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1. ORIENTATION

The present document . is the interim semi-annual report for the Bio-
cybernetic Control in Man-Machine Interaction project at UCLA conducted
under Advanced Research Projects Agency Contract No. NO0014-69-A-0200-
4055. The project started in April 1973 under a different contract.

The long-term goals were described in detail in earlier proposals (UCLA-
Eng-P2465-N-73 and P-2719-C-74) and are briefly reviewed below.

The ultimate goal of the project is to implement and evaluate the incor-
poration of electrophysiological brain signals in selected man-machine
communication procedures. The messages considered deal with perceptual,
cognitive or affective aspects of the dialogues.

In conventional man-machine interaction with computer terminals the
terminal provides most of the external environment and generates in-
puts of stimuli to the cperator in the form of graphic displays or
alphanumeric messages. Typically the "response" is then the selection
of a keyboard sequence. This motor behavior (i.e. the rnext interactive

step in the interchange) is decided upon (voluntary response) from

the analysis of the situation. A closer coupling would be cbtained,
however, if one could tap the covert as well as the overt responses
and, to some extent, bypass the requirement for an explicit motor out-
put. Such generalized responses can be categorized as follows:

a) Sensory (Input-Exteroceptive)

b) Perceptual/Emotional/Cognitive (Prucessing-Interoceptive)

c) Motor (Output-Proprioceptive)

A ciosely coupled man-machine interface can be conceived as an inter-
face tnat accesses some of these behavior components directly from
biosicnals measured on the body. This can in principle be obtained
either by passively monitoring peripheral signals (respondents) such
as eleccromyograms (EMG) or electroencephalograms (EEG) and/or by
opening new (operant) channels by conditioning some of those signals




in a way that would provide reliable computer access to these internal
processes. Close coupling could also be obtained with subliminal muscle
control or very low overhead motor behavior such as eye movement or
blinks. Whenever applicable this would in fact bypass or considerably
reduce motor output and the considerable overhead attached to the extern-
alization. To that effect appropriate respondents must be found and
subsequently reinforced, stabilized and placed under voluntary control
by operant conditioning. Electrophysiological signals as found in the
EEG appear to be the only candidate offering adequate bandwidth for the
additional communication channels. The present project uses the EEG in
this manner and concentrates on event-bound EEG epochs, i.e. evoked re-
sponses.

The experimental approach consists of identifying features in the EEG
(evoked responses) that constitute potentiai odes for the direct com-
munication of specific "messages" relevant tu interactive man-computer
communication. Such messages would be, for example, recognition of a
clue (matching), its acceptance or rejection, the choice between (visual)
alternatives, the neural control over the positioning of a pointer on

a screen, etc.

Electroencephalographic signals collected on the scalp are spatio-tem-
poral events. Because of electrodes and anatomical limitations space
sampling is often coarse and time assumes the role of principal inde-

pendent variable. Time functions are collected on each location or
channel.

To decode the signals one must evaluate the range and bandwidth (i.e.
the time windows occupied by each meaningful feature in the functions
that constitute the EEG "signatures") and determine the rules of asso-
ciation of thnse features or (in linguistic terms) the “syntax". The
relationship that these (accessible) brain signals offer to conscious

experience and human performance (thefr semantic domain) must also be
investigated.
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The starting point of this study was the view that EEG signals are a
complex structure of elementary wavelets that reflect individual and
sequential events taking place in various brain structures. Because
of the enormous complexity and interlinking of these events, all small
fluctuations in the EEG have generally been ignored and lumped with
instrumentation noise, while all the attention was concentrated on
rhythmic activity or (in the case of evoked response) slow components
of relatively large amplitude. Yet it is becoming evident that these
sequences and patterns of distinct wavelets are time signatures that
constitute observable components of the brain "state vector". Sequen-
tial rules for the appearance and configuration of the wavelets may
become identified as the syntactic constraint of a neuro-electric langu-
age with a2 considerable potential in man-machine communication.
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2. PROGRESS TO DATE

As indicated earlier, the UCLA Biocybernetic Control in Man-Machine
Interaction project has been underway at the Brain Computer Interface
Laboratory (BCI) since July 1973 under ARPA sponsorship. Accomplish-
ments to date for the ensemble of the project rouahly fall into three
cateqories, namely:

a) evoked response experiment results (2.1)

b) development of the computer system supportina the effort (B2

c) development of computer methodoloqy and application software

for real-time EEG identification (2.3)

The accomplishments during the first year have been described in more
detail in the Final Technical Report 1973-74. The present document
covers the first half of the second year (1974-75). The salient items
are listed in the present section.

2.1 Evoked Response Experiment Results

With the advent of the second year the experimental program went into
high gear. Some initial delays were due to system development because

of the installation of a naw SDS 930 system. A new pool of subjects was
formed and an extensive screening proaram undertaken. At present, five
subjects with exceptional performance have been retained. Discrimination
accuracy on the standard four color (red/areen/blue/yellow) experiment
used in the screening revealed capability for accuracies exceeding 90%
of correct response in completely randomized testing sets of trials over
a sinale channel. Multi-channe® discrimination reached 95% and even 997
in the best cases in repeated trials after new techniques for elimination
of outlyina responses were introduced.

Preliminary experiments have also been completed with pattern position
that have definitely established the feasibility of the closed loop
"visual light pen" experiment described in the next section. Discrim-
inability on pattern position still falls short of that of color at this
time. In these experiments, however, no attempt had yet been made to
optimize the targets or the procedures.

-4-



2.2 Computer System Hardware Improvements

The major event in the laboratory system occurred at the beginning of

the second year and was the procurement through DARO and the installa-

E tion in the laboratory of a SDS 930 computer. This system came with a

{ b complete set of peripherals including two tape drives, a card reader and
a high speed lineprinter. Its 16K of memory coupled with a high speed
drum holding two million characters is capable of greatly improved per-
formance for on-line data acquisition and discrimination and in addition,

s of handling a considerable batch processing load. Since the labor -ory
computer was a completely compatible SDS 920, a reconfiquration was
made that turned the real-time control of experiments over to the 930
and reiegated the 920 to the function of I/0 processor. A special

3 operating system was developed to interleave on-line and off-line work.
Between experiments the batch capability is used for computing decision
rules on trainina sets and performing various data reconfigurations. A1l
useful laboratory application routines were re-written for the system and

PR new ones introduced. In particular a BCI version of the Stepwise Dis-
criminant Analysis, the orthogonalization procedure and a factor analysis
program were written and completely debugaed by January 1975.

2.3 Computer Methodology and Software Development

[

Several substantial improvements were obtained in the evoked response
discrimination procedure. One side of the investigation dealt with
. determining the threshold for posterior probabilities to be chosen for
s creating the extra class of "don't know" responses. Increasing the
threshold increased the reliability of correct responses but also in- _
creased the number of instances in which the computer declined to classify. I
This optimal tradeoff for a given cost function can be found from the
curves relating the correctness of classification versus "don't know"
frequency plotted through multiple trials. A similar inquiry was done
to find the influence of the "elimination of outliers" from the training
set. OQutliers are responses that in the training set fall substantially
outside the rest of the cluster. The procedure eliminated such responses
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and recalculated the decision rule. Again the threshold for outlier
labeling can be varied and ar optimum found, using testing set correct-
ness as criterion.

The informational meaning of the decision rule given by the discriminant
procedure was analysed theoretically and a mutual information measure was
defined and added to the output of the procedure. This measure provides
an objective and readily understood scale to comzare within paradigms,
experiments or subjects.

In prevision of cognitive experiments requiring more complex visual tar-
gets for subject stimulation, an all out effort was launched to improve
the generation of graphic displays on the laboratory IMLAC graphic system.
To that effect, a new compiler lanquage .GRAL) was developed and docu-
mented. GRAL allows specification of animation images to be made in very
simple statements. Compilina is done on the 360/91 to produce object
codes for the IMLAC which can be transferred from CCN to the laboratory

using the existing link. At the same time a special program for the gen-
eration of human faces was written and successfully debuqaed in IMLAC
assembly language as GRAL was not available at the time. This program,
developed under a different (Air Force) contract, will directly support
the present work. At this time facial features are placed under key-

board control. Relatively simple modifications are being introduced

that wili place the control under the main laboratory computer. Facial
expression can then be used as feedback stimuli in the biocybernetics loop.
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3. _EVOKED RESPONSES RESULTS SUMMARIES

3.1 Color Experiments

PurEose

1) To develop further the methodology and performance of on-1line
machine decoding of brief electrical signals evoked on the human
scalp by sensory events.

2) To evaluate a group of subjects in order to choose for further
study those who show adequate performance.

Methods

Subjects are fifteen untrained female students (ages 19-24). FEach was
aiven a routine Ishahara test of color discrimination. Individual record-

ing sessions were then conducted as described below. FEach required about
two hours.,

Standard silver disc electrodes are applied with electroconductive paste
at five locations on the scalp (Fpz, Pz, 0z, 01 and 02) and to the ear-
Tobes (AI'AZ)’ Electrode impedance was always less than 10,0000. Four
EEG data channels are recorded (Ch 1: Pz-A, Ch 2: 0z-Pz, Ch 3: Ol-Pz,

Ch 4; 02-Pz). The Fpz-0z signal is used as a blink artifact detection
channel; if a peak-tospeak deflection occurs which exceeds a preset level,
the current epoch is aborted in order to avoid taking data corrupted by
electro-oculographic activity while the subject has her eyes moving or
even during brief moments of eye closure. EEG signals are amplified over
a bandwidth of 1.0 to 70 Hz, and diqitized every four msec. A data epoch
consists of samples taken both before (400 to 960 msec depending on
individugl runs) and after the stimulus time (320 msec in all instances).
The data taken prior to stimulation is necessary to provide a lead time
whenever the orthogonalization routine of Glassman is used in subsequent
processing. It is otherwise dropped at analysis time.

Stimuli consist of brief (30/usec.) flashes of xenon strobe light ( 107
Tux illuminance in collimated beam) projected through one of four randomly
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selected interference filters with peak transmission wavelengths of

620nm (Red), 575nm (Yellow), 515nm (Green) and 465nm (Blue) and a yellow
(Wratten #4) backqround light with a luminance of 100 NITS or 1072 lam-
berts. The stimuli are viewed either through diffusing qoggles worn by
the subject or by a large diffusing screen of translucent plastic placed
before the subject. A1l experiments are conducted inside a sound attenu-
ated, electrostatically and radio frequency shielded room. Two-hundred
epochs are taken and recorded on digital tape.

