ciO' 810' we have due to independence
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N
1
E[c(t) I o z] = r(t) - -~ Z $og = r(t)c(o)

= r(t)c
—_— i=1 L
N
. 1 - -
Blsco) | <, syl = ) - ;g; Si0 = TS0 = r()s
(1V.15a-c¢)

0'2(t) = Var[c(t)l co, so] = Var[s(t) , co,

1 2
o] = = r [ -2"(6]
Defining p(t) by

Wty = Ez(é(t)l Sy :9] + Ez[c(t)l Cor iQ] = r2(t) 6(2) (1v.16)

we can write the conr:itional distribution and the conditional mean of

the envelope €(t) as

2 2
. ¢ <+ 3n
p(e | S50 €)= —3 Exp |- 3 I, [-—2-] (Iv.17)
== U 20 o
E[eli)-, c_q] = /-21- o Exp (—0)[(1+2a)10(a)+2011 (a)] (Iv.18)

where Io(-) and 11(-) are the modified Bessel function of order zero

and one, respectively, and o is given by

2
2 r Ne 2
e b 90 @)
= e 2
a¢ t i)

g (1v.19)

Assuming that %}m r(t) =0, we get the Rayleigh distribution for the envelope
@®

—',
whose mean is decreasing as N /‘:

Ne -N‘2
1 = —_— -
Lim ole 'so, c,] : Exp [2r0 ] (IV. 17a)




0

r
T
%irgn[e|s_0, 29] \= ¥ - (1V.18a)

These expressions do not depend on so, c0 sO averaging over all

proper values of SO' c0 will not affect them. Keeping in mind that

Xy (t) has a local maximum at the origin, we cun write

Ne Ne2
lim p(e) = Exp | - (IV.17b)
t»0 )9 2r ’
(0] (0]
[}
TTrO 2
lim E(e) = N 3 (1V.18b)

t>0

It would be nice to average out €_ from formulas (IV.17) and (IV.18);

0
however, eo is a sum of N independent random variables with identical

Rayleigh distribution,

We could not obtain a closed expression for the distribution of eo,
but for the large N it could be approximated by a Gaussian distribution.
Noting that N—w and/or t — 0 implies a—>®, and using asymptotic

approximations to the Bessel functions
-/
I (x) ~ (2mx) Exp[x] x>>1, (1v.20)

we get for the conditional distribution of the envelope

% =% 4 2 =% 2
plelc_, so) x-S (2'rrcrz) Exp ﬁ-};—)— z(ZTrcrz) Exp -(ig—)— .
.._(.) = .4 20 20
(Iv.17¢c)

The conditional mean is obtained by expanding (IV.18) in powers of
-1
o

E[elco, so]'x p( o+ %o ) = €ol + %) « p(t) (1v.18c¢)
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which shows that for small t ond/or large N the conditional mean of the
envelope is proportional to the autocorrelation. In order to average
out €0 we note that for large N the distributuion density p(eo) is

concentrated about the mean:

mr A
o\”
E(GO) = <T) .

In that case, we approximate the average over € _ by inserting E(eo)

0
for €0 and get
g b ~le-pE ()]
ple(®)] = (2nc®) Exp 3 g (1V.17d)
20
mr '2 2 mr '/2
Ele(t)] = (—29) (1 +%- —pz—) p(t) z(TO) p(t)
e (1V.18d)

for large N and/or small t.
Note that unless p(t) = O the envelope €(t) tends to p(t) if N
is sufficiently large. For large t, p(t) tends to zero and the

envelope tends to its constant asymptote which is N-dependent s

tecon - (2)
lim Ele(t)] = c == .
P 2N

By taking N to be very large, the envelope converges to its mean which
is proportional to the autocorrelation r(t).

The evaluation of the temporal coherence is reduced to the problem
of estimating the auto and cross-correlation functions of the two
slowly varying in-phase and quadrature modulators. Mcreover, it is
more efficient (from the system viewpoint) to deal with the slowly vary-
ing signals, provided the representation of the a-waveform by means

of the two slowly varying signals is accurate. This observation led
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us to the basic scheme presented in the next section.

3. The Basic Scheme: Zepresentation and Monitoring

We describe here a new technique for real-time monitoring and pre-
dicting brain states via EEG signals. The EEG waveform is assumed to
be a narrow-band process whose spectrum is centered around a mean
frequency which may be slowly varying. Designating the EEG signal
by f(t), we have

£(t) = e(t) cos[O(t)] = e(t) cos[w(t) +¢(t)]

s(t) sin a%t + ¢c(t) cos u%t s

By tracking the center frequéhcy @ , we may represent the signal by
the two processes s(t) and c(t). If the process is stationary whose
spectrum is symmetric about @, then 8(t) and c(t) are uncorrelated
so the prediction would be easier to deal witkh.

