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PO lENTALTON

The present dJdocument is the final annual report for the
BLOCYDEANETIC Cotvwol [0 MAN=4ACHINE INTERACTION project at UCLA
conauctaad  under Aavanced «es2arch Projects Ajency Contract Hn,
NOUD L 4-59=A=0200-4000, Ihe projoct beyan in April 19/3 under a
difrerent contract. The long term gnals were described in detail
in earlier proposals (UCLA cng-P246b-N-/3 , P-2/19-C-4 and UCLA-
Eng-753») and are reviewed brierly oelow.

The ultimate goal of the prnject is to devise methods to incor-
porate electrophysiological ©brain signals into man-machine com-
munication proceaures. The implementation and evaluation of such
orocedures deals with perc=aptual, cognitive and afrfective mod:s
of communication,

In conventional man-machine dialogues using computer terminal,
the terminal providss most of the external environment and gen-
erates stinulus inputs to the operator in the form of grapnic or
alphanumeric cisplays. [ypically the response is the selection of
a sequence of keysboard commands. This motor behavior is chosen
based on an analysis or the situation. A closer coupling could be
attaine! 1ir the terminal coulu accz2ss the covaert as well as the
ovart responses, and hypass to some degree the requirenent for an
expliclt motor output.

A closzly coupled man-machine interTace woulu require the use of
a comnunication moce with the rollowing characteristicss

1. Agequate bandwidths f.e. quick access.
2. Low ovaern=aid in teras ol voluntary mantor activity.

3. Stability ane repsatabilily.

duced from
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svent related brain potentials seem to be the most suitable
biosignals ror development of tne intended application.

Ihe experimental approach consists or identiIying features in
the kbu (evoked responses) which constitute feasihle codes ror
Use in Jirectly comnunicating speciric messages relevant to in-
Lteractive man-machine communication. Such messages would be, for
example, the recoygnition or a photograph (matching), its accep-
tance or rsiection based nn some criterion, the choice between
visnal alternatives (a visual light pen), or the appraisal orf a
given environmental event in terms of its meaningfulness or sig-

niricance to the suvject/operator.
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2. Projress to Date,

ihe JCLA BTOCYBExNETIC CONTwOL IN MAN-MACHINz INIEKRACLION Pro-
ject has been underway at the UBrain Computer Interrace Laboratory
(BCL)  since July 1v¥/3 under AKPA sponsorship. Accomplisnments to
aale ror the ensemble of the project rall into three categories,
namelvs
l. voked response experiment results (2.1).
2. Computer support system udesign and Jevelopment (2.2).
3. Development of computer methodology and application
software for real-time online identification of event
related kEG signals.(2.3)
the accomplisnmenits auriny the first year and a halr have oeen
gescribed in the tinal lechnical Report |1Y/3-/4, and in the
Semi=Annual [ecnnical keport Iy /4=-/o, fhe present uocument covers
the second nalr of the second year (Iv/4=/%), lhe salient items

are summarizeu in tne present section,

2ol EVOXKED (ESPONSE =XPERIMENT oESULILS

Zolol Cnlor rxperiments

he data collected in the orevious period has been extensively
anatyzed, usinj both the BCl version of Stepwyise Discriminant
Analysis, Anu the aew $MD version, ¢/M. In the current analyses,
all the data samples had an opportunity te ne selected for inclu-
sion into the wuecision rule. Als0, a proceiure sugygested by
latsuoka (19/1) for computinjy the coatributions or each variable

3
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in the Jdecision rule to the classification of each group has been
utilized, From this vrocedure, the EEG COLOx CODE for each sub-
Ject can bhe Jdisplayed, [hese results are tabulated in tne rollow-
ingy section.

Ihe auoptinn or a rirst half/second half training/testing aivi-
sion 0r the Jata has resulted from a desire to approximate morae
closely tne proceaure that i5 expected to be useu nnline, where
data 1s collected rtur the generation of a trainingy set, and then
the resulling classirication ftunction is applied to subsequent

tata .

2ele2 Pattern-rosition cxperiments

An aduitional series of experiments testing the efrect or retinal

position variation was conaucted using varinus Jisplay conrtigura-

tions in a search for a more optimal stimulus for tne visual
light pen experiments to be performed. [hase experiments were
analyzed oriline, in batch mode, and the rasults were used to
select the display parameters which gave the best results, in
terms of % correctly classified stimuli and Mitual Inrormation

transter. Lhese results are described in detail in the followiny

section.

Joled ONLINe lxperinent.,

In June or 1%/ the rirst online, real time evoreu response clas-
sirication =2xperiments wera successrully completed. the visual
Light pan experimeal was impl:mented on a three computer networxk

4
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irn tno KCL Lab., bsome or the details ot this accomplisnment are

gercrined in the tollowing section.

2.2 Uomputer System evelopments

In Aarder to inmplement the online classirication experiments,
towards which the BCI lab had directed its efrorts from incep=
tion, numerous harddare chanjes were desijned and constructaed. In
particular, three computers were networked together 50 tnat they
coulu talk rluently to 2ach otner, each nerrormingy its particular
tunction. fhe SUs Ysu acts as real time evperiment controller,
data collecter, data analyzer, and¢ generates archive tapes ant
orinte ! ang punchea output.  The [MLAC PP)s=1 is5 an intelligent
iranhics disHlay coaputer, an+ nanales the Ckl Jdisplay and re-
Iresh cnora2s, while the OhDb vZ2u acls as an Inout/uatput butfter,

andd Imlac nroagram storaje computer.

