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DADTA: An On-Line Computerized S,ystem fnr
the Experimental Analy~is of Beha"'ior

The experimental analysis of behavior had been levolutionized by th~ study of
conditional behavior. Perhaps the most important change that has occurred in
behavioral studies as a consequence is that precise automated control of the
contingencies which guide or produce beha vior is now possible and commonplace,
as well as the unequivocal recording of stimuli and their behavioral effects.

Most studies employing opernnttechniqucs use continuous performance record­
ings of one sort or another. These have been eminently sllccessful in analyzing
situations in which the temporal course of behavior is being investigated. Further,
ingenious modifications have allowed such innovations as the measurement of
sensory thresholds in animals. The ease with which apparatus can be modified has
allowed a rich search, only some of which has heen reported in the literature.

In our experiem:e, however, one application of operant techniques wa!! consis~

tently found wanting. Continuous performance procedures proved rdatively inef­
ficient when simple discrimination behavior was in question. With these proce­
dures many more responses accumulate before a criterion is reached than when
discrete manual techniques are used. This inefficiency was usually more than
counteracted by the, facility provided by automation. But, again, data analysis
proved cumbersome-less was recorded than was needed and some of the fine
grain of the behavior was dilTicult to extract from the record.

These limitations led to the modification of a system for the experimental
analysis of behavior in the direction of being able to record more fully discrete
happenings while retaining the capacity to study S's continuous performance.
When electrical brain events arc to be analyzed the division of the cour5C of
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DADTAIII

behavior into discrete events that can evoke recognizable brain potential changes
becomes imperative. At first a special purpose device was constructed and used
successfully for about 3 yr.; this was superseded by the present system which has

, now been operating for7 yr. and is reported in detail here. The original device was
christened DADTA (Discrimination Apparatlls for Discrete Trial Analysis) and
was described in an earlier report. (Pribram et at., 1962.) The current configura­
tions are known as DADTA III and DADTA IV, since they are the third and fourth
major versions of the technique. .

There are now some 20 or so studies reported in the iiterature (see References
denoted by asterisk) which were accomplished with the lise of DADTA systems.
Modifications have produced incr~ased flexibility and reliability to a point where
"down" time compares favorably with ordinary operant equipment and even
manual testing. The result is that HE" deals with biological and beha\'ioral rather
than with electronic problems. Meanwhile costs have plummeted so as to make
DADTA an attractive package even to th~ smalJlabomtory. At least one manufac­
turer (Grason-Stadler) of behavior control equipment is making commercially
available a com?let~ DADTA-type system with capabilities similar to those
described below.
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. The DADTA III system utilizes a small (12-bit, 4 K core storage) real time,
on-line general purpose computer with a cycle time of 1.5 msec. This computer. a
PDP-8 (Digital EqUipment Corporation), is interfaced with a square matrix of 16
ID display panels each of which is covered with a clear plastic disc which, when
depressed, closes a microswitch activating an lEE (Industrial Electronic Equip­
ment) one-plane digital readout projection unit. Each unit is capable ofdisplaying
12 patterns; 10 of these can be presented ngainst the background of the other two,
which are colors.

A particular computer program is commonly controlled through one of several
input de\'ices. Programs are usually initiated on a teletype which activates a
magnetic tape read-in to place in the computer the desired program. As described
in detail below, a unique subroutine system permits each E fleltibility in selecting
experimental parameters. The programs as a whole are initially composed and
debugged on the teletype.

The entire constellation of events which determine the behavior of the organism
and the consequences of this behavior are recorded on-line by the teletype and
optionally on punched tape. As the organism perfonns, an instantaneous report is
typed of the characteristic of the cue displayed on the panel pressed, the position of
the cue on the display panel, the latency of response, the correctness or incorrect­
ness of the response (according to the program in effect), and whether or not a
reward was given. At the end of each testing session these parameter characteris­
tics and thei,r outcomes are automatically summarized ill a simple numerical tally ~
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Tlansfer of stimulus information is effecled with a 6-t-bit flip-flop memory
buffer. The codes for two symbols (8 bits) are loaded into the accumulator and
transferred to the f1ip-nop buffer. An input-output command, with appropriate
device-selector address, gates the dala into the buffer. From the flip-flop,
indicator-driver circuits decode and amplify the display signals. (See Fig. 2.)