Analysis

Data analysis is performed on a SDS 930 computer. Stepwise linear dis-
criminant analysis (SDA) is used to develop four linear discriminant
functions (one for each of the four color classes) which are then eval-
uated for each epoch in order to determine the a-posteriori probability
of belonging to each group. The processing is, therefore, conducted in
the laboratory on a dedicated machine in contrast to previous work in
which stepwise discriminant analysis was performed using the BMDO7M pack-
age rurning in batch mode on the IBM 360/91 at the Campus Computing Net-
work.

The requirements for on-line processing necessitated either a modifica-
tion of 07M so that it could be linked with the Monitor/Line handler
routine which interfaces the BCI laboratory computers to the 360/91, or
the develcpment of a customized version which could run in our SDS 930
computer in the BCI lab. The latter route was chosen, and the in-house
SDA program now possesses several features not provided by the standard
BMD package. These features include:

1) The capability of selecting and labeling any 40 variables from
the multi-channel EEG data input produced by the Data Handling
Supervisor/Scheduler running on the 930,

2) Flexibility in the assignment of some epochs to a training set,
and other epochs to a testing set,

3) Capability to read the group type of each epoch from the epoch
headers provided as part of the BCI Data Format,

-9-




4) The ability to skip pre-stimulus data automatically;
5) Implementation of an a-posteriori decision threshold parameter

so that epochs which do not produce a probability o7 belonging

to any source group with a value higher than the decision thres-

hold are classified into a new "default" cateqgory,
: 6) An outlier rejection routine which controls the acceptance of
epochs for iterative generation of the discriminant functions.
For example, only those epochs would be entered which on a prior
SDA run have been correctly classified, or epochs which have been

defaulted (but not misclassified) as well as those correctly
classified.

The SDA program also routinely produces averages, F ratios for each var-
fable, covariances, correlation coefficients, results at each step, eval-
uation of the discriminant functions (DF's) and epoch predictions, if

requested on control cards. In the last version the calculation of the
mutual information measure is included.

Results

For the initial evaluations, a general data window was adopted which
selected 10 variables from each of four EEG channels, beginning at 80
msec latency from the stimulus, and taking every fourth variable (16 msec
intervals) to 224 msec latency. SDA was aiven on F-to-enter and F-to-
delete of 2.2, a decision threshold of 0.25 (no defaults), and told to

go 10 steps, F level permitting. Usually 100 epochs were taken as a
training set, with an inter epoch stepping interval of 2, that is, every
other epoch of a given group type (source color) was taken to train the
discriminant function. The testing set then consisted of the other 100
epochs, 25 from each group. Two confusion matrices are obtained upon
evaluation of the single epoch events by the DF; one for the training set,
and one for the testing set. Overall performance is defined as percent-

age of correct classification on the testing set. The following results
were obtained:
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Subject-Date Experiment Type % Correct
(G=gogqles, S=screen)

SBO1 MR13 G 87
SBO1 MRI13 $ 86
APN1 MR19 S 69
ALL1 MR25 G 76
ALL1 MR25 5 68
SAG1 MR27 G 82
SAG1 MR27 S 84
SAD1 APO3 G 81
NLM1 APOS8 G 84
JMS1 AP10 G 68
SOS1 AP15 G 87
MMD1 AP15 G 71
ATW1 AP17 G 74

Data from three subjects is not included due to hardware problems which
prevented accurate data collection. One additional subject's data was
formatted incorrectly; this error is expected to be reversible. The
average performance of all ten subjects was 78%, using a very general
sample variable selection paradigm. Five of them showed performance
ranging from 81% to 87% and these will be retained for further study.
The variables chosen, their F levels, the discriminant functions, and
the training and testing confusion matrices for these five subjects are
displayed in Tables 1-5.

The data froi. subjectSBO1, whose performance using the general 16 msec

window was 87%, was analyzed more extensively in order to investigate
the following areas:

1) The degree of performance to be obtained by choosing the best

ten variables from 160 of 320 samples taken, rather than enter-

ing only 40 samples;
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_NLHI-AWUS-7G-0:F0UR COLBR VER EXPERIMENT FBUR CHANNEL WINDAW
 DATA SET IDUNTIFIERS: EXPR = 8C42 SURJ = NLMI DATF = APGa

f
e £F VARIAFLES = 40 NGT' NDeBeFo = ICO-CC :

F_LEVFL T8 REMBVE = 2,200 POSTCRIBRI THRESHILD =  .350 !

Oi1SCRIMINANT  FUNCTINNG Arqu 10 STEPS, WITH D.B+F. = 305 7.0

EPACHS ACCEPTED UNCENDITIYNALLY.

VARIABLE F GREUP  NAMES
el NAME LEVEL SfC-x YELLRYan GRFEN-3 B UE -1
1 1,080 « 5341/ D1 s 12580F =01 «+30920E-)1 «23185E-01 «10733E-01
B N R L L WBR903E N1 -e34493F -1 2426S6F=02  =,12029F-01 -414383F-C1___
[ 1,150 «99072€ % v 235C7F =01 =.12531E£-01 +205&89E-01 «17994E-C1H
10 1.27% _ .Q623BF 01 ~e50466L-02 =.72074F-02 +1063CE-01 +13548-01
2] 2,080 494S1E 02 -e27412F-01 +THENRFE-D1 +24860E-01 +61852£-02
12__ . 2,0% LED484E 1 W 29671C-91 226UA3 =12 -¢187273E-12 2722925 -02
13 2,112 «R7733E (1 +14350F-01 e 27324E-01 «593C0E-02 +780422-02
_1le 2,160 2129214 rp 093042002 =.141166-01 2996CHF-02 =-+423935-C2
18 2,192 «88219E 01  =+12603E-01 =+e22353€-21 --6338RE702 122162502
__ 22 3:2¢8 «HBLAOF 01 =0403R0C-902 -414135F-N) -,25%37F-02 245144007
CONSTANT -e13127F 02 =+.11178C N2 -+657C6E 71 =e494322 0f

IRAL 14y _CavFicin: MATR I X JEPA = 1 NEP] iop. !

_SOURCE PERCENT_ .CLASSJFIED A ‘
CIN-ECT  RENeN YELLOW-( GREEN=3 BLUE-] SLFAULT

RED-8 Q€. 24.C SR Y ¢ ) v 0
YELLOW-5 92.7 N 23.0 : 0
GREEN-3 849 0 1.0 : ! o )
BLWVE -1 85.0 1.C 0 ) «0
_T0Tay 9003

v
1}

1

TEST{NS  CRFUSIAN  MATRIX « 8 NEPT = 100

i SOURCL PERCENT CLASSIFIED AS
CORRECT RED-8 YELLOW-4 GREEN=3 BLUE-1 _ DEFAULT
RED-2 28 .0 22.0 1.0 )
o _YELLOW-6__ _ 80.0 T%e 0 .0
GREEN-3 97.0 > , 1.0 o)
o BLpE-1 4.0 3.0 19.0 %)
OTAL 2L.0

COMPLETE) 10 STEF




e

e

r NB.+ BF VARIABLES = 4
FFLEVEL_T8_REMBVE = 2,
DISCRIMINMANT FUNCT!

VARIABLE F
= INDEX _ NAME _  LEVEL
7 1,176 +86103€E 01
i 12 22096 v 164508 02 .
15 22144 2 25014€ 02
19 2,208 e43662E C1
22 3,096 +55176€E 01
i 23 3,112 ,78645¢ 01
25 30144 14439 02
29 3,208 v148172 02
33 4,112 +18691€ 02
i 38 4,192 23540 02
i CBNSTANT
E TRAINING CONFUSION
SBURCE PERCENT
CORRECT RED~8
SED-8 9240 2340
e YoLLEW=6 _ 92,0 _ o C ) o )
GREEN=2 92.0 o0
i BLUE-1 ~100.0 o0
i TBTAL 94.C
TESTING CBNFUS BN
SEURCE PERCENT
CORRECT RED=8
RED=3 8040 20.0
. YELLBW=6 KR40 0
f GREEN=3 8440 0
- BlUCa1 8840 1.0
@7 AL 840
COMPLETED 10 STEPS

R s S —

EPOCHS ACCEPTED UNCBNDITIBNALLY,

SAGY VISUAL EVBKED RESPONSE EXP. SDA RUN
DATA SET IDENTIFIERS: EXPR » OCHS SUBJ = SAGL DATE = MR27

e T —

DATE AP23 Ms BUCK

0 - _____WGTs DeBsF. = 00.00
200 PBSTERIBRI THRESHBLD = 250
ONS  AFTER 10 STEPS, WITH DeBeF, = 3e35 8740
GRBUP NAMES
RED-R YELLBWwE GREEN=3 o BLUE=sL
=+2B001E~02 =¢14366E01 =411239E€-01  +11527E-01
=+14104E~01  +15151E-01  +14627E-03  +15367E-02
*26654E=01  +35758E-01 ++20884E-01 ~¢12518€-01
*12186E-01  +19270E-02  +12330E-01 *33737€-02
168966E-02 =+55048£-03  +18980E-02  +52340E02
(+47143E-02  +35094E-02  .78951F-03 L +19746E-01
=+19096E-01 =~+95040E=03  +24049E-01 +97532£-02
©73393E-02 =¢14690E-01 +25219E-01 +3C-97£-01
*27685€-01 =+95332E-02 =434436E-02  +33:32E-01
*15437€-01  +19838E-01  +15139E-Q1 =+28341E=01
=+82761F 01 =+52343E 01 =447336E 01 =+55478F O
MATRIX 1EPA = 1 NEPI = 100
CLASSIFIED AS ‘
YELLOW=6 GREEN=3 BLUE-1  DEFALLT
100 00 1'0 00
23.0 10 40 40 . B
.0 23.0 2.0 .0
0 o0 250 0 M
MATRIX lEPT = 2 NEP] = 100 gy gl s
© CLASSIFIED s~~~ oo
YELLBW-6 GREEN=-3 BLUE~1  [CEFAULT o
3.0 o0 240 0
21.0 3.0 0 0
3.0 2140 a0 .0 s
240 0 _ 22.0 .0 _
OF  ANALYSIS
/
TABLE 4 =
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§8S1-AP15+75-0, 8C41 FOUR COLOR VER( 4 CHANNELS, 16 FSe WINDBWS )
 DATA SET IDENTIFIERST EXPR = BC4l SUBJ = S8S1 DATE = APf5

N8+ BF VARIABLES = 40 WGTe DeBsFs = 123,00 g

F_LEVEL T8 REMBVE ®= 24200 PESTERIBRI THRESHBLD =  ,250
DISCRIMINANT FUNCTIBNS AFTER 10 STEPS, HITH DuBeFo w355 8700

- EPBCHS ACCEPTED UNCBNDITIBNALLY, ' o
© VARIABLE F GROUP NAMES ;
. T_INDEX___NAME LEVEL RED=-8 YELLBW=6 GREEN=-3 BLUE-1
1 1,080 +93797E 01 =+44250E-01  +34164E=02 =+10619E-01 ~+96752E-02
T 8. 12192 J11749E 02 +53972E~01  +16460Er01  +25348E-01  +39252E-02