Jed Computer nmethodulogy ani hortware Javalopment

A massive effort was undertaken to oriny the capabilities oOf
online, real time k:G evoked response data analysis and classifi=
cation tou th2 operational stage oy Llhe clnse or the contract
year .

the major pronlems solved involveu Lhe genzaration of a virtual
link toader operating systen, This linkinjy scheme aliows A aata
collection proaram (the schedrier,Link 2u) to cnllect data, then
replace itselr in core #ith tne 4at3 analysis programs(BCl SUA),

an.d calculate the tinear discr-iminant rules. Unce the rules are

5




I obtained, the SDA 1link (link 4u) replaces itself with the

bcheduler ajain for the perrormance of the online data «classifi-

cation,




3o EVURED HeSPONSES HESULTS SUMMARIES

3.1 CULOK EXPEKIMENIS
3.1.1 Methouds

lhe methods used tor the collection of the color evoked response
data were dJdetailed in the Semi-Annual [lechnical iteport 19/4=(5,
and will be reviewed again bhelow,

Firteen subjects were evaluated, ten were used, all were aged
ly=24, kach was given a Ishihara test of color discrimination.
Individual recording sessions were conducted and required two
hours.

Stanaard silver disc electrodes are applied with eirectroconduc-
tive paste at live locations on the scalpt Fpz, Pz, 0Oz, Ol and
02, and to the earlobes, Al and A2, which were electrically
parallelea. [he electrode impedance was always less than I0.000
ohms. Four EEG data channels Aare recnsdedt Channel | = Pz-A,
Channel 2 = 0z=-Pz, Channel 3 = ul=Pz, and Channel 4 = 02=Fz. A
leau is taken from rpz=-0z and used to scan ror artifacts such as
those caused by eyeonlinks or excessive subject movements il .
peak tn peak derlection occurs in this channel which exceeds a
parameter level, Lhe daza epoch is aborted.

E:G  signals are amplitied over a bandwidth of 1.0 to /0 Hertz
andg digitized at 4 nillisecond intervals. A data epoch consists
ot samples taken botn before (40U to Y60 msec) and after (329
msec) the stimulus.

SIIMULL cnnsisted of unpatterned colored flashes of light, for
the color experiment, superimposed on a background light which

was yellow and of 10u MIls luminanca2(U.Ul lamberts) .rour colors

/
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were generated by interference filters with peak transmission

wavelenjths at 465 nm. (blue), 15 nm. (green), /5 nm. (yellow),
and 620 nm. (red). lhe yellow background light was generated by
the use of a Wratten filter #4 and a 60 watt incandescent bulb
operated at 50 volts by a Variac.

The color flashes were brief (30 microsecond) pulses or 6000
aegree Kelvin Xenon strobe light. The interference filters were
nearly isoenergetic when checked witk a spectrophotometer, but
the slijhtly blue color temperature of the Xenon strobe was not
corrected. [he intensity of the light stimuli was 10 exp 7 lux in
a collimated beam entering the interference filters. The attenua-
tion due to the color rilters was about 1.3 log units.

3.1.2 Analysis

Data analysis 1is pertormed either on a SDS ¥Y30 computer, or on
the campus IBM 36U/Y1, Stepwise discriminant analysis (SDA) is
used to develop four linear discriminant functions (one for each
of the four color classes) which then are evaluated for each
epoch in order to calculate the posteriori probability of belong-
ing to each 3roup.

ior this report, the SDA routine was run repeatedly on each sub-
ject in order to choose a more optimal subset »of variables for
use in the discriminant functions. In order to accomplish this,
the samples were entered into runs in time slicesy variables ||
through 20 were taken for each of tour EEG channels for the rirst
run, then samples 21 to 30, 31 to 40, 41 to »0, 5l tn 50, 61 to
/0, ani [/l to oY .« Lkach 40 variapble run would go at most 10
steps, 50 the result or the seven SDA runs is tn produce a list

of at most /0 variables, and their F levels. trom this list ,
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the variables with the highest 40 - levels ~ere chosen to go into

a final SDA run. 1Ihe first 100 epochs are taken for the training
set, which is used to calculate the Dr’s. [he sacond 10U =2pochs
then are entered as a testing set of data,

The results of these SDA runs on the ten color evoked response

subjects are shown in iable I.

Tavle |

AESULTS Or COLOK EVOKED HeSPONSE EXPERIMENIS - SUMMARY TABLE

Subject Date EXPr . Iraining set pertorm. ‘lesting set perform.
Mutual Into. % Correct Mutual Info. % Correct.