The construction of an appropriate interface makes all of this possible. The
major tasks of interfacing the computer with its external devices arc matching the
inforntational rind electrical characteristics of the two systems and signaling the
timing of a data transfer (Fig. I). Since DADTA III computer system interfacing
components can be purchased from the computer manufacturer, the problem of
such matching can be minimized.
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, DADTA IV: A Computerized Discrimination Apparatus
Based on Scan Conversion
'.\
"

: Thus, computer controlled behavioral testing devices arc rapidly reaching the
point of development where they can be put to general use (e.g., Pribram's
DADTA II( (1969); Grayson Stadler's SCAT system, Lehigh Valley's Interact

. ~ System). Although the initial cost of such equipment is no longer prohibitive, it is
~"i:'~~": .•still beyond the reach of many single investigators, especially those just beginning
1\:;~~~ , !heir research career. Further, the current computerized systems are of considera-

;,•.:,;.,~.:,•.:,..),~,,~;.. ;,:~,'.!,'•. ".~'.\~:;e:::l:~ed\~~~;:;~t~~~::ss~;~::tl~~t~i::t:~a;~ot~'break the price and size
7, r ~ ~ harriers. Digital Equipment Corporation among others has marketed a really low

\'~:IJ,i.: '. 5t general purpose computer (the PDP-8)E) and Tektronix has produced a Scan
:~:!'J; , Converter (4501) which readies the output from a computer for visual display on a
~~{)~ ..'. [.Y monitor. Under computer control the Scan Converter can produce a "irtually

:'; :i?l. ,,}ifinite variety of both static or dynamic patterns or symbols for visual stirnubtion.
" e Scan Converter can drive several conventional TV monitors or commerci:!.1
~:~'~ gU3lity TV sets. This makes feasible a multiplicity of visual testing stations and
~~\:;j~ .mote experimerH monitors. The Scan Converter can also be IIsed for text output.

i:~t~~ .t.or graphic display of reduc~d data or for large screen viewing of raw data. (if a
~~, 0 ';'j .ektronix 460 I Hard Copy unit is added to the system, hard copy output can he
\ ~}~, ~ , obtained for anything displayed on the Scan Converter.)

;Ztt'jg. ,J~~~h~~~~yes~.~)·s~:~~Sg~~:~~~~ t~hee ~~~~n~~i;~:i~(:~~~~~i~~:;~;::i~gS ~~;a~~li~~~eit~~",,~.ll. '
,:l~";: . ~( .ront of the snbject. A mask, in which a 4 x 4 matrix of viewing ports are cut,

~.:,;~.~,;.:.:,:i..~,·~·· Covers the front of the monitor. A single symbol is displayed behind each of one or
• ~.,.. . " oreofth:: ports and the subject makes appropriJte responses by pressing switches
~~}'~ o. located at each port. Masks with other configurations of the viewing ports can be
{;~~Zl ~ used as need dictates; however, the 4 x 4 matrix has proved ndequate for a majority
r~\l.l:< Ofsludies. The switches nre connected to two 12-bit input registers which are used
'iS~~f 0record the subject's responses and for input from other peripheral equipment.
;'(;''\~i .", :i:: Compmer control is achieved by means of a 6 bit output register which connects

:,•.;.:.'.~,.:..;'.~.'..'.'::'.'.'•.. ~'.',~.;,.'.'.:. ; '.t~~~~~~~.n~~ ~~~i~:~~:rtt; ~~~::'~~~~~:;i~~~:t:~~;~~h~~~ ~~as~v~t~~:~7;:I:~i~:
" • '1; • '&!ntrol miscellaneous peripheral equipment such as feeders (for reinforcement),

:.,,;.$~':·_'·'I~" stimulators, lights, audiogenera,tors, etc. as demanded by the experiment. An
!r.·.'·...'H:t. ... '. nterrupt clock running at I KH. is used by the software (programming) for
\:;'I~~. J.. uence timing and interval mellsurement.
:;;/<~; i, At present the Scan Conversion based DADTA IV can be put together for
·t~ 'I, " 10,000. All but response panels, 3 connecting cables, and 2 wire wrap panels of
W ~; 'he equipment necessary to interfnce the computer and SClln Converter arc com­
_'r ;;1 \>', crcially IIvaihlbJe shelf items. DADTA 1V can be housed in two standard 5 ft. by
~f~'~:." •.~ 19 in. relay cabinets, one containing modules tu be brought into proximity of the
~ . -",~.-~. i. ~ \.
~;~, ",.
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subject to be tested, the other containing modules used to control the display and
reinforcing contingencies and to record responses. The recording devices, includ­
ing teletype, take up 2 ft. x 5 ft. Three easily demountable tied connector cables,
3/4 in. in diameter, completes the system configuration which can be wheeled
about lIIld set up where necessary, e.g_, in hospitals at the bedside. in EEG rooms.
in psychological testing chambers, and the like.

The Programs

The crux of the control provided by the DADTA III and DADTA IVsystems lies
in programming. With earlier versions of the DADTA system. as in most operant
setups, we accomplished our programming through hardware; with the advent of
inexpensive general purpose computers-machines such as the PDP-8-we were
able to turn to the more nexible facility of software manipulations. lhis is achieved
"ia a unique (and extenc;i"e) library of sub-routines eal:h of which can be added or
removed in moments by simple keyboard commands. At present we have accomp­
lished a software package for our interface; should another int~rface be employed,
a skilled piOgrammer must be enlisted to meet the specific r.eeds of the system and
laboratory. A typical core program will include the following basic characteristics.