W e g AT I Y C Bt #mA w MR

; 9 1,208 ¢73737E 01 ~¢20241E=01 <*¢87971E=02 ~+53085E«02 ¢ 10311E-01
y === 1 = EsDBe «11015E 03 _~+24794FE 00 ~=+48541E~01 -486770E-01 =~e¢8Cz91E-D1 0
| 12 2,096 +17946E 02 +55192E-01 037621E=-01 o 114156E=01 66a11E-02
: 132,112 »17275€_02__~+37892E-02 =+22365E-01 «¢31880E-01 +3€:51E-01
, 14 2,128 +15400E 02 +86881E-01  +49278F-01 +78447E-01 0 22258E-01
I "7 21 3,080 .24960FE 02 +97531E-01 *15499E-01  +30664E-01  +28:26E-D1
! 23 3,112 +26837E 02 =¢14136E-01 *¢51733E-02  +31911E-01 «e24305E<01
—- 2% 3,128 +10844E 02 ~¢26383E-01 =¢17669E-01 wo+44846E- =01 ~+61:55E-02 4
CONSTANT =-¢32239E 02 ~+59442F 01 #+96742E 01 =+72:33F 01 J

"~ TRAINING CONFUSIBN MATRIX IEPA = | NEPI = 100

SS5URCE PERCENT CLASSIFIED AS
— = CBRRECT RED~8 YELLOBW=6 GREEN=3 BLUE-1  DEFAULT
] RED-8 100.0 25.0 - o0 0 o0 o0 . 0
l YELLEW=6 88.0 0 2240 2.0 1.0 0
| GREEN=3 9640 o0 o0 2440 1.0 20
T BLUE=R 9640 o0 1.0 o0 2440 0
T8TAL 9540

___TESTING_ _CONFUSION _MATRIX_ _ IEPT = 2 NEP] = 100

- CLASSIFIED AS !
A Eggggg¥”_'REo-a YECEBH 6E GREEN-3™ BLUE-1 DOEFAULT ——— —
RED-3  _  92s0 2340 __ 0 0 2¢0 vO
T VELLEW=6 RO.0 1.0 2040, 2.0 240 0
GREEN-3 88:C 1.0 2.0' 2240 .0 )
© 3LUE-1 8840 ) 1.0. 2.0  22.0 pr )
TOTAL 870

TABLE 5
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2) Near optimal trade-off on the number of sters that the SDA pro-
gram should be allowed to run for the most efficient performance;

3) A near optimal trade-off on the value of too high a threshold
causes most of the epochs to be defaulted, while a low value
forces some misclassifications where only default would be
recorded;

4) The level of performance when the training set is taken from the
first half of the data set, and the testing set from the second
half;

5) The statistical significance of the obtained classification per-
formance.

In order to select a better subset of variables to be used by SDA, four
passes of the program are performed, taking every other variable from the
80 samples which are available from each EEG channel. Ten steps are
allowed, thus the ten best samples of the 40 entered from each channel
are obtained. These 40 selected variabies from all four EEG channels are
then entered into a final SDA run, and the results are obtained for =ach
step, from 0 to 20.

Initially, step O, the average value of each variable ch(sen is obtainel
(Table 6). Next (Table 7) is obtained the F level of the variables aveil-
able to this execution. At step 0, these F levels are related to the
probability p(that the relative variances measured could be obtained by
chance) with dearees of freedom as shown. A p < .01 is obtained with a

F of approximately 4. A p <.001 corresponds to F=6. Twenty-six vari-
ables exceed F=6, and variable 22 (channel 3, 80 msec) has an F of 125.
The value of F-to-enter is, nevertheless, set at 2.2 in order to give more
variables a chance to be selected. No defaults are allowed. On step One,
the program selects the variable with the highest F value (22), and cal-
culates a set of discriminant functions. These are listed in Table 8.

A chi square value of 40.48 is obtained for twenty-one reds from the test
set correctly classified, where 5.75 would have occurred by chance. This
is significant beyond the p=.001 level, as is the eighteen yellows out of
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§331 MR13.75-2 4 CPLSP VEP EXPR. SDA RUM AP 24 M RUCK

AVERAGE VALUE OF VARIABLES
VAR1ABLE GRAND WITHIN GROUP AVERAGES
INDEX  NAME AVERAGE RED=8 YELLBW=6 GREEN=3 BLUF-1
3 1,032 «52708E 02 +S7235E 02 L41520E 02 +59920E C2 ,52%80F 02
2 14056 =,12208F 02 -.582%6E 02 .96800F 01 «11080F 2 -+ 18A80F =
3 14072 -,¢5312E 22 -423232E 03 ,30630E 02 +26520E (2 =¢70580F C2?
4 1212%  =,17865E 02 +19810F 02 +5400CE 01 -+88340F 02 «+18000F 01
, S 14120 =¢11771€ 31 +12762E 03 ,24440F 02 =-+86800E 01 ~e12748¢ 3
] 6 1,128  ,67958E 02 +22171F 03 «67340E 02 _ +66000E 01 +28000E 00
7 1s135% «13040E 23 +293%52E 03 +10252E 03 +80040F 02 «71600E G2
8 1,160 *19C45E 33 42821CE 03 ,90320E 02 +21964E 03 +18440F 03
f 5 1,208  ,11908E 03 +63657E 02 +11780FE 03 +14456F 03 14144 03
3 10 1s272 ¢21729E 02 7S714E 01 =.24240E 02 +51200E 02 +50120F 02
11 2,072 +10155E 03 +27729E 03 .19880E 02 +61200FE 02 +75960F 02
I .12 2,080 __ +11258E 03 _ +27452E 03 L71760E 02 _+90320E 02 _+39540F C2 L
13 2,083 «4SS48E 02 +11529E 03 .86000E 01 +64320E 02 0 66200F 01 -
14 2,10% =426833E 02 ~+51571F 02 -.76400E 01 #17400E 02 ~469480E 02
15 2,120 =.i"%58E 02 =¢11737E 03 =.43200F C2 +31880F 02 469920 02
| 16 2,152 =,74708E 22 =-41559CF 03 =-.2“120F 02 -+81120F C2 «+.50480F 02
§ L7 20168 =.10984E 03 «415176E €3 ~.10948E 03 ~+91840F 02 =¢93000F 2
i 18 = 2,203 -41126% 03 =491095E 02 +,12740F 03 -+10652E 03 -412228E 03
19 24224 +,12694E 03 =~+10752E 03 =¢11732FE 03 -.12356F C3 =415824F 037
20 2,280 _ *475115E 22 «.52095E 02 =.43840E 02 =¢92920E €2 -.10792¢ 03
i 21 3,048 +49354E 02 «35857E 02 .37040F 02 «81440F C2 40220 Cc2
Po—»22 3,030 ,21355E 02 58832F 03 «45680E 02 «16472E 03 +11528F 03 =—
' 23 3,088 «16571E 03 +30490E 03 ,38720F 02 .23232F (3 « 113008 03~
y 29“__iao9§_~_191L§6£m02__194000E_Oan“:§8L?0€_9§__1?15é3€~9%__;29900E 00
25 3,120 =431500E 02 =+18500E 03 ~.82280F 02 —+20880F C2 96680 02 L
) 26 3,128 ~,45969E 02 =+21748E 03 ».,10948E 03 _o44760E 02 +70R80FE 02
3 27 3,144 =,96229E 02 =+22743FE 03 ~+51360F 02 <.11076F 03 ~«16360 02
- 28 3,160 _=+88885E 02 ++183%2E 03 ,14720E 02 =-+86840FE 02 ~+11496F 03
29 3,200 ~.10223E 03 -438286FE 02 ~,11092F 03 ~e63200E (2 =+18628F 03— —
.30 _3.312 #10325E 03  +11733E 03 ,82360E 02 «14564E 03 +69920E 02
T 3T Ty, 088 =, 31219k C2 +68095E 01 = S7360FE 02 =+34340E 02 +45200F 01
b 32 4,054 =,22302E 02 +14524E C3 =,84200E 02 ~+87880E 02 ~+35560F 02
33 4,072 +86656E 02 «30590E 03 ~.28600E 02 T e17560E 02 ~.86%40F 02 -
i 34 4,080  .90635E 02 «33838E 03 =¢17840E 02 +62960FE 02 .18680F Q2
35 4,035 ~,82667E 02 ~+10343F 03 -~.13800E 03 +30400E02 ~,12796F 03—
L 36 4,120 -.44302E 02 »+17595E 03 -.10024E 03 =++22240FE 02 «10016E 03
37 45123  ~.56094E 02 =+19424F oa“fisisabt“bé"7TUTZUE‘B?“?EBKEUE"EE“““‘“
. 33 4,136 -,98990E 0” =~.2930CE 03 ~+68600E 02 =~«¢359460FE 02 -¢29440F 02
39 4sl44  =,15218E 03 =.27724E 03 ~¢76480E 02 -~+17828E 03 =,96720F 02
1 40 4,272 =.85979E 02 =+10305E 03 =+14080E 02 =+11%64E 03 ~.11288¢ 03
TABLE 6

e ——
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STEPWISE [ISCRIMINANT ANALYSIS
RECURSIBN = 3
- NEg, OF DATA = 96
F LEVEL T6 ENTER = 2200 .
F LEVEL BF VARIABLES, DefeF
VARTABLE F
R _ _ INDEX NAME LEVEL
1 1,032 208727
o - P 1,056 24437647
3 1,072 60091398
S ks 4% 12104 __ 5.311652
5 1,120 35.878844
o . __6_ 1,128 344910474
7 1,136 32919548
o B 8 1,160 15.202145
9 1,208 4652525
. = e 10 1s272 3890392 __
11 2,072 32.601210
e Y- 2,080 364271406
13 2,088 9.052933
. . ) 14 2,104 S5e458114
15 2,120 30.072571
) e _16___2s152 11.926722_
17 2,168 3.014460
L ~ 18 2,208 'BUG1LY
19 2s224 2300167
N 20 2,280 2.808844
?1 3,048 1043989
—_— 22 32080 _ 125.667376
23 3,088 33.140087
_ 24 3,096 21+931118
25 3,120 57440999
e ) 26 3,128 58281712
27 3,144 29102169
e _ .28 3,160 204508486
29 3,200 164593696
. 30 3,312 3.667676
31 4,056 1633334
32 LyObH 18652152
23 4,072 35.214883
- i 34 4,080 410152863
35 4,096 11395302
N 36 4,120 33.814405
37 4,128 244171998
38 45136 284734916
39 brl4h 13.110C85
40 4,272 6076171
TABLE 7

3.0[

SBB1 MR13-75-0

DATA SET IDFNTIFIE

9240
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twenty-four. Green classification fails to achieve sianificant accuracy,
as does blue, with only one variable selected.