5801 M 13 0C46 | « Y058 ¥9.0 1.6334 Y3.48
aB301 Ml 3 UC43 5 1.6173 v2.1 1.62173 V2.1
SAUI Mit2/ l.¥y8/4 100 1 9299 ¥0.6
SADI APO3 U ] 6483 Y3.8 1,042 9.2
AlNI AP 1.7904 Yo .8 1o 1100 19,2
5051 AP 1o 1 .8547 97.9 1,013 /8.1
SAUI Mig2 7 ] 1 «6530 Y3.8 1.2432 7.1
NLMI APOB S | 5236 96,9 1.0913 16 .0
MUHDI AF 15 | . 404 83.5 0.7710 67.1
ALLI Mr 25 0Ca4l 6 11,6924 Y4 ,8 Ueol61 64.5
ALLI M1 25 0C42 51,3085 86. 0.3825 56.3
JMS I AP 1V G 1 .2996 8D .4 U.3004 50.0
APNI M1y 118117 83.3 U213/ 4,3

lhese results were obtained in first halt / second

half

traininjy/testing set runs of BCISDA using recursive analyses to find
tailored sample windows. Every sample in the data set ( except for the
tirst 10 samples following the stimulus) had an opportunity to be
selectel by this procedure.




3ele3 CONTRIBUITONS

In order to ascertain (he contribution of each variable to a
given group discriminant function (D.F.) the following proceaure
is adopted, 25 sugjested by Tatsuoka (19/1)3 The coefticients of
the variables in the Discriminant Functions are a first approxi-
mation to the degree ot contribution each variable provides (on
the average) to classirication of the qiven jroup, but these
values need correction by a factor (vi*) which can be obtained
in the rollowing manners

Vi* sjyuared = Vi/Za.f., where tne Vi are the diajonals of the
residuals (variances) in the variance-covariance matrix, d.r. 1is
the numnber o1 deygrees ol freeuyom associated with the vi (d.r.=#
of epochs=1). [kach coefficient in the V.i~. is tnen multiplied by
vVix, hen, for a given experiment, these products Aare normalized
to a maximum oi 1VU for easy comparison. [hzse Contributions are
tabulated in lables ¢ to 7/, for the six subjects who jave the

hest pertornance in terms of percent of epochs correctly classi-

tied,

10
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3e2 PATTERN=POSITION LEXPELIMEMNI>

In orider to tes. the probavle effect of adding a cathode ray
tube (CJ41) display to the stimulus array, in place of the bhack=
ground lamp, three subjects were tested in the patiern-position
experimant, while varyinj the intensity of the »nackground larn. A
‘variac was used to adijust the voltage to the lamp. %0 volis was
the standari hijh setting (190 WIS luminance), and +0 volts oro-
viueu a low intensicty (1 NII luminance) to siaulate tne 2ffect ol
a Cil Jdisplave In the sane series ol experiments, two 35iz3s OfF
checkervoard stimuli were testeds the original 2.2 feyr:2 visual
angle display, and a larger 4.4 aegree gisolay. the classitice-
tion periormance acaieved is given in lable J.

iable %

CLASSIFICALLON PExFORMANCE V3 DISPLAY S1Ze, TLLUMINATION

SUERR KPR Cy Size W Imbt. X Correct

SADR2 CBR41 Snail Hign /2
CB42 Small Low 5}
Cii3 Large H1an 39
Ci344 Large Low 35
HUIH2 Cisa 1 Small tih {3
wial Small Lo 53
HA e CBa Larqge High 26
CB42 Lar je l.ow ol
CB43 Small Low 99
CB«4 Smail Hi ah 63

welerring to labie €, it can be seen that with subject SAG2,
variations in background illuaination or checkerboard size had
little errect. Lhe larye checkerbodard proved to he better ror
subject SAD2, while backgroun! Luminance had .ittle effect. with

subject 5032 the noraal (high) background gave slightly better

R duced from
I3 b:?troavuacilable copy}
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results than a low backqround. the 4.4 dejree stimulus evokea
larger scalp potentials than the 2.2 dejree stimulusi the neja-=
: tive polarity 120 to 13U millisecond peak seen in subject SALC,
channel | (02=A) arfter the “UP" stimulus was 2.5 uV and 3 uv
(Hi sh and Low background, respectively) with the 2.2 degree fielu
and  4uv  and  4.,buv with the 4.4 degree fielu, tne efrect of de-
creasing the backygrounu light was to increase the retinal Jain
i and  thus increase slightly (10 to 12%) the amplituae ot the
evoked response,
It appears hat the replacement orf the vackarounu light with a
| CRl display would not uegrade the visual cvoked responses signi-
ilicantly.
lhe larger 4.4 degree checkerboard did perrorm sionificantly
better than did tne original 2.2 deyree stimulus, so the larger

one was used ror all subsequent experimentation.

MALE EXPERIMENL

In order to demonstrate the performance of the online evoked
respnnse classitying system, it was decided to incorporate a
robot “mouse" in a computer generateu maze as an integral part of
the system Jdisplay.

A diagram of the maze is illustrated in Fijure | (Appendix). [he
mouse starts at nnde |, and the subjects task is to command the

mouse to move one jump at a time thrnugh the maze by the shortest

path  to the cheese, at node 11, The input alphabet of commanus
necessary to accompliish this Lask cnnsists or the tollowing four:?
Ur,  budM,  Lerl, klGHT. The commands are selecteu by the subject
by directiny the gaze at one nr the four LED fixation points
arrayed at the verticas or the stimulus display. lhe mouse is

14




displayed in the maze on a CRI which constitutes one field oI the

two rtield stimulus dJdisplay. Wﬁen the checkerboard display is
brinily illuminatea by a strobe, under computer control, it ap-
pezrs briefly to the subject superimposed upon the maze display.
OHLING evukzD gkSruiSkE CLASSIFICATION

lne NASA-type Lk helmet was used ror the tollowing two experi-~
ments. SAD4 was run as an offline simuiation, with a classitica-
Ltion perfornance of #32% corract. SAUY constituted the rirst suc-=
cessful online evokad response classitication:i the subj2ct was
able Lo coamand the robot mouse to mnve thrniugh the maze ~ith
relative ease, usin, the visual light pen schem2. Overall perfor-
mance on this run was (5. correct.