First, of course, is .Him/l/us control. Each of the 16 In pan~ls is capable of 12
possibl~ displays without an)' hardware change (with an exchange of mm.ks the
number of possible displays becomes unlimited). A subroutine stores the symbols
representing the display in a buffer in a form available to a calling sequence. When
called, the conlenls of this symbol buffer nre moved into the display buffer and are
transmitted to the ID panels via another DADTA buffer in which are represented
the panels by location. Another subroutine operates on the symbol-display location
table and presents the next symbol display. It also saves the time of the display for
the latency calculation. This is dr-me by clearing the symbol buffer and filling it
with the next symbol in the table. The latency measure is stored in a latency buffer
until prinled out.

Second, the computer must control the scheduling of reinforcement. For ac­
complishing this a .. reward" subroutine activates the pellet dispenser according to
the in\·estigalor·s parameters for that program. In addition to the activation of the
dispenser, the routine must set a nag to signify that the reward was given amI,
when completed, bump the reward counter, i.e., increase it by one. Another
subroutine determines whether or not to reward a press based on whether a
particular symbol was dic;played in the panel pressed. 111is subroutine works by
checking a prestored reward table, provided by the investigator. for the presence of
the appropriate symbol.

Third, april/I-ollt subroutine provides II response.by-response record of which
panel and sYlllhol were pressed. The opemtion of this subroutine is typically as
follows: As already noted, both a symbol and a panel buffer are available. In these
a record can be readily made of each response (p:mel depression) as it occurs.
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a subroutine then loads these records into the accumulator prior to on-line print­
out. In addition, when it is desired, a latency subroutine computes and prints the
latency between the time of display of the symbols and either the press or the
release of a lighted panel. The operation resembles a skip-on-a-hardware flag
instruction: when the software latency nag is set as a lighted panel is released, the
program proceeds to print out the latency. Until this occurs the program stays in a
tight loop continually checking the latency nag and clocks. Once the nag is down
the display time is subtracted from the release time and the print-out is activated;
minute, second, and millisecond differences are recorded.

These are, of course, only overviews of some of the critical subroutines needed
to compose the desired program. They give a flavor of what is necessary; the
specifics depend on the partiCUlar configuration needed to make the behavioral
analysis sought.

An Experiment

In order to dernonstr::te the power and flexibility of DADTA-type installations,
a specific experiment perfonned with this instrument will be detailed. TIle chief
concern of our labor,Hory is the analysis of brain-behavior relationships. Many
experiments accomplished over a 20-yr period have established the fa~t that
bilateral resection of the inferior gyrus of the temporal lobes of monkeys markedly
impairs the acquisition of visual (but no other) discriminations. Since this impair­
ment comes about without any invasion of the primary visual mechanism of the
brain. the question has repeatedly been asked whether the defect in discrimination
is due to nn inability to process cues or to shifts in the criterion for making a
response.

An analytic technique has been devised to tease apart behavioral situations in
which just this sort of question is raised. This is the technique of signal detection in
which the response-operalor characteristics are plolted as curves (ROC curves)
from which sensitivity to differences among cues can be separated from other
factors which bias responses. While this technique has been extensively applied in
human studies. it has only recently been adapted, at considerable cost in labor and
limitation, to studies with animals. DADTA III seemed to be the ideal instrument
to automate ROC procedures for the extensive analysis of discrimination behavior
necessary to our interests.

The complete results of an ROC analysis of the behavior of monkeys with
bilateral resections of the inferior temporal cortex; will be presented elsewhere.
Here we want to present only the details of the procedure and some ROC curves
obtained when normal monkeys are tested.

S/raping. The actual testing in the DADTA begins, of course, with a shaping
procedure. This procedure has been standardized, and one of the dividends of
using DA DTA hilS been its ability to record a large segment of the changes
produced hy shaping. Several such reports have heen prep:lrcd :md published
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(Blehart. 1966; Dewson, 1967; rribralll et aI., 1969) both for unoperated and
brain-operalcd monkeys.

We begin shaping by accustoming the monkey to the pellets used in the
dispenser, then presenting him with the pellets in the DADTA feeder cup, then
delivering the pellets to him by remote oper~tion of the feeder (behavior is
observed through a one-way window) until the monkey makes a response toward
the cup upon hearing the click of the fceder relay. We then shape this contingent
behavior up~ard until the monkey actually presses a panel (on rare occasions we
might have to attach a pellet to a panel with transparent tape). Learning is
remarkably swift: an average of only two or three daily sessions of a half hour
accomplish the first panel press.