It can be seen how the DF operates: The average value of variable 22
is laraer for red than for any other color, and smallest for yellow.
The coefficient for the red DF is also larger than the coefficient for
any other aroup, and the yellow coefficient is the smallest. As shown
in Section 4, the coefficients in the decision rule covary with the
average values. (They would coincide if the variables were independent
and of variance One). The coefficients are used to calculate the a
posteriori probabilities of belonqing to each group for each epoch
tested. The decision goes to the qroup that gets the maximum probabil-
ity, providing it exceeds the qiven default threshold.

On step 2, variable 26 (channel 3, 128 msec) enters with an F of 41.8,

and the F level for variable 22 drops from 125.7 to 96.5. OQverall per-
formance rises from 57.3% to 75% on the testina set (Table 9). Now both
red and yellow epochs are being correctly classified virtually every time.

Steps 3, 4, 5 and 6 add more variables from channel 3. (See Tables 10,11
12 and 13). Performance improves to 94% correct. When, on step 7 (Table
14) a variable from channel 1, 120 msec is added, the F levels of the

prior variables are seen to drop; the larqest drop occurs in variable 255
channel 3 at 128 msec, demonstrating a correlation between these variables,
larger at the closest latency. The classification performance at step 7
does not change from step 6.

Step 8 (Table 15) adds annther variable from channel 3, 312 msec, and

the performance improves to 95.8%. At the ninth step (Table 16), a vari-
able from channel 2 is added, and performance rises to 97.9% correctly
classified from the testing set and 99% from the training set, a remark-
able set of fiqures indeed. This performance is not improved by adding
the tenth variable (Table 17), and the eleventh (Table 18). Instead, im-
proving the training set clacsification accuracy to 100% results in a

£3«




6 J1dVL

= i S 0°SL aviel
0° O*41 007 0°*1 Qe 0°*9S 1=-3n78
o  0Q°g 011 ~ 0°8 Qe 8*GH €=-N3349
o . Qe O° 0*4e O 000 1 9-M8113A
e O Qs Qe @ 0+&2 0°*00T7 8-03y
1INV 434 T-3n78 €N3380 9eMEI13A 8-Q3¥  123y¥gD
'SY  Q3I41SSv) INII¥ 3 32¥Nn86S
96 = Id3N S = |d31 XIYlV¥A NGISNINGI oNI1LS3L
e = o o 6°1¢ aviel
o Oegt 0°9 L] o 0°09 1-3n7g
0 0°g 0*€1  O°Ct 01 0°2S £=-N3359
0 0°*2 clg o°12 o° kX 2" 9-¥87134A
o 0 o° " 0°% 0*02 2°S6 k=Q3x
171NV 433 1=-3n78 €-N33¥D 9-ME1713A  B=Q3¥  1D233uQ2
. sY @3lalssvd AN3DO¥3d 32&NGS
96 = Id3N % = vd3l X14LlVW NBISNANGD ONINIvHL
10 310822~ 10 3#E€2(2°*- 10 3€914#2°*- 20 3569el°~ INVISNE)D
c0=386908" 20-3609c¢e"* 10-310297°*= 10-3%640%°= 20 31281%° geree 92
10-3%20071° 10-3£9251*  20-346929°  10-36%809° 20 3g8#96° 020°E 22
1-3n7E €=N3349 9=M871713A 8-03y 13437 InVN - X3IONI
S3AVN  dNGY¥Y 3 376V I 5YA
*ATTIYNGILIQONBINN Q3Ld333Y SHI6d3
0*16 ¢0°E = *3%3°Q HLIM *Sd3LS 2  ¥3L4v SNEILIINNd  INVNININDSIQ

O-95L-¢l-Yywm - TOGS




0T F14VvL

o.

-

Qe
(O

_8=-Q3y

o.

o1

O.
0*12

8=Q3y

E*ER Iviel
Qw8 1-3Nn78
£°8S £-N3349
L*16 9-MB8IT3A
0°0071 g8-03y
1234492

TUIN3I¥3d 33¥N6S

#°G8
Q58
“0%08"
o¢08

0001

10348gD
LN3IIOH3d

XI8lVYW NGISNINED oNILs3L

avial
1-3n78
£«N33¥%9
9=-MBIT3A
8=-03y

32¥Nne6s

TTTh T e Yd3TTT TTXINAVH T UNGISNANGD T ONINI VML

20
20
€0

30THhbhe
38L90€°
3ggeot®*

“13A37

4

INVISNGD
E217E 9¢e
960 ®e
08Ot ce
J~VYN_ X3QNI
37avIyvA

*ATTVNBTLIANGINN Q31d322Y SHIud3

0° 0°12 XX} 0°
0° 02 Oe*#T o8
_G* _ 0°tT  0°t o022
0° T Qe o 0°
o 1INY430 1-3nT18  E-N3349 _9«MB1134A
: SY Q314ISSvI)
96 =2 Id3N S = 431
.._..0* Q012 0 O°V
Qe 0*1 0°*02 0t
0* O*c 0e2 002
0°* 0 0 0°
1nv 439 1-3n18 €-N33¥9 9=-MGIT34A
‘ . SV Q@3I3ISsv1)
T 96 TTd3N
10 3400G2°= 11U 3G6GEH*= 10 3BLEEE*- 20 3ET/g2°*~-
T10=3LEETT 20-3426Ln°= 10-31(922°- 10-3E296E°-
20-3250%8e= 10-3G6HT2°* 10-384997T¢ 20-3TEng2e-
T0-3€LE2T* 20-362926°  20-388191°¢  10-39L%19°
I-3n78 E=N3349 9=M8113A 8-03y
SINYN  dNgyo A
0°06 rQ°E = *400°Q HlIm QUhm £ ¥3L4V

mzoﬁpuznu

O\wm\ M.QE

»z<z~zwmum~o
‘1098

=23




N

1Q 3291Li%e-
10358592 -
10=-309612°
10-326611¢-
T0=38¢4L1e

13074

Cee8

¢O°t

L

)

. B 4GS qviel
0 O*el 0°*S 01 0 0°9¢L 1-3779
0 04 087 0°2 0° 0°S¢L + -N3349
Qe O°*1 0°1 0*22 0 L* 16 9-MOT1IA
Qe O o 0° Oe*Ee 0°0071 8-03y
INY 433 1=3n718 E=N3349 9«MG6I1134A ¥=03y 1034492
- sV omwuHmm<qu IN3J¥3g 303Nn8S
96 = Id3N S = 1d43] XIylvW NGOISNINGI 9NI11S3L
L2 16 viol
o O+12 0O°E 0°1 0 O*#8 1-3n749
o} _0e3 0*2e 0°1 0°1 088 €-N33Y9
Qe 0s 0°1 0°%2 0° 0*96 G=MEI13A
0 Oe 0o . o 012 G*0071 ¥eQ3N
Ny 4343 1-3n78 E=N3349 9-M071134A ¥=03Y 12345gD
Sy a3I4ISSv1) INIIM3a 324N8S
.omt..‘wmuz. K = ¥d3l IMIVW NEISNINED DONINIwvHL
10 3S60EG°*~= 10 30G69E€°e 20 3GGT.2°e . INVLISNGD
10-3804,T%= 20=-31LELG® 10=3%ETeE*= 20 300/02° CIotre 82
20-3¢gE91e" 10-319692°- 10-3E8€92°*- 20 316EGS"* “21E 9¢
10-3841571° 10=-319641" c0=3€60£9°*- 20 30%00E° GE0E "
ao.umommﬂ.-.:mO.uoﬁﬁwm.. 10-3E1289° 20 3E92+46° CBO’E 22
£-N3349 9-M8113A 7 8-a3y . T 3aIN " adWN  X3ONI
S3WVYN dngyo - 4 ERL28°07
*ATIVNGILIAGNSINN G31d3IIY SH2 343
= *4°8°Q HIIM fSd31S & ¥314Y SNOILIONNI  INYNIWIXZSIO

> > m—p . 2T

18 8 L PRSI 2% =3 SR L

1T 14Vl

-

P R S

SL ETHN

10dS

]
ot
N

[ ]




¢l J1dVL

L*26 Iviel
0°_ , 28 _ Qg2 A N 0*88 1-3n7g
0° 022 L°16 £=-N33y9
Q° . 01 01 . L*°16 9-M871134A
0 Qe 0°001 8=03y
13Nv430 1-3n78 €-N3I3uD  9-MeI13A B=03Y 123¥4g)

SY @3l4lssviy IN3DJd3g 328n86s

96 = Td3N TS T = 1431 ©  XIyLlVW NBISN3INGI 9oN1iS3y

) L°26 Iviel

O Qe2e A O . Q*88 1=3Nn78

o 0°1 022 0° 0°*88 £+N33¥%9

o i O o 0¢ 096 9-M87134A

0° 0 B S 0*12 7T 0°007 8-03y
1INV 43Q 1=3n78 €=N33y9 3A 8=-03Y 12348@2

Sy me) IN3O¥3d 32¥nes

96 = Id3N 4 X1YLViW  NGISNINGD ONINIvy)

T0 329TLhe 10 38674 %- "1073864LEe= " 20 319272 A INVISNEGD
10-369592° 20=396i%s%~ 10-3€2€lTe 10-30€g0E*~ 20 388ESI* C91¢€ g2
h0~31£889 10-3e81G6€°~ 20-36(8G5G°%- 2C=-3€EG9/¢%= 20 JeLT12Te w1 ¢E L2
To=368612¢ 10-31%691¢  10-341242%« T10-32271e2¢~ 20 3£292H° 21 € 92
T0=308611¢ 10=-309262°* 10=-31€68T e 20=-3509€S°*~- 20 36622€E° G660 CE "e
T0=3T2L447¢ A;mo.U:o:nmu;;vmoJmNmooww.|.Ho.umﬁm»on;e:mo 381888° CgO¢E 22
1=3n79 £-N3349 9=M8713A 8=-03y T3A3 3I~VYN  X3IQONI!
~S3IAVN  dN@yo u u4m<~m<>

.-.>.._4<20:.Hozmu23 Q34d322V SH23d43

= *3°8°Q HIIM ‘Sd3L S ¥314Y  SNQILONNS INYNIWIuZSIg

SL ETHW TO4dS




_10 380909

T A WEEID VT T s e

0 0*€2
o _0°1
0° 0°
0* 0°

1INv430 I=-3n8 £

96 = IdIN S

0° © 0°*g@

0°* 01 )
0° 0

0° 0

TMva3a T 1e3nTe e

96 = 143N 4

10 _3¢5%64°%~ 10 35
10=3L,41Ee= 10=3T1E01°*= 10-37
20-314212¢  10+-3268ge*~- 20-39
T0=3c4hl2  10-345702°  10-3(
10-3#5992¢= 10-322991°¢  10+3¢