A major milestone nas been reached, online evoxea response clas-
sirication nas been achieved. .

Ihe detailed plots of average evoked responnses, online outputs
from SUA, and theoratical considerations for bayesian classitica-

tinn and mutual intormation transter are cont4ined in the Appen-

-JiX.
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4, APPENDIX

ine appendix contains rFigure |, the saze diagram, and the onlin=z
results Irron experiments GLHAJ+ and HADo.

lhe appendix also contains plots ol average evoxed potentials to
color suvimuli ior six subjects. lThe averajes ar2 of 20 epochs per
culor, rour coiors, rtor 200 epochs total. [he numbered arrows on
the plots mark tne time samples whicnh were selectea by the SDA
projram as the hest discriminators. Ihe six samples with the
hignest r levels o1 the ten samples selected are marked, and
their nimber refers to their i level rank (1 is the highest, 6 is
the lowest). fIthe SDA training set was the rirst Yo epocins,
whereas all 200 epochs are plotted. the last 1UJ epochs were the
testing sets,

e next plotted averages are for the pattern-position experi-
ment., S5imilarly, the best six of ten samples are markea with

arrows and numbered according to the r level ranks.
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PERFORMANCE

MEASUREMENT
Mutual Recaived Received
Information Entropy Equivocation

Received 1
3 Zp(b) ln
Entropy p(b)

8
i
Received — 1 N 1
= >_p(a) EP(bIA) n | ——oI|
Equivocation L p(bla) < 1
A E
1
plo} = ZHa) P(bla) J

A

Mutual p(bla)
* p(a) Zp(bla) in 1‘
Information E: p(a) p(bta) 3
Rl A B

A
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SAD4=JN18=75-0 PATTERN
DATA SET IDENTIFIERS:

\NBe B8F DATA

100

WGTe DeBeFe 10000(

9649

STEFWISE DISCRIMINANT ANALYSIS
RECURSIBN = 1
{
] F LEVEL. T8 SNTER = 2+20C
F LEVEL T6 REMAVE = 2.200
F LEVEL 8F VARIABLES, DegeFe =
VARIABLE F
[ INDEX NAME _ . . LEVEL ____
1 1,020 9.766051
A . 21,025 _ 37211718
3 1,030 35.548014%
SRR | | 94070506 .
| 5 1,040 629859
6B _ Y1.045 _ _ 892756 _
7 1,050 2+912513
- B 1,055 _ _ 1.272461
9 2,020 1771619
e o0 R.98% . . Sadhsesl
11 2,030 7426393
Wl 12. 2,035 _ _10.0893:18
13 2,040 64364830
e 14 _ 2,045 _ 3172332
15 2,350 12158649
gy 16 . 22055 _____ 5e00R918. _
17 3,020 3.480814
18 3,025 ___30«w12805
19 3,030 9:675748
20 3,035 ~11.8252%52
2l 3,040 27628447
.. P2 39045 5783466  __
S 23 3,050 2411817
24 3,055 7773142
25 4,020 9.089666
26 4,025 17949392
27 4,030 5238561
28 4,035 27327371
29 4,040 28063357
30 4,045 8151985
31 4,050 2e825919
32 4,055 44687158
33 5,020 9.675697
34 5,025 14316160
35 5,030 33365011
36 5;335 4.954564
37 5,040 1752939
38 5,045 6¢157CQ46
39 5,350 «557336
4C 5» 098 5315046




SADbeJUN18=75-0 PATTERN EXPERIMENT 5 CHANNELS WIDE GENCRAL WINDOW
DISCRIMINANT FUNCTIBNS AFYER 10 STEPS, WITH DeBeF, = 3,00 87!

EPBCHS ACCEPTED UNCONDITIONALLY,
VARIABLE F GRBUP NAMES
l INDEX NAME LEVEL . up DBWN LEFT R]GHT
3 10030 15682FE 02 <~e26814E-01 e14359E«02 «¢91716E-02 =-+14896E=01
18 3,025 +93409g 01  «20395£-01 v63263E-02 «26941E-01 ¢70659E 02
19 3,030 +37238E 01 e34340FE-02 =e¢72899E=02 «¢19233E=02 «10476E=01
+ 5 | S 3,040 o77144F O1__«e24P53E=02__=e96980E-03 __~-+10359E-01_ _ +15176E=-01
22 3,045 .27873E 01 ¢12972E-02 =~e52925E=03 «¢97816E~02 «90792E-02
24 3,055 271477E. 01 __=e11393E-01 _ +22786E~01  «e¢72999E-03 =¢35367E-02
’ 28 4,035 +12088F 02 =+32905E+01 =e¢51839E«02 =.47860E-02 =¢33267E-01
34 5,025  o44858E 01  «34232E=01_ =e41469E«02  +11776E-01 _ +13752E«01
35 5,030 13226 02 020110F=01 =~¢11750E=01 «11858E-01 ¢85444E 02
i 0 52055 »85215FE 01 =¢13819E-01 __«16827€E-01__ ¢16431E=02_=+83356E-02
CONSTANT =e13866F 02 =+51323E 01 =-.83885E 01 «.89523E Of