After this point the E does not intervene; the procedure is completely automated.
Twelve of the 16 panels display the number" I"; the other four are dark. Le.•
hlank; lit and dark panels are randomized over trials. Whenever a display is
pressed, a reward is given. Thus the monkey immediately works on a .75
fixed-ratio distributed-responr;e schedule. After this becomes well established (2
or 3 days uf 50 trials per day) the number of displays ir; cut to 10, 8. 6, 4, and
finally. 2. The number of presses made to the displayed panels versus the number
made to the blank panels determines the ratio of reinforcement obtained. A
complete record of each response (panel pressed and whether rewarded) is printed
out instant;:neously by the teletype, as is a trial-by-trial summary at the end of the
run.

The Discrimination Task. On completion of shaping, the monkey was pre­
sented the discrimination problem. nle middle two 10 panels of the fourth row
displayed a red disc. The monkey was required to press either of these in order to
initiate the stimulus display, thus self-pacing the task and providing precise
reaction time latencies. Once he pressed, a green disc and a blank panel simultane­
ously appeared in the middle two panels of the second row. The light intel1sity of
the green disc was varied. This was uccomplished by nickering the displayed
figure at varying r3tes, all above the fusion threshold of monkeys (Mishkin and
Wciskrantz, 1959). Reward was given only if the panel on which the green disc
appeared was pressed, but report of reinforcement or of nonreinforcement due to
press of the hlank panel extinguished the display. and 5 seconds later the lower
panels again lighted up in red, preparatory to the initiation of another stimulus
display.

A record of each response was printed out by the teletype. Each trial record
detailed which panel was pressed, the latency between the press of the red trial­

initiating panels and the press of the discrimination panels, the intensity of the
grcen disc on that particular trial, and whether reward was or was 110t obtained. At
the end of a run (100 trials) a summary was collated and printed. The summary
showed how many responses were made at each "stimulus" location. how many
responscs were made at all other panels, and how many rewards were obtained.

Tire ROC Experiment. The study was performed with monkeys who had been
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or panel illuminalion as indicatel!'

This experiment represents only an initial examination of the uses of signal­
detection techniques to separate performance into its input and output dynamics.
CUffent researl::h now in progress attempts to extend these analytic procedures to
the successive' discrimination condition paradigm which will allow the usc of
choice as well as latencies to constant ROC curves. Successful completion of this
work should sharply enhance the usefulness of signal-detection procedures in the

evaluation of brain-behavior relationships.

shaped and had learned consistently to accomplish discrimination at the highest
intensity of the green disc which was expressed as points in an ROC space and
evaluated acconling to Norman's techniques (Norman, 1964). Reaction time
latencies were used in accordance with Bloug's procedure (Blough, 1967) to
construct ROC curves. An example is shown in figure 3.



JFATLIl': Filter Analysis of Time Locked
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One additional advantage of analyzing behavior in tenns of divisions into
discrete trials is that this procedure nllows a ready annlysis of the electrical brain
nctivity concomitant with that behavior. Discrete stimulus presentations and
discrete responses ordinarily evoke abrupt potential innections in the electrical
activity recorded from the appropriate regions of the brain. Thus the record of
brain activity preceding and following these "markers" can be studied with a view
toward understanding how stimuli are processed by the brain, how responses are
generated, and how the effects of the consequences (reinforcements) of a response
influence brain activity (see for instance, Pribram et aI., 1967).

FATLIP is one such procedure for analyzing the brain record accompanying
discrete behavior and was chosen for detailed description because it shows prom­
ise of wiele applicability at reasonable cost.

Electrode placement is dclemlined experimentally by examining the quality of
the electrophysiological recordings obtained from several preliminary S's per­
fomling one task. In general, three areas of the brain are monitored on three
separate chap-nels: temporal, visual, and motor cortex. Bipolar recording tech­
niques are used. An additional channel is used to monitor eye movement. The
right ear lobe is used for reference. By placing one pole of each electrode at a
common, indifferent location (the ear lobe), the potential differences recorded
represent the ongoing activity at the other pole. In this way the activity at one
particular scalp location can be examined, rather than the resultant activity be­
tween two scalp locations.

At the beginning of the first session with the S, careful ll1ea,~urementsare made
of the head and the exact electrode locations detemlined. A small patch of hair the
size of the electrode is clipped from the S's scalp at each electrode location. This is
'done to ensure that the same locations would be used during subsequent sessions.

Defore the S entered the booth to begin a session, the scalp is prepared and
electrodes applied. Scalp resistance is kept under 10 Kohms. Each channel is
checked for 60 H, and for general quality of the amplified signal before proceeding
with the colkction of data .