To obtain the in-phase corponent c¢(t) and the quadrature component
s(t), we use a discrete "phase-locked loop“ system described in the
block diagram shown in Figure IV,1. This system tracks the center
frequency @, and resolves the EEG waveform into c(t) and s(t). Once
c(t) and s(t) are obtained for a window width of the EEG signal, we
reduce the data by taking the meah value, the mean slope, etc. This is
done by fitting a linear segment to the data in the window through
recursive filtering. 'The values thus obtained serve as data vector
components,

The key to the performance of this real-time monitoring technique

is the discrete Phase-locked loop system depicted in Figure IV.1l. This
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Figure 1V.1 Resolver of
In-phase and Quadrature Signals

system includes:

(a) Voltage-Controlled Oscillator
The VCO is realized by generating the sine and cosine wave forms
through the difference equations

S(N)

aS(N-1) + BC(N-1)

and C(N)

aC(N-1) - pS(N-1) .

Since the frequency and the amplitude are functions of a and f, we
control these parameters in such a way as to maintain a constant ampli-
tude and to change the frequency in accordance with the output of the
discriminator. Specifically, we maintain unit amplitude by making

02 + pz =~ 1 and increase or decrease the frequency by increasing or

decreasing the parameter f} according to the output of the discriminator.

(b) Frequency Discriminator

The frequency discriminator changes the frequency information in

s(t) and c(t) to voltage which is linearly proportional to the
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frequency.

(c) Low-Pass Filters
The low-pass filters are a standard 3-pole Butterworth filter with

a 3-db bandwidth about 5 Hz. The two output signals c(t) and s(t) of
the previous system are then fed separately into linear digital filters
that fit to each of them the best linear approximation in a window of
k samples in the least mean square sense. The width of the window was

1 chosen 1o be 0.15 sec. The two parameters of the linear approximation,
viz., the mean and the slope, are calculated recursively by digital

filters known as the "comb" and slope" filters. These filters are the

digital realization of the transfer functions given by

sinKx
g sinx
s(x) = Sinl®x] _(K+l)coskx

4s1n2x 4s8inx
where C(jx) and S(Jjx) are the amplitude response of the comb and slope

filters, respectively; and x is the normalized frequency. The value

for K is 63 which corresponds approximately to the window width of

0.15 sec. The normalized frequency x is calculated by

&

X = 2

where T is the sampling period (2.5 msec), o is measured in radians/

second.

The phase characteristics of the two filters are of the same linear
%
type ‘

(K-1)
2

phase (W) = wT ,
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These filters are block diagrammed in Figure IV.2,

comb sc
Sb

slope -——-——-ss

comb 1 cc
Cb

slope \“..cr

Figure IV.2 Block Diagram for Linear Fitting Filters

It should be noted that the four outpu*s of these filters contain infor-

mation about the frequency and may be used as a frequency discriminator.

If higher order "derivatives" are needed, they can be obtained by using

recursive filters in a similar fashion.

4, The Modified System

The design of the modified system was motivated by the desire to

get an accurate representation of the a-waveform by two slowly varying
signals without any phase delay or distortion.

We designed and implemented a digital real-time system for obtain-
ing the representation of a particular EEG rhythm in its in-phase and

quadrature components with the constraint that the error is zero when

synthesized. 1In a way, this system provides a form of data compression,

The resultant representation can be advantageousv employed for data

transmission and data Storage as well as real-time monitoring of either




psycho-physiological states or pathological states. For these appli-
cations, the requirement of an error-free synthesis or reproduction of
the EEG signal is imperative.

A common scheme for obtaining the in-phase and quadrature compo-
nents of a signal is to multiply the signal by an oscillator output
at quadrature with the center frequency fo of the signal and then
passing the resultants through low-pass filters in the forward path.
However, this method does not provide a faithful replica of the signal
when the two components are synthesized. The error arises mainly from
the phase distortions of the filter or the pure delays of the non-
recursive filter. Our digital system uses, instead, an oscillator
running at twice the center frequency of the signal and a filter in
the feedback path. This filter does not affect the reproduction
fidelity; however, it plays a role in determining certain statistical
properties of the slowly varying components of the resultant repre-
sentatives. Hence, one may choose a filter to minimize certain proper-

ties of the outcome such as the bandwidth, variance, etc.