" APRIBRI PREBABILITY ".25000E 00 «25000E 00  +25000E 00  +25000E 00

TRAINING CONFUSISN MATRIX [EPA = 1 NEPI » 100  IEPS = 2

SBURCE PERCENT MuTUAL CLASSIFIED AS T~ 0.¥
n . CORRECT [NFORMe _ UP DBWN LEFT RIGHT  DEFAULT
upP 10040 17066 19.0 0 0 0 6.0
DeWwN 1000 148477 _ 0 2he0 o0 0 _ 1.0
LEFT 10040 147333 o0 o0 220 o0 3.0
_ RIGHT . . 100+Q0 147108 ___ ___ 0 el e BleG A9
TOTAL 10040 17496

TRAINING CBNFUSIBN MATRIX 1EPA = 1  NEPI = 100 lEPS = 2

SBURCE  PERCENT MUTUAL CLASSIFIED AS PT= 0.0
. ..., CORRECT _INFORM, P DOWN _~  LEFT.  RIGHY __ DEFAULT
uUp 95¢2 15491 20.0 00 o0 1.0 40
D9wN 1000  1.880Q0 0 2440 "0 .0 140
LEFT 1000 18400 o0 %) 2300 s 0 2.0
RIGHT 917 15468 2.0 o0 0 22.0 1.0
TOTAL 967 17040 i
TRAINING CONFUSIBN MATRIX 1EPA = 1 NEPT = 100 IEPg = 2 ?
SBURCE PERCENT MUTUAL CLASSIFIED AS LS 4
CORRECT INFORM, )= DewN LEFT RIGHT CEFAULT 1
uP 92.0 145004 23.0 0 v0 2.0 .0 1
DBWN 10040  2+00C0 .0 2540 0 .0 .0 |
LEFT 9600 12998 1.0 0 240 o0 o C :
RIGHTY 880 15091 3.0 «0 0 22+0 o0

TOTAL 9% .40 17048

. i e
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SAD 4

TESTING CONFUSIBN MATRIX 1ePT = 2
BURCE PERCENT MUTUAL CLASSIFIED
_ CBRRECT __INFORM. wuP__. DOWN
urP 750 1.0486 15.0 00
DOWN 9545 15048 0 21.0
LEFT 10000 14044 o0 o0
IGHT _ B4e2 9898 _e0 _e0
8TAL 889 102369
"~ TESTING CONFUSION MATRIX  [gPT = 2
SURCE  PERCENT MUTUAL '"—'_'_ELXEEIFIED
 CBRRECT INFBRFMe  UP _ DBWN _
uP 7349 {0804 17.0 00
DOWN__ . 87e5 _ 13993 __ . 0 __ 210
LEFT 913 12910 2.0 o0
IGHT 87097 1e1722 0 o0
BTAL 849  1,2357
TESTING COINFUSIBN MATRIX  IEPT = 2
BURCE  PERCENT MUTUAL  CLASSIFIED
CORRECY __ INFBRM, YP DOWN _
upP 72.0 09924 18.C o0
CBwN 8440 1.%112 0 _21.0
LEFT . 880 12613 300 0
JIGRY . 84eQ _ 102184 1.0 .. a0 _
BTAL 82e0 141958
TESTING CBNFUSIBN MATRIX  IEPT = 2
'BURCE PERCENT MUTUAL ” CLASSIFIED
(¥ CORRECT INFORM. . UP DBWN .
UP 7240 09924 18.0 o0
DOWN 8B40  1,4112 .0 2140
LEFT 280 12613 3.0 0
'{GHTY 840 111384 1.0 o0
‘BTAL 32:0 141958
COMPLETED 10 STEPS BF ANALYSIS )

_ 3.0

NEP] =

AS
LEFT
1.0
0
20.0
3.0

NEP] =

AS
LEFT
1.0

20

2140
3.0

" NEP] =

AS

LEFT
2.0
3.0

2240

NEPT =

AS
LEFT _
240
3¢0
2240
3.0

100 TEPS = 2
PT=>0¥
RIGHT DEFAULT
4.0 5.0
1.0 3.0
o0 500
1640 _6.0
106 IEPS = 2
[ PT= 0.6
RIGHT DEFAULT
5«0 2.0
140 10
0 2.0
2000‘ -209
100 1EPS s 2
O PT= oM
RIGHT = DEFAULT
5«0 o0
0. 0
o0 o0
210 . 0
100  1EPS = 2
PT=0.a5%
RIGHT _ DEFAULT
5.0 .0
1.0 o0
0 0
21.0 0




STEPAISE DISCRIMINANT ANALYSIS
"~ RECURSIBN =

. .-F LEVEL T8 ENTER _ =
~F_LEVEL T8 REMBVE =

F LEVEL 8F VARIABLES,

VARIABLE
. ... INCEX.  NAME __
1 1,020
2. 32085 .
3 1,030
SRR, S i ) |
5 1,040
- € _ 1,045
7 1,050
- 8 1,08€
S 2,020
e MO SRRISIRE
11 By230
- 12 . __B)33%
13 2,040
14 22045
15 2,250
SRR | - SR 1 ¢ ) - 1. )
17 3,020
18 3,025
19 3,030
2C 3,035
« el 3,040
o - - _32004%
23 3,050
24 3,355
25 4,220
26 4,025
27 4,030
28 4,035
29 4,040
30 4,045
31 4,050
32 4,055
33 5,220
34 5,225
35 $,230
3¢ 5,038
37 5,248
Y. 5,248
39 9« 050
WC 5,059