Data Collection

Fluctuations in voltage '(± 250 u V) due to localized cortical activity. monitored
by bipolar electrodes implanted in brain cortex or on the scalp, arc differentially
amplified (gain 20K) and fed into separate channels of an analog to digital
converter. Cutoff frequencies are set at 0.8 Ht and 50 H,. Sampling rate for
digilization is 0.002 sec, so that continuous data (voltages) are converted to a set of
numerical (digitized) data points representative of a fixed interval of time. Each
data point is n sample of the ongoing, conlinuous, real time electricnl nctivity
uccurring at the electrode which, when recorded, becomes part of an ~rdered set of
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reinforcement (li~ht on)

1 sec

Pribam, Day and Glick

__ ....,. ._. ..._..._r

stimulus collection 1. ... _

~._-

n stimulus pres~n1alian-(flnsh)

numbers which numerically' describe the continuous electrical activity over a
period of time. Since continuous information represents an infinite number of data
points, the digitization process reduces the total information to a meaningful
number of discrete points. ordered according to time, with fixed intervals of
separation.

Digitized infonnation is collected on magnetic tape according to the time locked
sequence diagrammed in Figure 4. The trial duration time, or latency from

"
" Fig. 4. Eumple of experimenlJI timing f,'r one trial.

" " >r.-;stimulus onset to behavioral response, is set to a maximum of I sec., followed by
" }an additional 250 msec post response (reinforcement) period. The maximum

{length of any single trial is 1.25 sec. The minimal length of the intertrial time is
',determined by the delay due to the mechanical action of the apparatus.

" ~'.With a sampling rate of 0.002 sec, 250 raw data points are collected for each 500
. ~. \~sec o~ continuous infor~ation.Since t\~O such pe~iod are ~stablished, the r:s~tlt

;" "IS 500 time locked data pomts for every tnal: 250 pomts of stimulus Il)cked activIty
", '{nnd 250 points of response lockecj activity. For anyone day (N = 60 trials), 30,000

1;'
,; raw data points are recorded for each electrode.

~. '.~ It is important to distinguish one main difference between the stimulus locked
" 4and response locked collection procedure. The stimulus locked data points are
'! ~recordcdas they occurred in time, i.e. ,fonvard in time from to (at the flash) to t50fl .
.. ,",:rhe first data point recorded would be SI at h. 2 mscc aflcr the flash, and the lasl

{dllra point would be s~r.o at 15011. However, .since the response is variable. il could
,,'occur before 500 Illsec, which would place it within the stimulus lockee! period. At
'Ihe time of collection, the point lit which the response occurred is shifted so that all
I.1;­
t.

" l~

IJ.~ 1':~'
It;



Data Reduction

Time locked averaging methods are used for data reduction. Single averages
over one day are performed on the raw electrophysiological data according to the
general format shown in Figure Sa. The single averages for each of six days are
then averaged to obtain the final double average for each task. A total of 36 single
averages are reduced to six double averages (one double average per task). Double
averages are performed according to the same format as the single averages ·(Fig.
5b).

' .. "'~""'. ',.';
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250

2 5 S 5 " Z r RZ · · r
3 " " 5 " 3 r · R3 · · r

n 5 5 S S n r R60. r

Inean: "I "2 s3 . 5
250

Ine"n: r • R · · r
250

Stimulus l> <!--.Respl,n5e---l>
Day t 2 t 4 t 6

t soo ~ t
-250 to t

2S0

1 "I 52 9 3
9 250 1 r

l
1[ r 250

2 s 9 S s 2 r R r

"

6 B B ;; i 6 r R r
= = = = R =Ine"n: 8 1 9 2 53 . 5 250 mean: r 1 r 250

such points are placed at the center of the response segment. All data points around
the response retain their relative positions. The resulting effect of shifting the dala
in this manner is that the response locked data points just preceding the response
arc no longer relative to the nash, but rather proceed backward in time for 250
mSt:c before the response. The 250 msec following the response again proceeds
forward in time from the response. If the response is said to occur at to, then the'
data points in the response locked period would begin at n at t-2s0, would be
centered at rl25 at to, and would end at r150 at 12511. The purpose of this is to align all
data with respect to time preceding the response before further data reduction is
performed.
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Segments Channels Catego:oies Nl N2

Cat 1: © ~ 15 90
Temporal

@) @ 90StimulUS Cat 2: 15

Visual Cat 3: ® @) 15 90

. Response--- C3t 4: @] ® 15 DO
Motor

Cat 5: All 60 360

Fi~. 6, The c1assifkalion us.:d For s.:paraling data into 30 groups. N I is Ihe maltimullI number of correct
!rials per group averaged For one day. N:! one lask.
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f:·' This method has been used successfully in previous work and can be recognized
\8S n digitlll method of filtering n pure signal of relatively low amplitude from
rrandom background noise inherent in the system being measured. The number of
;trinls averaged, however, must be sufficient to establish columnwise Gaussian
~distribution, i.e., within each column of time. If this condition obtains then point
~by point t·tests can be made between two such averages, since each average is
(.~imply a set of mean values.
~; For example, if the activity occurring in column I, at b (Fig. 3), is purely
~rand()m from trial to trial, then the values of Sl would be expected to be normally
~istributed over the 60 trials. The mean of such a normal distribution would be the
~baseline, Sl, with an equal number of values occurring above and below the
baseline. If the activity in each time column from h to 1.;00 is also random, then the
~rmponding means from Sl to S250 will constitute a straight line, the baseline. If