Let the input signal in its digitized form he y(N). We shall

define a two-dimensional oscillator vector H(N) by

T
H (N) = [cosZTrfoN s:anTrfoN] . (Iv.21)
We may write
T
y(N) = X" (N)H(N) (Iv.22)

where X(N) is a two-dimensional vector whose components xl(N) and

xz(N) are the slowly-varying components sought after. Note that the
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Equation (IV.22) is not unique since there exist many X(N) which could
satisfy (IV.22). For a certain particular choice, xl(N) and xz(N) are
related by Hilbert transform. Let gkNIN-l) be a function of the past
velues of X(N). For instance, ﬁ(N]N-l) could be a linear combination
of X(0), X(1), ..., X(N-1). Denote the difference between X(N) and

A
its X(N|N-1) by

E(N) = X(N) - X(NlN-l) : (Iv.23)

The norm of the difference is
T 1}
ITEM)| = [E (N)E(N)] €, (IV.24)
We choose X(N) by minimizing (Iv.24) but satisfying (IV.22) simultane-
ously. The solution thus obtained is

X(N) = % [I - A(N)] ;(\(NlN-l) + H(N)y (N) (Iv.25)

where I is the identity matrix and A(N) is the matrix with its compo-

nents given by the double-frequency oscillator; i.e.,

cos4nf N sindnf N
o o

A(N) = . (1v,26)
sindnf N -cosd4nf N
o 0

A
If X(NIN-l) is the best linear estimator of X(N) based on its past
history, then the representation of the input signal y(N) by the vector

E(N) corresponds to the innovation representation v(N) with

”E(N)”2 = P (1v.27)

where v(N) = y(N) - ?(NIN-I) and ?(NIN-I) is the best linear estimator
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of y(N) in terms of its past values y(0), y(), ..., y(N=1),

The digital system is depicted by a block diagram shown in Figure
IV.3. The oscillator is realized by a second order difference equation
whose coefficients are controlled by the amplitude regulator and the
output of the frequency discriminator. We have selected an EEG signal*
for analysis by our digital system. In Figure IV.4 we show both the
original EEG signal* and the EEG signal synthesized from these two

components. Note the high fidelity of the reproduction. The filter

in the feedback path was chosen to minimize the first order difference

| x@) - x(v-1) || .

- + 3 >
8
cos{2mwioN)

y : Y
Y(N) AMPLITUDE| | i Y ZOWND | I_ FREQUENCY
=1 |recuLator|[ ™| OSCILLATOR—>13(1-4, )|« FIeTER DISCRIMIKATOR

sin(2m(laN)
T I X,(N)
+ & ¢ o

Figure IV.3 Block Diagram of the Digital System
for Resolvirg the Signal into In-phase and
Quadrature Components

*The EEG data were furnished by Dr. J. E. Anliker of NASA-Ames
Research Center.

38

1
:
1'



e o 2 8 & RS STRS SRS PSS W

s At

Figure IV.4 Representation of EEG Signal
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3. The original EEG signal.

4. The reproduced EEG signal synthesized
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V. EYE-MOVEMENT MEASUREMENT AND TRACKING

1, Measurement of Eye Movement

Setting up an eye-movement measurement and data collection system l

involves a variety of tasks such as modifying commercial equipment to

suit our needs, determining the limitations of this equipment as they
affect our experiments, calibration of equipment, and input of data

to the PDP-15 computer. At present, our analysis of eye-movement
includes computer programs to (1) plot the digitized eye-movement data
on either incremental plotter or storage oscilloscope, (2) search
through these data and manipulate them for processing in various ways,
() use pattern recognition techniques to determine "fixations” in the
eye-movement data, and (4) label fixations as they are plotted. Other
programs provide for more detailed analysis of the eye-movement data to
determine the boundary conditions between fixations and saccades with
the ultimate goal of predicting in real time the transition from fix-
ation to saccade and vice versa. The techniques for eye-movement
measurement and eye-movement data acquisition, and their analysis are

described separately as follows.

a. Measurement Techniques and Data Acquisition

b 5 Measurement Apparatus: The equipment currently used for

A

urtical measurements of eye-movements is a commercial unit manu-
factured by Biometrics, Inc., and dubbed the "Eye-Movement Monitor
- Type SG" (EMM). 1Its principle of operation involves the photo-

electric scleral reflection technique (shining infrared light onto



the eye and picking up the reflected light with pairs of photo-

electric sensors). Horizontal movements are monitored from the

subject's right eye, and vertical movements are monitored from

the left eye. This is based on the assumption that both eyes
normally move together. To monitor horizontal movements, the
scasors detect varying amounts of light reflected from the dark
portion (iris) and the white portion (sclera) of the eye as varying

areas of these two regions move under each sensor of the pair.