1

2230 .
2200

F
13.485518
33.075112

1.315708
1263415
84196180
204983862
1418554

e 50307304
he230269

- -.14696842
14779694

boe;Fo =

=y HHEVEE S o
.. 17.009837
—. 2659483

4,126825

0306714

e -.1+102535

6,031110

_ 22.418901
16.309053
18.875936
6897306

1¢221283

3.099672

5.8¢2851

8¢853769

4.259303

22¢376233
14.255531
19.528626
8¢347433

1329457

5.22272°

21.820222
290977“]2
394636334
1e£404R6

4421712

3039246

80““39?5

184726306

23

SADS-JUN19=75-0 PATTERN £

DATA SET IDENTIFIERS: E:

NBe BF DATA = 100

NGT. D.B.F. s 100000
3404 9640

- — e e sace ————n .




SADS=UN19-75-0 PATTERN EXPERIMENT 5 CHANNELS WICE GENERAL WINDOW
DISCRIMINANT FUNCTIONS AFTER 10 STEPS, WITH DeBeFs = 3.Cs 8740

EPBCHS ACCEPTEC UNCONDITISBNALLY.

VAR ABLE F GRBUP NAMES

DEX NAME LEVEL \ P DOWN LEFT RIGHT

1 2,030 .41818f 01 o11106F 00 ¢35220E=-01 «817R0E-01 +68432E=01
5 2,050 +57813FE 01 =¢97677E=02 +73871E-01 ¢31674E=01  +38847E-01
0 3,035 . +96830F 01 ~¢10250E=01 +61206E=03 <¢24258E=01 =416553E-02
7 #5030, _-+14932E 02__=e68552E-02_ =s14715E=01 _=+33248E-02 _=+23932E-01
9 4,040 '-,10265E 02 =+24236E-01 ¢11391E-01 =-+12860E-02 =-+10303£-01
0 4,045 __ ,58562E_01 . ¢11874E=-01__ +30012E-03  +23718£-01 = «11310E-01
3 5,020 71038 01 =¢70435g=02 ¢73535E-02 =¢80218E=-02 =+23842E-02
4 5,025 ¥,10106Z 02 _¢38536E-02 =e86153E=02  ¢31943E-02  +36852E-02
5 5,030 \,17748E 02 v 26896E=01 <=e65272E-02 +12961E-01 +76221E-02
9 5,050 __2216141E C2__ =¢10905E=01__ +25955E-01___ +743C4E=02 __ +1Q246E-01

CONSTANT -s11767€ 02 =+10987E 02 =+91997E 01 =-¢91542E Ol

PRI1SR1 PRESABILITY .25000F 00 +25000E 00 +25000E 00  +25000E 00

. .PBSTERIABRI PRIVEABILLITY _FROM GROBUP -

EPICH SUMMARY  _ _ GROUP_ NaAMES == s -
B¢ GRBUP CxBI1CE UP DBWN LEFT RIGHT
1 RIGHT I __e000C0 _ _+11828 _  +0004S _+ 88126 3
2 UpP 091995 + 00000 007911 «00094
3 D3WN__ __ LEFT . «0CC00 ___ +46870____+52330__ 00800 _ N ot
5 LEFT -~ 001225 +00C00 298539 000241
6 JP . +99956 _ +C0000 _ _e00003 +00031
i DOWN +000C0 1.,00000 + 00000 + 00000
.2 LEFT i eQ0113 _e00174 961649 038044
.5 RIGHT + 00096 00483 +01020 0984¢C1
.6 LEFT . _ _ _.sCCO15 _ _00647 _ +58830 0 405C2 " J
& DOWN N +C0000 299996 +C0000 +000C3
9 upP 095729 + 00000 03533 200737
0 RIGHT ¢ C0004% « 00207 +C0099 099820
24 DIWN + 00000 + 99996 + 00003 «000C1
6 LEFT +C0006 «00078 099882 «00035
8 CEWN , + 00000 + 99999 + 00001 «000¢C1
9 RIGHT 200106 + 00000 + 00004 99387
30 uP ¢999C5 « 00200 + 00092 «002C3
32 LEFT 0 C3263 ¢ 00001 095057 001679
34 LEFT RIGHT + 00075 14241 ¢39970 45714
37 LEFT 200043 ¢ 00003 026328 eJ36¢5
8 RIGHT + 00082 001R% 04065 ¢ 956€9
+2 LEFT +C0301 « 00020 99690 +002CS
+3 DL PN «CC200 099357 +0C00D 000142
S P +992961 «COCCO «00C11! + 00228
o8 O e 20002 NCEELTS «0C209 «007C4
v 3 LE® T 000427 « 00900 99544 « 00222