.I!le activity is not random, however, then each mean will represent an average
~eviation from the baseline. or relative amplitude of the brain volrage at that point
.ntime. In this case, the set of means will constitute a waveform. Note that the
i··:a\·eform emerges because the noise is random, and is therefore "averaged (lut"
~he mean approaches zero amplitude).
~.Using the general princi;Jles explained thus far, all data are processed by rn~ans

I
~rseveral specialized computer programs designed for these purposes. An ascil­

•. oscope display routine is lIsed to screen each trial for muscle and eye movement
.artifact. All bad trials are eliminated by the E before averaging. TIle data are then

fro.·.·. lIated on the h~sis of behavioral information and averaged according to npprop­
r~ale groups (Fig. 6). Thirty groups were distinguished on the basis of five

lillegurics per channel, three channels, and two time locked segments. Separate
~ingle and duuble averages are obtained for each group. Since data are collectcd at
[criterion, requiring 55 to 60 correct trials, only the correct trials are used. If all
Jirillls arc wrrcct, thcre would be 15 trials per stimulus category per day. ami 90
~trials over 6 days. The actual number of trials averaged for each lask are listel! in
~Arrcndix I.
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Fig, 7. Amplilude and latency differences belween similar wavernrt11s (Rhodes ct aI., 1969).
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Significanl differences belween wavefonns are establishcd by f1ll1her averaging '. j

Icchniques which lIo not rely entirely on point by point t-tests. When comparing ,':
pllUerrrs of activity, it is sometimes more meaningful to examine inflection points: "
the number. dircction. and mean amplitude between them. Inflection points of J:
each wave pattern serve a." break points for data analysis, so that the amplitude. /
values of the segment of the wave between two break points can be averaged. In:~

this way the mean amplitudes of compurable segments of different waves can be;:
compared. Similar waveforms would be expected to have similar inflection points ;;
and mean amplitudes; when different, such differences can be established statisti.:·
cally in terms of p-values derived from standard t-tests (Fig. 7). '(

i.

.}

Amplilude changes represent one degree of freedom, directed along the ordinate ,i.
(voltage fluctuations), Latency changes represent a second degree of freedom, '
directed along the ahscissa (time fluctuations). Fluctuating latencies are moreY
difficult to deal with. since the results of averaging may create an erroneous ,; '1

illusion that no information is present. Note that a shift in the ltitency is the same as '
a shift in the inflection points (phase shift). This effect can best be se.en at the
inflection points e, f. nnd g in Figure 7. The illusion created by fluctuating l
latcncies is due to the physical principles of superposition and interference. If the'; .
waves havc the sallie frequency and wavelength, there are two limiting cases: a) if !

the crests of the waves coincide, the amplitudes are additive, Dnd the waves·:~.
reinforce each other; b) if the crests of one wave coincide with the troughs of the:
oiher, the waves cancel each olher (resultant amplitude is zero). and the effect is .
total interfcrence. Another way of stating this principle is to say that the waves are
either in phase or out of phase.

No allempts are llIade to detect shifts in latency for individual trials, since this '..
would require careful plolling of each trial ill ordcr to determine the exact time at ;.
which inflcctions occurred. Considcring that there are 2,160 trials, this .secms '"

:,,.
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impractical. Instead, latency shifts are handled by aligning the data in the response
locked segment as described.

It is assumed at the olltset that the phenomenon to be observed will appear in the
averaged data as a characteristic pattern of activity (wave form) similar tei the
visual evoked response (VER) which is known to occur in the human early in the

. stimulus locked segment. In general, there are three types of activity patterns to be
considered (a priori): (a) registration, a charactersistic VER associated with each
of the four visual stimuli; (b) decision, a characteristic pattern associated with a
correct decision to press right or left and based on the information contained in the
stimulus; and (c) anticipation, a chnracteristic pattern associated with a motor
resPonse to press right or left.