The output voltage of the horizontal channel of *hi tMM is pro-

portional to the voltage difference between the twc horizontal

sensors.

Vertical movements are measured by monitoring the movement
of the upper eyelid, which is proportional to the actual vertical
movement of the eye within a degree of accuracy. The vertical
sensors are positioned so that vertical movement of the 1id
results in varying areas of eyelid passing under both sensors.

The output voltage of the vertical channel of the EMM is proportion-

al to the sum of the voltages of the two sensors, which is propor-
tional to the area of eyelid reflecting light to the sensors.

The sensors and light sources are mounted on an eyeglass
frame worn by the subject. One source and two sensors are mounted
on each of two platforms which can be moved independently in three

dimensions to position each sensor-source group as desired. A

bothersome problem when adjusting sensor-source position in any
one dimension is the starting friction which must be overcome

because movement is accomplished by sliding a plastic sleeve along
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a metal track. If only a small movement is desired, one tends to
overshoot the desired position when overcoming the starting
friction. Frustration and wasted time rapidly become painful
realities. Therefore, a modification has been made to this sensor-
source apparatus to facilitate accurate and rapid adjustment.
Movement in each direction is now accomplished by turning a small
screw (one for each dimension of movement); the mechanism operates
similar to a micrometer. This modit:_ation has significantly
reduced adjustment and calibration problems and has greatly
increased efficiency in data collection. A picture of the
modified Biometrics glasses is shown in Figure V.1.

The horizontal and vertical output voltages frqm the EMM are
input to separate analog-to-digital conversion channels on the
PDP-15, digitized and stored on magnetic tape by a general
digitizing program or various special calibration programs.
Simultaneously, these voltages may also be recorded on separate
channels of analog tape at high speed so the data can later be
digitized when played back at a speed slower than the recording
speed, effectively resulting in a high sampling rate. The sampling
interval for digitizing the EMM data is presently adjustable up-
wards from a minimum of one millisecond. This is adequate in the
sense of the Nyquist criterion since the EMM amplifiers have a
maximum bandwidth of 500 Hz., (2 ms.). The basic limitation on
sampling rate of our computer system is due to the speed of the
magnetic tape storage.

The remainder of the present experimental setup, shown in
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Figure V.1 Modified Biometrics Glasses
with Light Sources and Sensors

Figure V.2 Experimental Setup
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rigure V.2, consists of a headrest, random access slide projector,
rear projection screen, and storage oscilloscope. With the EMM
glasses in place, the rubject’s head is secured in a headrest
apparatus to minimize head movement, which creates problems that
will be discusscd later. Visual stimulus patterns are presented
to the subject .'sing -~ither (1) a random access projector to
project slides onto a rear projection screen in front of the
subject, or (2) computer-generated patterns displayed on a storage
oscilloscope. Both stimulus systems are controlled by the PDP-15
computer,.

A parameter of concern is the resolution of the EMM. Consider
the eye fixating on a poiut of the display. When it fixates on
another point at some distance, x, from the present fixation
point, it must rota“e through ua angle equal to the angle at the
eye (fovea) subtended by the cord connecting these two points.
Resolution is the smallest angle through which the eye moves such
that the measurement output voltages of the EMM are detectably
different. Alternatively, if the eye-movement data is plotted, the
two fixations subtending this angle will be distinct. Resolution
was determined by presenting a series of square dot matrices,
each succeeding matrix having smaller inter-dot distances, to the
subject and directing the subject to fixate these points. When
plotted, the distinctiveness of adjacent points can be determined.
Smaller and smaller inter-dot distances were presented until the
adjacent plotted points could not be distinguished. From the

smallest distinctive inter-dot distance and the distance from the
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plane of the display to the eye, the angle subtended and thus the

corresponding angular movement is determined. This is the
resolutuion of the EMM measuring technique and equipment. Horizon-
tal resolution has been determined to be approximately /% degree

and vertical resolution just under 1 degree using the above
evaluation technique. These values are close to the manufacturer's
specifications and the theoretical limits for this eye-movement

measurement technique (scleral reflection).

ii., Calibration: Calibration must be the first step in any
experiment in which eye-movement data are collected so that the
calibration data can serve as a reference to which the experimental

data can be scaled. Our present calibration procedure is as

follows:

(1) The subject is directed to fixate on the appropriate
points of a square 9-point matrix (3 rows x 3 columns) on
the rear projection screen or the storage scope while the
experimenter adjusts the sensors so that symmetry of voltage
readings (monitored on another oscilloscope) around the center
point is obtained for both vertical and horizontal movements.
The horizontal and vertical extremes of this matrix subtend
an angle of 20 degrees at the subject's eye. A 17-point
calibration matrix of two concentric circles subtending
angles of 10 and 20 degrees at the eye is also used. The
calibration matrices are shown in Figures V.3 and V.5. Eye-

movement data obtained by directed fixations on the points
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: Figure V.5 17-Point Calibration Matrix

Figure V.6 Fixations on Points of 17-Point Matrix
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of these matrices are shown in Figures V.4 and V.6,

respectively.

(2) When the experimenter obtains what appears to be the
best possible adjustment, he checks this by running a cali-
bration program. This calibration program samples the
horizontal aad vertical EMM voltages as the subject is
directed to fixate on the individual points of the calibra-

tion matrix. The average voltage for each point is deter-

mined and stored.

¥ (3) Various calculations are done on these data and results
printed so the experimenter can determine how good the
sensor adjustment is. The calculations include horizontal
and vertical crosstalk, zero shift, horizontal and vertica}
full-scale values (indicative of symmetry), and variations

of the position voltages about the average values.

(4) 1f these results are unsatisfactory, the sensors are re-
adjusted appropriately; and the calibration program is re-

ruwi. This is repeated until the experimenter is satisfied

that he has obtained the best possible calibration.

(5) The desired experiment is performed, with the calibra-

& tion being checked at various points of the experiment,

Crysstalk and zero shift are the most significant problems

encountered in the eye-movement measurements because they result




in inconsistent data and complicate data analysis. Horizontal
crosstalk occurs when a non-zero horizontal sensor voltage
difference is produced for what is a purely horizontal eye-move-
ment. The effect of this crosstalk is to distort the mapping

from the two-dimensional eye-movement cpace to the two-dimensional
voltage space so that this mapping is not a linear one-to-one
transformation. Thus, for a bad sensor adjustment, a given voltage
reading may represent several eye fixations separated by several

degrees of eye-rotation. Clearly, we desire to reduce this

distortion as much as possible.

Vertical crosstalk is negligible, but horizontal crosstalk
can be severe for different subjects and on different days for
the same subject, even with optimal sensor position. This
crosstalk is due tc the interference of the upper and lower lids

with the light received by the horizontal sensors as the eye makes

vertical movements. Because of the uneven curvature of the eye-
lids, interference with each of the two sensors is asymmetrical,
resulting in a "noise” voltage difference between the sensor
outputs, However, since we know the cause of the distortion,

we can adjust the sensors efficiently and quickly so as to
minimize the error. Tn further circumvent this problem, we can
use the calibration results to determine a linearization function
for the distorted regions and modify the experimental data for this
region in accordance with this function. Another approach is to
constrain the displays presented to the subject so as to avoid

high-distortion areas.



The regions with the greatest amount of distortion include
those downward and to the right and upward and to the left in the
subject's field of vision, when eye-movements of greater than 5
degrees from the center of the display must be 1 .de. Movements
Qithin a circle having its center in the center of the subject's
field of vision and subtending 10 degrees with the eyes generally
yield a very good one-to-one transformation of eye-movement
position to sensor voltage. Examples of disto-tion in the data
can be seen in Figures V.4 and V.6,

Zero shift is another problem, since the output voltages of
the EMM are nulled (zero volts) while the subject fixates on the
center of the display. Movements away from this center point
create plus or minus voltages relative to this null. Head movement
shifts the voltage output to a non-zero value for a fixation on
the center point. Symmetry of left-right, up-down voltages is
maintained with respect to the new offset "zero", but we want to
reduce this offset drift as much as possible to simplify data
analysis, This is done principally by constraining the subject's
head in the headrest. We may have to resort to using a bite bar
later in some experiments to minimize errors resulting from head

movements.

Data Analysis

We have developed what is essentially a more automatic version of

Noton's [6] scanpath detection procedure. Analysis is performed on

data digitized and stored on magnetic tape. A very flexible program
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has been written for accessing these data, performing calculations on
it, plotting it on the CRT or incremental plotter, etc. This program
allows one to access data continuously, stop and restart access at any
time (enables one to view plots on the CRT in sections, for example),
access a single point, or access any number of sequential points in a
record or file.