90753 «00C¢C3 e 20005 00242



T SAD 5 TCB4T T

TRAINING  CSNFUSISN - MATRIX . IEPA » 1 . NEPI = 100
$2UACE PERCENT MUTUAL CLASSIFIED AS
CORRECT INFBRM, uP DBWN LEFT RIGHT
UP_ . 10Qe0__ 148032 23.0 ___ .0 .0 .0
D8wN 95¢7 166249 o0 22+0 00.-— 1:0’
| LEFT 100.0 17101 o0 0 21.0 o0
RIGHT 9545 15403 o0 o0 1.0 21.90
| TeTAL 978 16696
} ~
TRAINING . CANFUSIBON . MATRIX JEPA &2 1 NEPT = 10D
f S8URCE PERCENT MJUTUAL CLASSIFIED AS
f CORRECT INFBRM™, up DBWN LEFT RIGHTY
' urP 100.0 18312 240 o0 o0 '%0)
DAWN 96 ¢ R 17093 0 230 C 1.0
LEFT 100-0 1.796€¢ = u.O o0 22.C 0
RIGHT 9163 14323 1.0 0 1.0 2140
TOTAL 96 R 166924
TRAINING CANFUSIBN MATR X 1EPA = 1 NEPI = 100
Sal=ct PERCENT MUTUAL CLASSIFIED AS
CORRECT INFBRM, uP DEWN LEFT RICHhT
L 960 1.7512 24.4C 0 140 o
CoaN 920 1eb43 0 23.0 1.2 1.C
LEFT 360 16031 O Y 6] 247 120
RIG~T B&e7 103992 1e0 o0 2¢3 2242
TaTAL 93¢0 145944
TESTING (CONFUSIBN MATRIX IEPT = 2 NEPI = 100
SBURCE PERCENT MUTUAL CLASSIFIED AS
o . ....___.CORRECT INFBRMe . _UP. ___DEWN = _LEFT _ RIGHT
upP 905 13627 19.0 0 2¢0 0
DeWN 100.C 1.5%611. . _ o0 220 o0 0.
LEFT 1c0.0 14668 o0 o0 18.0 o0
RIGHT 295 12963 oC 200 o0 17.0
T8TAL 9540 14217
TESTINC CONFUSIPN  MATRIX IEPT = 2 NEPT = 100
SEURCE PERCENT  MUTUAL CLASSIFIED AS
CERRECT INFORM,. uP DBWN LEFT RIGHT
ur R3¢3 12562 20.0 o0 340 1.0
DBaN 1CQ.0 17963 _ . oC 240 o0 o0
LEFT 9143 13731 1.0 0 2140 1.0
RIGHT 875 1¢322F 1.0 20 oC 21.0
T9TAL 905 14370
\
TESTING CINFUSIBN MATRIX IEPY = 2 NEOT = 100
SBURCE PERCENT MUTUAL CLASSIFIED AS
CBRRECT INFORM. upP DEWN LEFT RIGHT
upP R4l 1.2387 21.0 o0 360 1.0
COwN 260 17034 oC 24¢C 1. oC
LEFT 2400 12104 20 0 21l.C 20
~IGWT PZuell 12506 2.0 20 oC 21.0
TETAL 87.C 13507

25

IEPs = 2
PT.2 0.9
DEFAULT
2.0
20

40
3.0

ILPs. =

PT: 0.6
CEFAULT
1.0

2

N W
e Yoo

1EP3 =

C1T= oM
CEFaAULT
0
0
«0
e

2

IEPS »

T 0.7
_DEFAULT
40
3.0
740
60

2 —

1EPS = e
PT: 0.6
DEFAULT ;
1.0
1.0__
2.0
100

IEPS = 2

T OMN
DEFAULT
+0
» 0
o0
o)
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Ihe rollowing table is a blow by blow account nof the first

on-

line maze control run. In this first run, 24 moves were required

to run the mouse through the maze to the cheese. The columns

on

the rijht give the posteriori probability that each command be-

longs to the group UP, DOWN, Lerl, RIGHI. When the probability

was less than the posteriori threshold of U.6, the epoch was

ueraulted. [wo commands were defaulted, which meant that
mouse dJdid not move on tnose epochs. uP POWN  LEFT
BR8IEH . 1§ A 23 1S CLASSED AS 3 \€FT .00000 009229 +90685
EPSCH 2 A 3) IS CLASSED AS § uP 099952 00500 L00J04
EPQCH 3,[\_&l_JS.CLASSEDNAS_Ew_EEHM_,00Q01_.072363h,:Q3076-
EPBCH L (A 5) IS CLASSED AS 1 OU°P +98554 400000 ,L01439
EPBCH 35 (A 6) IS CLASSED AS b RienT ,00000 »00039 +000CO
EPBCY 6 A7) 1S CLASSED AS 3 LefT «02232 400200 264453
EPSCY 7 [A 8) IS CLASSED AS i v +99501 .00000 009381
EPBCH 8 {A 3) 158 CLASSED AS 4 R 00000 +09935 000374
EPJCH 9 [A10)__1S CLASSER_AS L v .9853h_“900000~“.01055
EPBCH 10 (A11) 1S CLASSED AS 3 L «00003 +01765 496482
EPOCH 11 (Ag2] 1S CLASSED AS 3 L «00092 +14388 ,.85236
EPBCH 12 [A13) IS CLASSED AS 3 L «00007 +00000 494749
EPBCH 13 (A14) IS CLASSED AS 0 DEF +00001 +41598 44451
EPOCH 14 [Q15] IS CLASSED AS 4 R «00091 03325 00474
EPBCH 1S (A16) 1S CLASSEQ AR I3 ) «00017_ +00001 499930
EPBCH 16 [A17) 1S CLASSEC AS 2 D +00000 1.00000 +000C0
EPOBCH 17 [A18) IS CLASSED AS 4 R +00199 +00900 +00211
EPOCH 18 (A19] 1S CLASSED AS 0 DL€ ,00001 +10511 042648
EPBCH 19 ([A20] IS CLASSED AS 1 U «99700 00000 ,N0OOi5
ERPBCH 20 (A21) 1S CLASSEC AS & 2 «002C4 413295 15521
EPBCH 21 ([A22) 1S CLASSED AS 1 . «87448 ,007027 00030
EFECH 22 ([A23) IS5 CLASSEC AS 3 . 00056 L00Nn00 099944
EPICH 23 (A24) 1S CLASSED AS g8 . 00010 419792 073774
EPBCH 24 [(A25) 1S CLASSED AS ? DouN ,0000C 100309 40090C