To=3eglsSee 10=3€6L41° 10=32

20-3G##G8*  20-36SIEE* 2035
1-3n78 E=N33u9 9-M8
e . SN
078 ¢O°E

———

VONE L I SR K. AN © SR SIETT T, T TR R et el . B o 7 B O ot B e

€T 314Vl
g nG viel

02 0° 0 ce26 T-3074
012 o2 0° Ge*LS £«N3349

0° o*%e 0° 0°001 9«M@113A

o 0° 0*€2 0°0071 g=03y
=N33¥%9 _9=-M8113A 8+Q3y 1234492

SY Q314ISSY) IN3D¥3d 333Nn8s

s |d31 XIudlViW NBISNANGD oNl1S3l
g w6 Tviol

02 o 0° 026 1-3n78

0*22  0°C 0 ~ 0°88 £=N33¥9

0 o2 0° 0°00T 9=M5I13A
0o __ _0° __0*12  0°001 R=-Q3¥
eN3349 9=M8113A geQ3Y 1034¥g2

SY @314ISSv1) INIINH3g 308N6S

= V43l XINLVW NGISNINGD ONINIvHL
18The=- 20 360€s2°=- INVISNGD O
OThTe 10-32981€°*~« 20 3G0e8T* 021 E g2 S
0EE9°= 20-316hEL*= 20 30#+H1T° nhTCE L2 a

0€L2°- 10-398022°- 20 31201#° 821/ 52
#g/2°  20-3hG#18e~ 20 3ELh2E" SE0E 42
w2ulea  20-3869.%° 10 32n6.8° 8F0fE €2 =

2224+  10-3£9669°* 20 392e6E°*  (C®orE 22
34 8=03y 13A37 INVYN . X3ONI
dneyo ' 4 3gvidvaAa =

*ATTIVYNGILIGNSINN 0314333V SHDO3d3

= *3*08°Q HLIM -w&uhw. 9 ,mMFu< mzomhuzau INVYNIRI¥ZSIQ

SL ETUW T0dS

i




h1l JFTdVL G

' g %6 Iviel

o 0*g2 0°*2 o° 0 026 1-3n1§

o O°1 0+12 0re O G*LB €=N3349

Qo O __0° S A 2= ¢ 0°001 9-MB8113A

O Qe e~ Qe LI ¥7=/ 0071 8-03y
1INv433 T=3n7e_ €=N33Y¥9 _9+m8113A  8-Q3¥ 1034282 .

Sv @3131SSv) IN3IY 34 324NAas

96 = [d3N % * 1d31 XTylVW NGISN3INGI oNILS3L

s 846 viel
0*  Ceg2_ 0*2 o 0 026 1-3n78
0°* 0°1 022 02 0 0*88 £=N33x49
o*  0° 0 062 o 0*007 9=¥g7134A
0 O 0 0°* 0*12 0°007 =03y -
L1INV430 1-3n78 €-N3349 9=M8TN3A  8«Q3¥  1I3¥¥gD
N ="d T T T gy @3I418sSvi1yT “T IN3DY3d 3048N0S

96 = Id3N ~ h £ V431 XIHLIViW NEBISNINGD ONINIVHL

10 3EEL99°- 10 322808*- 10 30S8I#*- 20 300062°- INV1SNBD . .
10-3/5882+- 10-38%GTT*- 10-3606€1*  10-3S5129E°~ 20 319191° 0ot 82 N
20-302€Tle  T0-3424EE*= "20-365G,9°= 20-3800£G*= ~ 10 3/8GH6° whlee (2 ;
10-3£80%2°  10-30%/12*  10-3EG042°- 1C-3€0591°- 20 3g5/62° §217€ 92 .
10-394982°- 10-3€9S41*  10-3L6£42°  20-3waEgh®= 20 39,02€E° 960¢E 2

10-380292*  10-3982#T°*  10-342ewl*- 20-32€862° 10 3,9288° 8EQ'E 2
20-31,00L*  20-39T404* ~ 20-326EEH®

10-312189° 20 31998¢€" 080rE ce

To-3€glhle- 20-351899*  20-360,01¢  10-3€T1ge2* 10 3€0.89° 021¢T g
1-3n79 €~N33¥9 9=MBI13A 8=Q3y 13A3° I~A¥YN  X3gNI
~ S34YN  dNEyD 4 378y lavaA 2
*ATIYNGI LTANGINN J2Ld322V SHIEd3
Q*98 t0°E = *4*8g*Q HLIM fSg431S (¢ ¥314Y  SNGILIONNA  INVNIWIMISIQ

S{ ETUW TOYS B




3 ¢4¢8°Q HIIM ’Sd3ls ¢ ¥313v  SNBILINNS LINVYNIWI®ISIQ

ST d18vl

== g .

0 0°¢c2 0°*2 0°*
. QD¢ Qe 0%e2 0*e
0°* Qe ‘ Qe Q*ne
T T s 0 A o* 0
19Nv 334 1=3n78 €-N334¥9 _2=MG8T113A
- . o B . B m<_ ounuumquu.a-
96 = IdiN © & = 1d3]
¢
B o L T 0'ge 0 T v
~ O° . 0*1T  0°¢te 0
Oo Oo Oo ) Domm =
. o _ By e o° o
17NY 330 1=-3nN718 E-=N33¥9 9=M@T113A
B - nmmnnww<4u---
96 = 1d3N LA «auw
10 3G1699°= 20 3SE#TT1*- 10 3619LS°- 20 3h#lwE*~
c0*3tLwhhde 10=3961€E " 10=3L9L22" TO=3ESHEH®
10-386982°= 20-30S8€6°- 10-326EG1*  10-3%BEEE°~
E0-322EE2" 10-30E9GH*= 10=3£21GT°= 10-36(912%~
T0-3108E2*  10-39S8¢1°  10-3(1/62°= 10-388G12°¢«
10=3891T82*= 10-36S042° 10=-3ESBIE" 20=-38899€E*
To-3¢0092° 10-305S71*  10-300291°= E0=-38L.6G°-
20=34%660L" 20=-30t162%"* 20+3196165" 10=-39G6269"*
T0=36¢EET*- 10-3¢/81£1° 20-3£9(28°* _ 10-3S92(E*
1-3n74 E=-N3349 9=-M8113A 8=03y
_ S3WYN dney¥s o
0*c8 ¢0°E

3*S6
0° 0°26
0° (416
0v 04001
0*€E2 __ 0°00%
B=Q3¥  1J33¥ad

IN3J53d

6°L6

0°001
0° 0°26
0* 04007
0°12 04001
8vQ3¥ 12348

IN3D¥ 3G

10 351668°
20 3eciole
20 3w20e7°
20 328Lec’
20 318L1E"
10 3o+%888*
20 3eEes9t*

T T 3A3

3

20 341107°

Ivi6L
1-3n7g

£-N33¥9

9-#871734A
8-03y

333N86S

XIHMiVW .zomwauzou ONILS3L

aviel
1-3n74
£=-N3349
9+-M@T71134A
8-03y

328Nn8S

XI¥IVW NBISNA4NGD ONINIVNL

INVLiSNGD
2lE’E ot
091t 8c
] rE LS
821t 9c
S60°E we
8RO CE £c
080°E 22
021t 11
INVYN X3N]
378y LavA

*ATYNGILIANGINN Q31d33I3Y SHIE8d3

— SL ETYW TOHS

-28-

-



(ol (OLX ¥ 0°1 0°
Qe Q1 0*E2 oK e
o° o0~ o 0*#2
Oo Oo Oo ) Oo
_17Nv430 _ 1-3n18 _€=N33¥9 _F-MOT1I3A
SY Q3141ISSY1D
96 = Id3N S = 431 X1ulva
. . 0 ____QOeg2 ___ O+ ____0* _
0 0° 0*ne 0
0 Qe Qe 0*a2
0 0¢ o* . Qe
. 11Nv43a 1-3n718 E=N3339 9=-M8173A
Sy Q314ISSYD
i 96 = ld3N ] = ¥g3l XITHLIVW
10 32(ESL*~ 20 3EE9TT*= 10 39G6289°*- <20 3LGLHE*-
£0-381896°* 10=3/%8+4E"* 10=30%687° 10=2720gh"
10-36GEE2*~- 10-304617°*- 10-3n8Elc"* 10=392LcE*~
20-3,48G%8*  10-36096#°*- 20-32206G°=- 10-399902°~
10-3ng281* T0=-342502° 10-3G06GE*= 10=3.9222°-
10-318%0C-- 10-384%'g2*  10-385262* 20=-3048EE"
10=-38GLES 10=-38E921° 10-322¢481%= E0=-369%(8°-
20-362G48°  20-3016+4%*  20-39050¢° 10-309659°*
10=3h/sw12¢= 10=-36BEQT* 10=3#80#2°%= 20=-3Ew49HCe~
10-3G6222°~ 10-310G12°* _ 20-3622,1°*-_ 10-38919e° _
1-3n78 £=N33¥9 9«M371713A 8=-03
- SIAVYN  dNBYD )
Ce48 ¢0°E a *4*Q9*Q HLIM fSd3lS 6 Y314y

9T J14dVvl

62 L6 Av.igl
0° 0°96 1=-3N78
ol g°S6 £=N3349
0°* 0°007 9-M3I13A
0*€2 0°001 8-Q3x
B«Q3¥  123¥¥62

IN3¥3g 320¥N8S
NeISNANGD ©oANlls3l

0*66 Wwigl
0*  0°0071 1-3n78
0°1 0*96 £=N33IND
0° 0°007 9=M813A
0*1e 0°00T 8=C34d
8=Q3Y 1233402

IN3D¥3Sa 3J4N86S
NBISNINED  SNINIVYHL
INVLISNGD
20 3(8€E0T* 21ErE 0€
2C 390G91* 091 ¢E 52
20 3TH49Tl" WH1eE L2
T 20 31s62€E" §21E 92
20 3/512€° 960 ¢E "z
10 392126 80 E g2
20 34#29E° 080¢E 22
10 3466(9° 8912 A
20 39s0+%° 0211 S
93430 INVYN  X3aNI
4 37gvIxvA