Using the present methods of analysis, it was most likely that a) would appear in
the stimulus segment and probable that c) would appear in the response segment. It
was not known whether b) existed independently, was the same as or a part ofc), or
part of a). It was also possible th:lt any type of response locked activity might be
masked by the stimulus locked activity (by superposition) and woud therefore
reniain undeteciable after averaging. It is important to realize that if the response
occurred before 300 msec. for example, a large amount of the stimulus locked
acti"ity (VER) would be shifted, out of phase, into the respomc locked segment.
This introduced the po~sibility of contaminating the response locked u:lta, and
would require a different approach either to the method of collection or to the data
analysis. Forexarnple, the S could be presented from responding before 500 msec,
which would ensure that no stimulus activity would appear in the r~sponse

segment. The olher method would be to remove the stimulus activil}' from the
resPonse segment before averaging by means of different data processing tech­
niques.

However, the method of data processing as described is followed through in
order to observe the results, with the above examples remaining as possible
ulternatives. The analysis is based on four logical possibilities: a response pattern
could appear in a) the stimulus segment only, b) the response segment Dilly, c) both
segments, or d) neither segment. )f the response wave appeared in the stimulus
locked segment, this would indicate that the phenomenon occurred at a fixed
interval of time following the flash (function of the stimulus onset), and was
independent of the response latency. If it appeared in the response locked segment,
then the phenomenon occiJrred at a fixed interval of time following the flash
(function of the stimulus onset), and was independent of the response latency. If it
appeared in the response locked segment, then the phenomenon occurred at a fixed
interval of time just preceding the response, and was therefore a function of the
response latency. If it appeared in neither segment, then either it did not exist (not
conclusive), or could not be detected by the methods used (us described above).

Aside from the shifting procedure used in the response locked segment, no other
attempts are made to adjust the data for latency. The analysis is confined to
amplitude changes only (one degree of freedom). The stimulus and response

,;.i.

~, {~
.,'{'

o . 'l

~ 'J

- I'
.;"

. t;.

~~,,""'.'-'-"',r ...



2 3 4 5 6 7 8 9 10
MSEC

MEAN A: 6,

MEAN8:0

BIOLOGICAL DIAGNOSIS OF BRAIN DISORDERS

2 3 4 5 6 7 B 9 10
MSEC

MEAN A:O

330

segments arc cach subdivided into ten 50 ITIsec intervals. Each interval contains 25
data points (rig. 8). The 25 points are averaged across the interyal to obtain a mean
value (Fig. 8). The result is 20 mean amplitudes for eacti pair of averaged
waveforms, 10 stimulus locked amplitudes and 10 response locked amplitudes. ­
:rhe number of intervals is determined by examining the number of inflection
points in the averaged waveforms. By choosing intervals of standard length (50
msec) it is possible to compare the mean amplitudes of different waves (Fig. 8).
Statistical comparisons are made using a t-test for related measures.

Fig. 8. Method of segmenting the time locked data~ Each 50 msec interval contains 2S data point!.. Two
same W3\'efurms arc shown in A and B. The samc waveforms arc represented by their mean values (per
segment) in C and D. Differences octween thc mean amplitudes are indicated in D.

An Experiment

In an application of this procedure to man, the experiment on selective attention
presented in an earlier section demonstrates its actual value. In this initial experi­
ment a modified carousel projector rather than a DADTA type display was used to
present the stimuli.

Colored pallems nrc used to provide the visual display and consisted of two
colors, red and green, and two fo(ms, circle and square. The square was composed
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Fig. 9: Four types of slides used for stimulus presentation.

,;
1

'I
';'

il

j., .
,

I'
I'i"I,
'j', ,

jiiI'
"I'11
I
!

ii,
r..

"I'

~':~

'"
j" ;"!4

I :
i

II
I
\ ;
! ,
i; i

r'I

331

Category 3

Category 4
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B8

Cl>tegory 1

Category 2
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& J, ,
, S:r of vertical stripes of color on a black background, sim Har to a grating. The vnriolls

, colors and shapes were assembled so that four difrer~nt colored patterns were
, produced (Fig. 9).

Fifteen slides of each type were arranged pseudorandomly in a projector tray,
creating a repeatable random sequence of 60 presentations of the four different
stimulus categories (see Rothblatt and Pribram, 1972). Pseudorandom arrange­

, ment was used to increase the probability that the response would occur on the
" basis of relevant cues (color or form) rather than on the basis of cyclic repetition of

( ',,: stim,ulus presentation. If the S memorized a sequence of respons~s, th~n the
~, primary cue might be that sequence rather than the color or form dimension
>.~ contained within the stimulus. Within 60 trials arranged pseudorandoml\', it is

;.: unlikely that the S would be able to memorize the order of presentation, so tllat any
i subsequent inferences made would then apply to the intended, rather than irrelev-
;: ant, cue dimensions. '
.i The S was inithi.lIy train~d to respond differentially to one of two colors,
"~ followed by a reversal of the color cue and retraining, and then a second reversal to

the original color cue and wtraining. This procedure was necessary in order to
establish a stable baseline for datn analysis. The S was then shifled to one of two
forms, followed by two similar reversals on the form cue. In this way six tasks,

i composedof the following correct cue dimensions, were established: red, green,
red, circle, square, circle.