We currently have different fixation recognition and labeling
programs. These were written for use in the experiments described
above to facilitate plotting and numbcring sequential fixations. The
recognition algorithms are based on the simple criterion that some
number of sequential sample points be clustered within a certain "area"
(X-Y voltage region). The number of points is determined by the time
interval between samples, since a fixation is defined for our purposes
to be greater than or equal to 200 milliseconds. This value is chosen
for two reasons. First, 200 ms is generally acknowledged in the
literature to be approximately the minimum duration of fixation (often
referred to as the inter-saccadic interval), Secondly, by looking at
our own plots of eye-movement data, we can count the number of sample
points in clusters which "look 1ike" fixations; from this and the
sampling rate, we calculate the minimum fixaiion duration to be
approximately 200 milliseconds.

This is a very rough and somewhat heuristic approach to defining
a fixation, or more importantly, the boundary (in time) between a
fixation and a saccade. Tnough adequate for the above experiments, this
definition and the¢ algorithms implementing it are not very useful for

the types of experiments we hope to be performing in the near future.
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Therefore, the present effort ‘nvolves more accurate determination of
the fixation - saccade boundary. This is important because the brain
accepts visual data from the retina only during eye fixation, not during
saccades. We should like to predict the onset direction and extent

of the saccade at the earliest possible moment and to use various
parameters of the saccade (such as velocity and acceleration) for pre-
dicting the location of the next fixation.

There are indications from previous work by Yarbus [9] that
certain saccade and fixation parameters vary characteristically during
the time course of a saccade or fixation. Specifically, Yarbus noted
the magnitude of the velocity and acceleration of saccades very nearly
approximated a sinusoidal function with respect to time. Whiie these
results may be partially attributable to artifacts in Yarbus' measure-
ment techniques, the suggestion that velocity and acceleration follow
a time course having a maximum value with perhaps some symmetry about
this maximum is¢ reasonable from a physiological point of view of the
saccadic meachanism, If we can find a similar characteristic pattern
of velocity and acceleration, we can use these characteristics to
predict not only the onset of a saccade, but also its direction and
terminating fixation position. We are looking for a consistent pattern

of parameters,

el Y

Initial work on this problem is being done off-line to determine
which character.stic patterns of what parameters exist. The next
step will be to extract the parameters providing the most important
information and implement their analysis in a real-time environment.

! In summary,we have been developing techniques for collecting and
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analyzing eye-movement data for the purpose of discovering spatial cues

that can be used as keys for memory retrieval, Having started with
off-line analytical procedures, we are now designing algorithms for
real-time techniques for the extraction of the critical eye-movement
parameters and using this information in feedback control schemes to

influence impression and recall of visual images.

2, A Model for Eye-i‘ovement Tracking

In order to feedback the spatial éues, it is necessary to have an
estimator and predictor filter for the eye-movement process. Such a
filter is used in tracking the eye movement and eye fixation. This
information is used (. genérate visual stimuli at appropriate spots in
the visual field.

For estimation and prediction, it is useful to have a model of
the eye-movement process. At present, some models have appeared in
the literature, but most of these are concerned with eye-tracking
movements [1, 2]; i.e., movements of the eye when following a moving
target, and eye-movement control [3, 4], However, for the study of
the interaction between the memory and eye movements, we need a 1iodel
for viewing stationary patterns. Recently, a few such models have been
proposed [5, 6, 7, 8]. These have not, however, been used for the
purpose of prediction. We shall develop a model which can be used for
this purpose. We shall first give a brief account of the existing
theories,

A theory of pattern perception has been propounded by Noton and

Stark [5, 6]. This theory is concerned with explaining eye movements
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memory while recognition involves a search for an internal representa-
tion which matches the given pattern. Noton and Stark proposed a
particular form of the internal representation and of the process of
finding and matching. They observed that for a particular subject

viewing a particular pattern, there exists a fixed sequence of fixation

points which occurs for a large fraction of the inital viewing time.
They call this sequence a 'scanpath. The scanpath is different for
different subjects and for different patterns (although for a particu-
lar pattern, the "features" are the same for most subjects). At the
time of the initial viewing, about 35% of the time was spent in
repeating the scanpath with irregular fixations during the rest of the
time. This scanpath was found to be repeated in 65% of later viewings
of the same pattern,

Based on these observations, Noton and Stark proposed that the
intcrnal representation of an object in memory is primarily serial in

natur~. It consists of a network of memory traces, termed a "feature

during learning, subsequent recognition, and recognition under un-
favorable real world conditions (e.g., distortion, noise, etc.) of
visual patterns. The assumption is made that the learning of a pattern
involves constructing an internal representation of the pattern in

g network”, which records the features of the pattern and the movements

{

: required to go from feature to feature in the pattern. During learning,

this representation is formed. During recognition, the features of

the given pattern are matched sequentially, with the internal represen-

tation directing attention to the successive features of the patterns

and thus causing the eye-movements. Such a model would explain the
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occurrence of scanpaths, which are supposedly due to the force of habit
in perception so that each person develops his own characteristic path
for a pattern.