SNEILINNS

.>Jqﬁzogknozmu23 Q31d4339V SHIGe&3

INYNTAINISIA

SL €TWN TOUS

-29-




LT 374VL

- e s K ll!m.nm ) - viel
g 0*42 0°7 o o° 0°96 T1=3n78
Ll ey ~_O+€2 o o - B*S6 £=N3349 s
O Qe O O*42 o 0¢00T1 9«M8T13A
o* 0 o & 0*€2  0¢001 B«Q3y
1INvY 434 T=3n78 E€- zummw e-zo.ju> 8=Q3y 12343480 -
P o _SY_Q31418svi) LIN3J¥3g 32unes
¥ 96 = Id3N g * 1431 XIylyW NEISNINGD oNl1is3y o=
i o o o . . 0°66 aviel
O Qege Qe 0 O 0007 T=3Nn7g i
o S * L S * L ¢ __0*%2 0 o . 096 €=N33¥49
5 L L T 0es2 0¢ ""770°001T  9-M8II3A
0° oe 0* o 0d12 0007 8-03y -
1INv 434 1=3n78 €=N3339 9-M81713A 8«03y  1D23¥dg)
) - SV Q314ISSY1) AN33¥3d 338N8S
‘ - 96 = 143N " = V43l XI4LYW NOISNING)D ININIVYL &
e DR y S N =
]
10 39eSSL*+ 20 368911°=- 10 31€L69°- 20 31266E°~ INVLISNG)D -
20=32+#191¢- 20-3cl662° cD=366E8%*~ T0-3/LE9g2* 10 3LEw49° 0S0 4 HE
€0=3984%01*- 10-39664E°*  10-3669871* 10-36Ghahe 10 316166° 21EE o€
10-36G622*~ 10-390/(2T1°*=  10=-3£¢4G22° 10-36546E*= 20 34E€2/1° Q91 82 s
20=34T 798¢ 10-36%66%°-_ 20+34hGES*~ T10-3206E2°- 20 3G9€E9T* W4T CE L2

10-31S18T¢ ~ 10-3€£/02% ~~10-3S0E€9E = ~10-396861%="" 20 "32522E* "~ g2ree 92
10-32820E*« 10-3608#2°  T0-355862° _EO0=38BE941¢- 20 30#402€° GEQE 92 #

T0=-3018€E2 10=-314#G2T° 10-35968T°*= 20-380087°- 10 32€506° 880 € g2
20=39G8.B 20=340Enh* 20~3G8HTLe 10=-308€69° 20 3e62H2* 080rE 22

10=3¢6612*+ 710-38SETT*  10-30G9G2¢= 20-30€299¢ 10 3€THEL" 8BS 12 VA .
N - ao-uﬁmmmmnq..Ho-mom¢mmn|;:monu¢ommmwu 10-36L95%° 20 3454STe o211 S
T=3n78 €=N3349 9=M8113A 8-03y T3A3% 777 U 3N4vN X3QNI
B ) ) -I:lMMz«m--a:mmw..u-zf- O B m4m<~m<> -
| ) | .>44<zo~p~o2ouz: ouhauuu< SHJ0843
Cee8 ‘0°E = *4*0°Q HiyM .mam»m oﬁ ¥31l4Y  SNOILINNY  UINVYNIWINISIQ

r— o ——— — — o e - e Th e e, e e o — - e m -

S/ £THW TOES




20 32#11Te-
20=388¢L1Ge
20=3E0TEE
10=3968EH.
20=30cEHhLe
€0=3911EE"

"10=3¢264%2°
20=3LENN6e -
10=-326€071¢
To=364(21"
10=324L62¢~
T0=3¢cH82° =
T=-3n18

B¢ GE Aviss
0° _0*42  0°t 0° L 0°*96 1-3n79
(o] 07 0e2¢ 0°1 O L*16 £=-N33uQ

- 0 g 01 0~€2 o 566 9=MQI13A
e Lo O o o*€2 0-3G07 g=03Yy
17Ny 434 1=3N718 E«N33¥9 9=-M87113A 8-Q3Y 1234¥4g2
_ SY @Q3!4ISSv1D IN3IY3d 32¥NesS
96 = 13N =~ § = 143D XIxlvVhi NGISNANGD ONIL1S3L

00071 vied
0* 0+g2 0 0 0 0007 1-3n19
0 Qe 0e&2 @ Qe 0°0071 £=N3I34Y

s R - 0°se ¢ 0°*00% 9-M8113A
O Qe ©F o° Cet12 0°007 8=Q3Y
1NvY 430 1=3N18  E=N33¥9 9=-MB8113A 2«03y 1234¥gD
. SY Q314ISSvI1) IN3INd 22%¥N8S
96 = Id3N L] s vg43l X1H1IVW NBISNINGED ONINIvyL
20 3404€T*= 20 35620T°= 2C 30T20he~- 7 INVYISNSED
g0=3g2€€S" 20=366928°*= T10=-384962° 10 34¢60L° L30¢h HE
1C=3EEHEE " 10=3€2G69T1 T0=31037Ghe 1C 39/6L6° clgE o] 3
_10=3€4€0E*~ 1C=-38E22%*~ T10-30G42Te 10 3cEB4H4u® Co2’E 62
c0=Z0EL6T*= 10=3£TG/E" T0=3€E9Tnte=- 20 319267° 091t 8
10-371619G6*~ 10-3886£1°¢~- 10-329€12°~ 20 3G61I+1°¢ n1¢E L2
10=345hG2" 10-368¢462°*=- 10-381812°= 20 30G/T1€*" g217€ 92
T10=3k126€°* T10-3L066%H"* 20=-369609°*- <20 3e20cl* GEQE He
20=34592¢" 10=3LL{N1E*=- <20-305002°* 10 3eg908* g§c0?E Lo
20-300£%4*  10-329601°¢  10-395289°* 20 3Twscle C807E 22
20=3LEBES? 10=32ETEE*=- <20~-3138288"* 10 300008° 89172 AR
_10-312981°  20-3e#2(8+- 10-3692¢%¢ 20 312651° 02141 g
€=N3349 9=M8713A ~ T 8-03y 13A37 3AVN  X3anI
~ S3WYN  dNeyo 4 378vIuva

8T JIdVlL

*ATTIVNGI LIANBIONN 031d332Y SHOGd3

= *4¢8°Q HILIM ‘Sd31S 11 ¥31d4v SNBILIONNG UNVYNIWI¥ZSIQ

SL ETUN TO4dS

-31-

o

-




slight drop of the testing set classification performance (to 95.8%),

a sure sign that the last improvement was idiosyncratic. Further steps
add no more to the performance, step 20 giving the same results as step
11 (Table 19). The chi square values for the tenth step testing con-
fusion matrix give a p < .001 that such results could be obtained by
chance.

It was concluded tentatively at least, that no more than ten steps should
be needed for highly accurate single evoked response classification
under the present experimental conditions, a value that is consistent
with evidence from other quarters (e.g. pravious function analysis
studies).

If the cost of an evror is higher than that of non-classification, then
those epochs which do not have a very high probability of belonging to
one of the source groups can be defaulted, through use of the a posteriori
decision threshold parameter. For instance, when this parameter is set
to .999, no classification errors are made (Table 20) for subject SBO1,
but the price for 100% classification accuracy is a 23% default rate.

If the training set is taken as the first 96 epochs, and the testing set
the next 96 epochs, the performance drops only slightly, to 95.8% correct
(Table 21). Here again, 100% classification accuracy is achieved by set-

ting the decision threshold to .998 and 34% of the epochs are then defaulted

(Table 22). Subsequent tests, using the mutual information measure
defined in Section 4, indicated that an optimal trade-off value of the
thresho’d parameter was to be found between .4 and .6.

23T
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SBUi MR13 75 FOUR COLOR VEP EXFR.

CISCRIMINANT

EPBCHS ACCEPTED UNCBNDITIGNALLY.

VARTABLE
INDEX NAME
5 1,120
17 2,168
22 3,080
23
2h
_6_ .
27
28
30
34

3,096
_3.128
30144

3312
4,080

3,088

3,160

F
_LEVEL

. 15454 02
.73413E 01

e 24293E 02
«906532g 01
«32040E 02
___e32252¢_02_
e16365F 02
«17234E 02
+99191E 01
s64437E O}

FUNCTIBNS

AFTER

RED=-8

c45679E=01

+65230£-02
¢ 69380E-01

-+18008E-02

<+14633£-03

__»¢19896E-01 _

»¢23907E-01
1}39759E'ol
s 44 459E-01

+28637e-01

CBNSTANT »¢39921E 02

TRAINING CONFUSIBN HATRIX 1€

CLASSIFIED

YELLBW=6
.0

_ .19.0
o0
o0

PERCENT
_ _CBRRECT
100.0
1Q0.0
1¢0.0
100.0
100.0

SBURCE
RED=8
210
_ 0
o0
o0

RED=-8

_ YELLEGW=6____
GREEN=3
BLUE -1
TOTAL

TESTING CONFUSIBN MATRIX 1EP

771540

GRBUP NAMES
 YELLBW=6_

~+33304E-02

-+ 25650E =01
+71485E-02

- +18565E~01
+29855E-01

=+36305E-01

- e53544E-02
_+22573E=01
«18699E~01
- 48399E-02

~+69731E 0%

PA = & N

AS
GREEN=3 BLUE
o0
0

.0

T =

o0
K1
.0
190

NEP] =

10 STEPS, WITH DeBeFs =

- GREEN=3
e 22496E=01

+11358E-01
hh304E-02
+12541E-01

24809E-01

020773E-01
-+49949E-01

¢ 34996E-01

=e12706E-01

+29973E-02

-¢11689E 02

EPI = 96
-1 DEFAUL
0
6.0
71040
6.0

96

\

A POSTERIORI DECISION THRESHOLD .999

3.0/

BLUE~Y
"22831E Ci
=e21997E-0}
+87856E-02
+23810E-01
=e30282E-01
*18151E-01
08641“E 02
0022959L-01

0!10“86E 02

-o161“2c-02
-475536E 01

8300

PERCENT
_CBRRECT
10040
10040
10040
100.0

SBURCE

RED=-8
YELLBW=6
CREEM=3
__ . BLuUe-1

CLASSIFIED
RED»8  YELLBW=6
23+0 o0
0 2040
0 0
o0 o0

TOTAL 100.0

COMPLETED 10 STEPS 6F ANALYSIS

TABLE 20

AS
GREEN-3
0
.0
13.0
o0

BLUE =

1 DEFaAUL

T .
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'SBB{ MR13 & COLOR VEP EXPe FIRST HALF VS, SECOND HALF « AP 25, ¥, BUCK