26

the

RAGHT

.00186
<0004 4

_e24%60

+00207
299960
+33215
«00418
+90591

200411

01751
«00234%
057224
«13980
36110
«0)052
00700
¢39789
ebe Ry
+00°85
¢ 70580
e12522
« 00700
06425
«007090
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50 EPOCH AVERAGES X2.5,
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50 EPOCH AVERAGES X2.9, SuBdJ. SBOI
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50 EPOCH AVERAGES X2.5, SUBJ. 5BOUI
MR13-75, EXPR. 0C41, CH.4, 02-PZ.
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SAG1 COLOR EVPOT AVGS, 50 EPOCHS
CH 1 PZ-A, EXPR=0CYS, SCALE 2.5
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SAG1 COLOR EVPOT AVGS. 50 EPOCHS
CH 2 0Z-PZ EXPR=0C4S, SCALE 2.9
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SAG1 COLOR EVPOT HVGS,
CH 3 01-PZ EXPR=0CH4S,

~-VOLTAGE ¢+

50 EPOCHS
SLALE 2.3
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SAG1 COLOR EVPOT AVGS, S0 EPOCHS
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5. FACILITIES

lhe project is being conducted under the auspices of the Comput-
er Science Department, Jniversity oI California, Los Anaeles.
the principal racility 1or this project is the computer system at
the brain Computer Intertace Laboratory. Lannratory equipment
includes tnree wueuicated conputers (XUS #3U, XUS 220 anu IMLAC
PD5=1) #ith complete peripherals (card reaaers, card punch, rapid

access Jdrum, tape drives and line printer.

bxperiment suvjects are monitored from a specially designe:
shiclded enclosure that contains various input devices and output
displays designea in a modular fashion for eas=2 of interfacingy
vith tnhe Jdiaital system. [he experiment is con‘ucted from an
adjacent room containinj the control terminals to the system com-
puters, the recording equipment for tkEG and other biosignals, as
well as voice and video communication devices. [he amplifiea Et:s
sijnals are routed to a digitizing station capable of handling 20U
simultaneous channels or analoy input. Juring exoperiments, a
dedicatz2d  X95 %39 computer with 16K words of core memorv and 2%
characters on magnecic uarum asts as data {input controller any
real-tine experiment controller. All real-times vrocessing runc-
tions are pertormea by (he ¥Y3J which also creatas complete exper-
Iment  recoris for ortf-line batch processing. [nese contain, ror
each uala "epoch," the experiment parameters (sampling rate,
epoch  lenagths, etcs) speciried by the experimenter as well as
selected resulis or on-line computation, subject responses, etc.
The 93u ailso conirols an IMLAC PUS=1 miniconouter and display

terminal with dx of memndry which is reserved for the generation

o} visual 1teedbacl 1isplas any son: otner rfunctions,. In
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Audition, the PDS=1 as a stand-alone computar can perform exten-
sive  calculations anu generate sophisticated jraphics including

animation,

For substantial aata processing proyrams, the main E OmpUt ing
power is provided by Lhe campus [BM 300791 (Cansus Computing Net=
wourk) ahich is eyuippeua with a large core memory or «# hytes,

the digiticed vata reachies the B

4 30U/Y1 Tfrom Lne liaboratory by
1 opecial hijh speoed wata line tnat is used to write and read
directly into and from the 36u/yl core. Ihe Jatp transfer is
controlled witn a separate processor (XDS 92U) to allow burtering
ad traaster without interrerence with gxparimants. A monitor
program In the 350/v1 controls both the data flow and the ono=
cessing protocol rrom = privilejed position with respect to the
350/Y1  operating system software, thus insuriny immediate execu-
tion. Complex programs can be perrormed and the results teu back
Lo the laboratory with minimua turnaround time. The "awakening®
of this software system and all subsequent rile hanaling are
placed under the campus time-shared system (Uis3A) and controlled

by an [3M 327/ terminal in the laboratory.

rinally, the BCI! lavoratory computer system has wired-in
direct access to th2 Ak”A Nelvork. The network is beln ; used for
accessing a0 transmitcing data to other facilities (e.ey UCLA-
Aloy CCN, MIT=-4ULTI:S, 33N ant LBL.) anc for communication with

other rasearcn 4rou.s.
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