This is a very simple model which is not very useful for prediction.
It can be extended to a statistical model, where the scanpath is the
most probable direction of eye movement, but there is a probability
assignment for the other parts of the feature network also. This can
be used for prediction using standard statistical methods. It is an
empirical model, for which the scanpath has to be determined first.

The above model does not give any quantitative way of determining
the scanpath in advance, but this difficulty can be remedied by the
model proposed by F. J. Prokoski [7]. This model is a non-linear
spatio-temporal control system with the pattern as the input and a
series of vectors representing the eye movements as the output. Tem-
poral and spatial sampling is assumed so that the system is a discrete
time control system. The image presented to the eyes is first mapped
into the receptor response. The mapping function is the relative
sensitivity of the receptors as a function of the gaze angle. Now a
mapping is made to a short-term memory. It is assumed that the short-
term memory decays exponentially with time and the receptor response
is added on directly to the contents of this memcry. The rate of
decay is one of the parameters of the model and depends on the subject.

It is assumed that the visual cortex performs an absolute value
difference cross-correlation between the contents of the short term
memory and the receptors response at any given time. This cross-

correlation is restricted to the foveal portion of the receptor array.
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The resulting function determines where the eyes will be moved at the
next sampling instant. The eyes are moved if the current intensity
sum over the foveal area falls below a certain threshold, determined
by the short-term memory and a parameter representing the psychological
"set" of the subject. In that case, the eyes are moved by the control
vector determined by the minimum and the origin of the output of the
cross-correlation.

The assumptions made in this model are to some extent supported
by physiological and psychological data. The model has been used for
prediction of teaching movements. With a few extension:s and modifica-
tions, it can be used for our purpose. For the case of recognition,
long term memory has to be incorporated in the model. Also, the model
at present is deterministic and produces a specific output vector.

We can change it to a stochastic control system where the output vecter
1s a random function of the cross-correlation array. This will be
helpful in determining the accuracy of the predictive filter in a
quantitative sense. The model can be useful at least for the initial
production of the scanpath.

Another model to be considered is a stochastic model [8] which,
as given, applies only to eye movements during fixation and not for
saccadic movements between fixations. Within a fixation, these are
"local areas” of fixation and transitions from one local area to
another. Theoretical transforms of the probability density function
for local area motion and the moments of the number of transitions in
a given time T are obtained. This model can probably be extended to

cover transition from fixation to fixation. By looking at the fixation
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l data, we should be able to predict when the fixation ends.

The above summarizes the various types of models we will be

considering for our use. Extensions and modifications to any one or

ey

more of these can make them suitable for our purpose of estimation and
prediction.

i’ Now we will briefly describe the work on eye movement data collec-

tion and analysis which has been accomplished. The instrument used

[ for measuring eye movements uses the scleral reflection technique
modified to measure vertical and horizontal movements. The operation

} of the instrument, the data gathering programs and the calibration
methods have been describe elsewhere in this report. Our initial

efforts have been directed toward verifying some of Noton and Stark's

experiments on scanpaths. Noton and Stark slowed down the eye-move-

ment data, plotted it and marked the fixation points by hand. An

algorithm for determining the fixation points is implemented on the
PDP-15, A brief description follows.

Raw data'are read off the magnetic tape. Calibration data,
obtained in the same experiment, are used in processing these raw
data. The calibration assumes linearity although different reference
values are used for each of the four quadrants. This is done to take
care of the crosstalk and the asymmetry in the calibration data.

After calibration, the fixation program has essentially two parts:
a) determining when the fixation mode has been entered, and b) once a
fixation is decided upon, determining when it ends. Both use certain ]
parameters which are largely empirical in nature. For determining a

fixation, the program checks out whether, of N points, M lie within a 1
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certain distance D of the mean value. The values of N, M, and D have
been set from reported studies [9] on duration and spread of fixations
and from our own observations. To determine the end of the fixation,
the program checks if a certain number of consecutive points fall out-
side of a prescribed mean. Again, the parameter- have been set as above.