DATA SET IDENTIFIERS

¢ EXPR = OCH{

“

NBe BF VARIABLES E 40 “GTe DeBeFe = 9600
F LEVEL TO REMBVE = 2.200 PBSTERIBR] THRESHSLD = 250
i CISCRIMINANT FUNCTIBNS AFTER 10 STEPS, WITH DeBeFe = 3.0, 8300
d EP3CHS ACCEPTED UNCONDITIBNALLY.
W
(B VARTABLE F GRBUP NAMES
| INDEX _ NAME  LEVEL _ RED-8  _ YELLGW-6 _ GREEN-3  pgLUlZ=-y o
3 1,072 «10081E 02 <=e59918E-01 =+16802E=02  +40974E-02 =¢135945-01
% 1s10%  ,92262E 01  +33689E-0i =+21239E-02 =-413910E-01 424566201
5 §,120 +15742F 02 -+20966E-01  +76328E-03  +45309E-02 =+55014E-01
| 6. 14128 ,94567F 01  +90918E-01 _ +15685E-01  +10962E-01  ¢3275°5.01
22 3,080 «20124E 02  +94046E=01  +12470E-01 . ¢16920E~01  ¢236535~01
® 23 3,088 «56605E_01 ©16924E~-01 _=-+83115E-02 ¢16344E-01  +191732-0f
f 24 3,095 «87529E 01  +55347E-02  «18783E-01  «96249E-02 <e19711£-01
’!” 25 3,120 419753E 02 =-+33593E-01 =+21081E-01 -+78049E-02  +234335-01
28 3,160 ¢15540E 02 <«e58320E-01 +14162E-02 =425766E-01 -316675-01
| 40 4272 ,4644SE O1 =+17030E-02  +56732E-02 =¢11727E-01 =~+149575-01
3 CSNSTANT ~+54822F 02 =-+39615E 01 =-+81830E 01 =+11913F 02
g” ~ TRAINING CBNFUSIBN MATRIX  [EPA = & NEPT = 9¢ o
' SS8UICE  PERCENT CLASSIFIED AS .
. __ ____CORRECT _ RED=8 _YELLBW-6 GREEN=3 BLUE-1 [CEFAULT )
RED=-8 IGD-D 1840 o0 0 o0 o0
_YELLBW=6____ 100.0 WO 240 _+0 __0 0
GREEN-3 91,3 .0 2.0 2140 .0 .0
. BLUz-1  100.0 0 0 o0 731'__0_0 __»0 - o
T8TAL 97.9
~ TESTING CBNFUSIBN MATRIX  IgPT = 97  NEPI = 95 N
S9UCE PERCENT CLASSIFIED AS
= ____CBRRECT _ RED=8  YELLBW=6 GREEN-3 BLUE-1 DEFAULT
RED-g8 100.0 2440 o0 o0 0 0
H YELLGR_‘_Q L 96_0"9 «0 . 2440 1:_0» ) _0_0 00.__ - )
; GREEN=3 9642 o0 o0 2540 1.0 o0 B
| BLUZ=1, 9045 .0 40 2.0 _ 19+0 .0
TeTAL / 9548
CAOMPLETED 10 STEPS BF ANALYSIS -
TABLE 21 ’ T




roduced from B
ﬁ:‘sblroavaﬂable copy.

MR13 4 COLOR VEP EXPs FIRST MALF VS, SECOND HALF o AP 25, M, BUCK
TA SET IDFNTIFIERS: EXPR = 0Ci] -

€39,

NCo EF VARIABLES = 40 WGTe DeBeFy =

7 LEVEL T8 REMBVE = 24200 PBSTERIBRI THRESHBLD =

-—

DISCRIMINANT  FUNCTIONS AFTER 10 STEPS, WITH DeBeFe =

3.2
EPECHS ACCFPTED UNCENDITIBNALLY,

VARTABLE
INCEX  NAME

GRBUP NAMES

F
LEVEL RED-8 _ YELLEV<6 GREEN-3_ BLUEey

1,072
14104
1,120
1,128
3,080
3,028
3,096
3,120
3,160
42272

+10081E
092 262F
0 15242F
0 QU567F
0 20124E
256605
+87529€
019753¢€
0+ 15540E
o bb6445F

04
01
02
01
02
01
01
02
o2
01

=+59918E-01
+33689€-01
=¢20966E~-01
+90918£~01
+94045E-01
0 16924F ~01
*55347F=-02
*¢33593€-01
~+58320E-01
»¢17030E-02

=+16802E-02
=+21239E-02
+76328E-03
+15685E-01
*12470E-01
“+89115€-02
»18783FE-01
=+21081E-01
v14162E=-02
256732802

'40974E-C2
~¢13910E-01
+45309€-02
¢+10962E-01
e16920E~01
+16344E-01
096249E-02
=e78049F =02
=e25766E=01
»:11727E-01

=+13594E .01
W 24566E-01
= +55C14E-01
*32760E-01
+2354%3E-01
*19173E-01
-+19711E-01
+23433E-01
=9315657E=01
~+14957E-01

CONSTANT =e54822F 02 =¢39615E 01 =-+81830E 01 ~,11918FE 02

TRAINING CONFUSIBN MATRIX IEPA = 4 NEPI = 9
PERCENT
CBRRECT

100.0
— 10040
100.0
10040

10049

SeURCE CLASSIFIFD
YELLEW=6
o0
1440
0

+0

AS
GREEN=3 BLUE=1
0 o0
o0 o0
1340 o0
o0 250

RED=-8
180
1]

0

00

DEFAULT
o0

10,0
10.0
6.0

RED=-8
YELLBW=6_.
GREEN=3
BLUE =1

TOTAL

IEPT = 96

97 NEP] =

CEFAULT
e 0
13.0
15,0
S0

TESTING CONFUSIBN MATRIX

CLASSIFIED
YELLOW=6
o0
12.0
o0
0

PERCENT
CORRECT
100.0
100.0
100.0
10040
100.0

SEURCE
RED-3
YELLBW=6

GREZN=3

BLUE=1
TETAL

AS
GREEN~3 BLUE-1
0 o0
o0 o0
1.0 o0
o0 160

RED=8
240
o0

o0

o0

CIMPLETED 10 STZPS BF ANALYSIS

TABLE 22
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3.2 Pattern Position Fxperiments

Purpose

The color stimuli used in the first experiment were always selected by
the computer. The pattern-position experiment was designed to allow
stimulus selection either by computer, for a training series, or by the
subject, for use in controlling a separate "application program"

once the computer has established a set of discriminant functions using
BCI/SDA.

Methods

The methods of EEG data collection are identical to those described in

the color Experiment. The only difference is in the stimulus arrangement.
A brief flash trans-illuminates a checkerboard pattern, | 3/4" square,

at a pupil/display plane distance of 46", thus subtencing a 2.2% visual
angle. The individual checks subtended a 12' visual angle. Four solid
state diode lamps (LED's) are positioned at the top, hottom, left and
right edges of the checkerboard, 1 cm in front of the checkerboard. The
checksize, and checkerboard size were chosen following C.T. White (1968)
in order to produce large evoked responses at the scalp. A red filter
was used behind the checkerboard to benefit from the previouvsly observed
better consistency of red responses, and a blue-green background was
continually on, to further enhance retinal red response; the background
was superimposed on a large area over the checkerboard. The implements-
tion of the present experiment is open loop. For each run, 200 epochs
are taken, with the computer randomly selectinag one of the four fixation
lights for presentation on each trial. The subject is instructed to fix-
ate steadily on the light selected until one second after the flash. Thus
the proximal stimulus occupies one of four partly overlapping retinal

positions on each trial.




Analysis

The data were analyzed by stepwise discriminant analysis exactly as in
the Color Experiment. One half of the epochs were taken for a training
set, and the other 100 epochs were then classified using the DF obtained
on the training set. A general four channel, 16 msec interval variable
selection paradigm was again used.

Results
As in the Color Experiment, evaluation of performance is based on the
percent of correct classification of epochs from the testing set, with

no defaults.

Subject-Date EXPR Performance

NLM1-AP08-75 €841 74%
MHDI AP15-75 CB41 63%
ATW1 AP17-75 CB41 86%

(Detailed results from subject ATW are shown in Table 23)

Table 24 shows the performance obtained when the a posteriori decision
threshold is raised to .900. A classification accuracy of 92% is
achieved, with 25% defaults. This performance, while not yet equal to
that obtained for color stimuil, is quite good, and can doubtlessly be
substantially improved.

Discussion

Reqan (1973) has speculated that the use of large (14° diameter) stimuli,
rather than foveal stimuli, would produce less intersubject variation in
evoked responses obtained from stimuli of varying retinal position. There-
fore, it is intended to repeat the Pattern Position Experiment with a
larger checkerboard, in order to find the most efficient stimulus for the
purpose of on-line evoked response classification. Other improvements

=38




ATW1-AP17-75-0, PATTERN=POSITION EXPe 4 CHANNEL GENsL WINDOW,16 MSZo.

—

i

DATA SET IDENTIFIERS: EXPR = CB41 SUBJ = ATWLI DATE = AP{7 :
NBe OF VARIABLES = 40 N B WGTe DeBeFs 3 13C.22
F LEVEL T8 REMBVE = 2.200 P3STERIBRI THRESHALD « »250
DISCRIMINANT FUNCTIENS AFTER 10 STEPS, WITH DeBeFe = 3.2, B87.-
~ EPBCHS ACCEPTED UNCONDITIENALLY., o
VAR ABLE F o GRBUP NAMES T
INDEX  NAME LEVEL U DBWN .. LEFT RYZ-T
3Ck 1,112 ms. +73779E 01  «25088E~01 <~¢13389E-01  +22914E-02  +1C933i-51 .
4 1,128 +12931F 02 =+15063E=01  +33287E-01  +44236E-02  +13C283-C:
S 1,144 ¢30526E 02 ~+43069E-01  ¢20345E<01 ~¢30284E-01  +97073Z.C2
8 14192  .10088 02 _ +29214E-01  +75250E-02  31654E-01 =+6774+2-C2
15 2.1%4 c12338E 02  +251556-01 ~e28995E-02  «44400E-02  +2C<CeZ-0%
_23 3,112 211439€ 02 013641E~01 =¢29091FE~»01 =~¢20995E~-02 =¢453352-C2
25 3,144 +53536F 02  #34319E-01 ~e+28860E-01  +23870E-01 =-e2C3455<Cy
27 30176 .10428F 02 ~+93601E~02  ¢29590E-01  +11591E-01  +520922-03
28 3,192 ¢14191F 02 <~+19368E<01 <~e¢11372E~01 =+31993E-01  +8u267I-CZ
39 4,208 .69536E 01 ~e17C77E-01  +51192E=03 =-¢15295£-02 =+173533-CL
CONSTANT ~¢95687F 01 =e86774E 01 =e47035E 01 =-e62407% 01
I
—— ___TRAINING _CONFUSIBN MATRIX _. 1EPA = .1 _ NePl =100 .
—___SBURCE____ PERCENT CLASSlEIED AS ) —_
CORRECT uP LEFT RIGRT CEFAULT
UP___ 100+0 2500 _-9___ a0 .0 %)
DewWN 92.0 0 230 10 10 0
~ LEFT 92.C 1.0 1.0 2340 0 0
T RIGHT 100.0 s0 0 o0 2540 o0
TATAL 960
TESTING CONFUSIBN MATRIX IEPT & 2 NEPI = 100 :
SBURCE PERCENT CLASSIFIED &S
o  COBRRECT P DBWN  LEFT  RIGHT CEFAULT
upP 7240 18.0 1.0 5.0 1.0 0
D@WN 92.0 0 23.0 0 2.0 0
LEFT 9240 oC 2.0 23.0 o0 o0
- RIGHT 88.0 240 160 0 2240 .0
TeTAL 8600 S S
- - — - - - - - - ‘ - -— | —— —
CAMPLETED 1C STEPS OF ANALYSIS
TABLE 23
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ATW1-AP17-75-0, PATTERNePBSITION EXPs 4 CHANNEL GEN,L WINDOW,18 Pec-.
'oATA'éti“fﬁtN¥xrtEns:"'tipé'}'bb41'—§G§U°?'Z7ﬁi“'bi?é'1"K5£i""’" T

—— — e ————— e .