The fixation points are plotted and numberec and their locations
printed. Thus we cun sutomatically determine the sequence of fixations
and observe the scarpatl.

The performance of this program has been tested by couparing it
with the determination of fixations by looking at the plotted data and
marking the apparent fixation points. It has been found to be very
satisfactory. Some examples are shown in Figures V.7, V:S, V.9, and
V. 10.

In addition to this, we have programs for plotting data, both on
the CRT and the CalComp plotter, for analysis of fixation points
(standard deviation, frequency histograms of length of movements,
distribution of angle of movements, etc.), for separate plotting of
the horizontal and vertical movements and :taheir analysis, etc. Other
programs are being written to facilitate the task of data analysis

and model building.
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Figure V.7 A plot of eye movement during
examination of a simple geometric pattern (10 sec.)

Figure V.8 The sequence of fixations in
the above as determined by the computer program
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Figure V.9 Plot of eye novement
for another pattern (20 secs.)
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VI. CONCLUSION

The work has been proceeding along the lines that we proposed.
Ve have brought up the new PDP-15 computer system to full operational
status, We have investigated and implemented some real-time monitoring
and prediction schemes and some modeling techniques for EEG and eye~
movement variables, For instance, we have implemented a system using a
discrete phase-locked-loop that makes possible real-time tracking of
amplitude, frequency, and phase variables in the EEG signals and we
have implemented an algorithm for tracking the visual scanpath and
automatic marking of the fixation points in the scanpaths. Since the
inception of this proJect,'we have had several papers published and
some are scheduled to be presented/published. During the next reporting
period we shall concentrate on the acquisition of experimental data.

By using the continuously up-dated information concerning the eye
position and brain state for adjusting the stimulus parameters, we
will attempt to enhance the vividness and persistence of the desired
after-images. To be more specific, we plan to accomplish the following
tasks in the coming year:

1) Develop real-time methods for relating eye-movements to

visual targets; further, record the scanpaths for subsequent

computer-aided image~-enhancement.

2) Analyze the perceptual consequences of visual target
presentation that is contingent upon o-phase; analyze the effects

upon imagery of phase-contingent blank-field probing.




3) Develop methods for the estimation of eye-poiniing based on
the combination of optical eye-tracking measurements and
electrooculographic measurements so as to achieve a best single

estimator for both eye-open and eye-closed conditions.

4) Develop real-time strategies for the control of visual
target impression and visual image (memory) persistence and/or

recall ability.




APPENDIX A: GS-10--A GRAPHICS SOFTWARE SYSTEM

1, Introduction

GS-15 is a generalized graphics software system for the PDP-15
with RSX-PLUS. The system provides general symbolic and numeric
capabilities that can be combined to perform any practical graphics

function.

a. System Configuration

In order to use GS-15, a PDP-15 with RSX-PLUS is required. How-
ever, since a major portion of the software is coded in FORTRAN, the
system could be transferred (albeit with effort) to another machine.
GS-15 is currently using the FP15 floating point hardware option, but
could more than survive in a non-floating point environment. In
aduition, our real-time laboratory also includes a VP15A storage

scope and a CalComp incremental plotter.

b. Design Objectives

i, LUN Orientation: A primary design consideration was to
create a system that was a logical unit (LUN) rather than device
oriented. Past experience demonstrated the disadvantages of
device-specific graphics software. Furthermore, we wanted a

system that would blend unnoticed into RSX.

ii. Extensibility: The other main consideration was extensibility.
Since our project's goal is enhanccirent of human memory and not

systems software development, we knew we would not have time to
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create a complete graphics system. Instead, the decision was
made to create the nucleus of such a system.

For this reason, GS-15 does not include large conglomerate
user subroutines (e.g., a single subroutine to draw a complete
plot including labeled axes, tick marks, etc.), but instead con-
tains the essential, elementary capabilities found in the inter-
section of currently available graphics systems. Also included
is the capability to easily add additional graphics functions
(FORTRAN subroutines) as neeced by the user. Furthermore, as a
consequence of LUN oriented I1/0, all that is required for GS-15
to utilize newly acquired graphics hardware is the writing of
another device handler. Once the handler is installgd, previously

written graphics tasks may immediately use the new device.

2. Overview
As shown in Figure A.1, GS-15 consists of three major system com-

ponents: the graphics pool, subroutines, and device handlers.

RSX-PLUS

INTERRUPTS

GRAPHICS

DEVICE
SUBROUTINES [G=—= HARDWARE

EV | HANDLERS [ 10T *
\ [

*1 POOL

Figure A,1 GS-15 Data Flow
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