 ——

N8« BF VARIABLES = 40 WGTe DeBsFs = 35,30

—.F_LEVEL 78 REMOVE = 2.200 POSTFRIBRI THRESHSLD =  ,900

TRAINING CBNFUSIBN MATR]X IEPA » 1 NEPI = 100

SEURCE  PERCENT CLASSIFIED AS

CORRECT_ _UP___DBWN _ LEFT  RIGHT DEFAULT
UP 100.0 2240 o0 o0 0 3.0
R DBWN _  100.0 _ 0 22:0 o0 v 0 3.0
LEFT 9542 0 1.0 2000 «0 440
p RIGHT 10000 00.___-___ oo .00 - 2'1.00- l}oo_
TBTAL S8+8

TESTING _CBNFUSION _MATRIX IEPT = _ 2 NEPI = 100

.”__,SBURCE;__“PERCENI________T]E.QLASS%EIEQ__AS-

CORRECT WN LEFT RIGHT DEFAULT
e UP___“.J307 14.0 0 400 _1:9 6:0
1 ! CaWN 100.0 o0 22+0 0 Y 3eC
LEFT ____1o0.0 0 «0 15.:0 . 0 10,0
RIGHT 9447 s 0 1.0 w0 1800 0 -
_ T8TAL 92.0

COMPLETED ,1o"u§TERsm“qEﬁ_5NALY91sq__

TABLE 24
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of the target are possible, in particular the use of a diamond shape
which will eliminate retinal overlap between positions. It is also
expected that the orthogonal transformation of the multi-channel data,
which did not perform well with color, should be of advantage in this
series because of the spatial dependence. Finally this procedure is
about to be performed on-line using a graphic program to provide sub-
Ject feedback. Spectacular improvement in reliability is expected in
this case because of the operant conditioning inherent to the procedure.




4. THEORETICAL CONSIDERATIONS

4.1 Stepwise Discrimination and the Decision Rule

Consider the discrimination of a training set consisting of M epochs, {
represented by N time samples. The initial data set thus consists of

M N-vectors:

X = {Xm} = { Xmn] ™M, M s mzl LN

J

Where j = (1,2...J) is an index that desianates the training qroups.
There are J such groups (the "input alphabet") in the training set;
Mj is the number of epochs in group j and obviously;

XM=
! J
4 The mean for groups i and j will be represented by the vectors;
=4 = ’ I =3

(n can be replaced by k)

The classification is conducted in two sections. First a step-wise dis-
criminant procedure selects K samples, from the original N, that have
optimal discrimination properties. There is no loss of generalities in
placing these samples at the beginning; !

X = %. qc!h17u %

withm = 1,2...K. The training set is thus now reduced to M K-vectors;

Second, a discriminant function a(X) is obtained for each group. The
function is a measure of the posteriori probability p(lem) that a given
epoch Xm belong to aroup j given Xm. Thus if

gJ (xm> > 9,‘()(?“)

2=




for all i#j; then this epoch would have to be ed in qroup j
according to the posteriori probabilities. Discr m 1t functions are
actually obtained from the training set, which f1steci, provides the
probability p(xm,j) of occurrence of a qiven observed epoch Xm which
is known to belong to aroup j; then:

3 (Xaw) = PLR Ju ) (1)

Specifically a logarithmic form is calculated which leads to different
numerical values for the function a but has the same properties:

a5 (X,) = log p(X ,3) + loa p(3j) (2)

which, assumiiq normal distributions with different means but equal

variance (for each group) takes the form:

q. 00 = - DX+ log PO
J

c )=

D2

distance to the mean for group j is aiven by;

T‘ (,/'.-.;)-"- (M'T> % 5;— ('xmn— ‘iri)amfg(xmu- 5:'2)
K ALY

m=V ... K 5 k=1,2...kK (3)

/

is the squared Mahalanobis distance. For an epoch Kad ,This

a is derived from the original within group cross-product matrix;

Wu Wll
W= (4)
Wa, W)i.

W is first partitioned; the contributions of the K selected first
samples are vested in Wy,; and W;, is inverted yielding;

A “\Mul4= {ahﬁk




with n,k = 1,2...K

A confusion matrix can then be established that shows the number
of epochs Mji that came from group j and whose posterior probability
was larger for group 1.

In the testing phase the discriminant functions gj(x) are evaluated
for j = 1,2...J, on-line, in real-time for each incoming epoch x

and classified accordincly. The posteriori probabilities of belongina
to each group are also calculated;

| P(i) exp [2](x)]
19(“’(): ZT: hii) ExP[D;"(XB} (6)
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4.2 The Mutual Information Transfer

Let A = (a],...aJ) be the input alphabet (e.g. the set of color
labels for the stimulus flashes). The a-priori entropy of the alpha-
bet is given by:

H/A) = L'p(a)loxz__w j2,2..3

,.,) (7)

Let B = \b bJ bJ+]) be the output alphabet (e.g. the set of classes
estab11shed by a corresponding set of decision functions over the EEG
measures (the recorded evoked responses). The decision functions map

A into B, where bj corresponds to aj for each j=1..J and where b

J+1
represents an additional default class.

Next,one defines:

HALB)= 2 (3

s, 6D o)
as the a posteriori entrcpy of the input alphabet given the event b
The sum over 411 b's gives the "equivocation" of 8 with B:

H(AlE) = X b YH(ALE;) (9)
!

H(AIB) = 0 for a completely deterministic mapping (A¥8); reciprocally
H(AIB) = H(A) if the mapping is completely random, i.e. is B is indep-
endent of A.

From there the mutual information I(A,B) between the two alphabets or
sets of events is defined as:

I(A,B) = H(A)-HalB)

I is non-negative and varies between zero (independence) and H(A).
H(A) has an upper bound, which therefore, also holds for I(A,8);




max H(A) = 1092N bits
reached when;
e NG & Ll . ': =
prapy=L ;12T (10 )

Thus, the mutual information provides a single number that character-
izes the performance of the channel (i.e. of the experimental paradigm)
that can be directly compared to the number of bits embodied in the in-
put channel (i.e. H(A) = 2 for a four color experiment).

It can be shown that mutual information is reciprocal I(A,B) = I(B,A).
I(A,B) can also be expressed in terms of the conditional mutual infor-

mation I(a,,B) defined for each 3 such that;

I(a8) = 2 p(aT 3,8 i)
with
. [ P(b;13;)
I(aﬂa): % P(b,‘JBLOSZ!ZT’(‘D‘\QQT[J) (12)

This expression is practical because it can be estimated directly (row
by row) since E?bilaj) figures in the confusion matrix generated by

each experiment.

The conditional estimate }Yaj,B) calculated for each row from (12 )
measures separately the capability of each input condition or class to
get through the channel. Since p(aj) may not be the same for all j,

the upper bound H(A) ,valid for I(A,B) does not hold for its components
I(aj,B); rather;

- | .
YnaxL(a:, R’) = loaszz;) 5y J=h2.--3  (3)

Mutual information calculations are now incorporated in the BCI Step-
wise Discriminant Analysis program.
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5. FACILITIES

The project continues to be conducted under the auspices of the Computer
Science Department, University of California, Los Angeles, The principal
facility for this project is the computer system at the Brain Computer
Interface Laboratory. Laboratory equipment includes three dedicated com-
puters (XDS 930, XDS 920 and IMLAC PDS-1) with complete peripherals (card
readers, card punch, rapid access drum, tape drives and line printer).

Experiment subjects are monitored from a specially designed shielded en-
closure that contains various input devices and output displays designed
in a modular fashion for ease of interfacing with the digital system.

The experiment is conducted from an adjacent room containina the control
terminals to the system computers, the recordina equipment for EEG and
other biosignals, as well as voice and video communication devices.

The amplified EEG signals are routed to a digitizing station capable

of handling 50 simultaneous channels of analog input. During experi-
ments, a dedicated XDS 930 computer with 16K words of core memory and

2M characters on magnetic drum acts as data input controller and real-
time experiment controller. A1l real-time processing functions are per-
formed by the 930 which also creates complete experiment records for off-
line batch processing. These contain, for each data "epoch", the experi-
ment parameters (sampling rate, epoch lengths, etc.) specified by the
experimenter as well as selected results of on-line computation, suiiect
responses, etc. The 930 also controls an IMLAC PDS-1 minicomputer and
display terminal with 8K of memory which is reserved for the generation
of visual feedback display and some other functions. In addition, the
PDS-1 as a stand-alone computer can perform extensive calculations and
generate sophisticated graphics including animation.

For very larae data processing proarams, the main computing power is
provided by the campus IBM 360/91 (Campus Computing Network) which is
rquipped with an exceptionally larae core memory of 4M bytes. The digit-
ized data reaches the IBM 360/91 from the laboratory by a special high
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speed data line that is used to write and read directly into and from
the 360/91 core. The data transfer is controlled with a separate pro-
cessor (XDS 920) to allow buffering and transfer without interference
with experimenis. A monitor program in the 360/91 controls both the
data flow and the processing protocol from a privileged position with
respect to the 360/91 operating system software, thus insuring immedi-
ate execution. Complex programs such as spectral or functional analysis
of the signals can be performed and the results fed back to the labora-
tory with minimum turn-around time. The "awakening" of this software
system and all subsequent file handling are placed under the campus time-
shared system (URSA) and controlled by an IBM 3277 terminal in the lab-
oratory.

Finally, the BCI laboratory computer system has wired-in direct access
to the ARPA Network. The Network is being used for accessing and trans-
mitting data to distant facilities (such as MIT-MULTICS) and for commun-
ication with other Biocybernetic research groups.
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