The S was seated in a chair inside an open booth in a dimly lit room. An initiate
lever and two response buttons (1.5 in. separation) were centrally mounted on a
horizontal surface directly in front of him and just below the vertical screen.
Stimulus presentation was self-paced. By pulling the initiate lever when he was
ready to observe the next slide, the S triggered the strobe light (1.0 Insec flash)
which marked the beginning of that trial and commenced the trail sequence.

The S, after observing tht;, slide, would then respond to the information he saw.
If the cue dimension was circle, for example, a correct response would be to press
the left button if the circle appeared on the left side of the screen, the right button if
it appeared on the right side. If a correct response was made within I second
following the flash, a colored reinforcement light would go on. The light illumi­
nated the screen from the back and on the same side of the screen as the button just
pressed. The light remained on during the intertrial time and went off ltt the
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beginning of the next trial. If the response was incorrect, the screen remained dark.
Since criterion on anyone task was usually reached on the first day. training

continued for the equivalent of sil( days at criterion (90% correct or better).This
procedure was foilowed for each of the sill tasks. Note that the retinal image
remained invariant acro!>s all tasks. i.e .• the visual stimuli were always presented
in the same pseuJornn<lom sequence (60 trials per day) while only the reinforcing
contingencies varied. The contingencies of reinforcement were controlled by the
computer in each training situation. Behavioral information was recorded at the
end of each ,trial indicating the stimulus category. the moment of response (la­
tency), its position. and whether it was correct, incorrect or absent. Such items
were u<;ed to later collate the behavioral and the electrophysiological data.

In order to analyze the electrical activity the four slide categories were separated
first on th~ basis of color: categories I and 4 versus categories 3 and 2. The two
groups were comprised of 12 pairs of averages, matched by day and on the form
dimension (df = II). The two groups were distinguished on the basis of color.
i.e., green to the left versus green to the right (Fig. 10). Th~ second set of
comparisons was made by separating the categories according to form: categories
I and 3 versus categories 4 and 2. Again the two groups ';\'t:re comprised of 12 pairs
of a\j~rage5, also matched by day, but this time on tbe color dimension (df = 11).
The distinguishing characteristic was fonn, i.e., circle to the left versus circle to
the right (Fig. to). These procedures were repeated. and performed indepen­
dently. for each task. The results are given in ChaptcN IV, V and VI.

Three additional sets of comparisons were made, each between tasks (Fig. II).
The two groups were comprised of six pairs of averages (df::::: 5). matched by day
and by category. The first set was distinguished by color (green correct vs. red
correct), the second by form (circle correct vs. square correct), and the third by
color and fonn (red and green, combined vs. circle and square, combined). Note
that in all cases, the comparisons involved separate t-tests between each pair of29
mean amplitudes.

The results show that once learning had occurred, stimulus selection was neither
stimulus locked nor response locked, but an ongoing proces!> related to both
epochs in the time domain. No particular portion ofeither the stimulus or"response
locked activity could be catted a decision wave or even an intention wave. The
selection of an appropriate response appeared to begin at stimulus onset, proceed
through what previously has been throught of as stimulus registration (VER), and
culminate in the actual correct motor response. As might be expected, the process
was not confined to a single channel, but involved an interaction among channels..
Such a process suggests not just one decision, but a variety of parallel decisions
among different parts of the brain .
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TASK GROUP I GROU~

Color

Cat 1: ®® Cat 3: @@1
Day 1 Day 1
Day 2 Day 2
Day 3 l>3y 3

Green+·-- Day 4 Day 4
Day 5 Day 5
Day 6 Day 6

Cat 4: @J® Cat 2: I!J®
Day 1 Day 1
Day 2 Day 2
Day 3 Day 3

Red+ Day 4 Day "
Day 5 Day 5
Day 6 Day 6

Vis'Jal For..

Cat 1: ®lliJ Cat 4: @]@
Circle.. -_. Day 1 DllY 1

Day 2 Day 2
Day 3 DllY 3
Day .: Day 4

Motor _. OilY 5 Day 5
Day 6 Day 6

Cat 3: ®@J Cat 2: ffiI®
Day 1 Day 1

Square+ __ Day 2 Day 2
Day 3 Day 3
Day 4 D3Y 4
Day 5 Day 5
Day 6 Day 6.

Fig. 10. B3~ic groupings used for slalislical comparisons.

As previously stated. a thorough examination of the electrical activity did not
necessarily justify comparisons on a dichotomous basis of color and form. Even
though certain portions of various waveforms were found to be similar when
compared in this manner. in general

l
each waveform was separate and distinct for

each category. condition, and channel. An example of this is shown in Figure 12
for the motor electrode. Overlays have been constructed for each category demon-

'. strating the differences in electrical activity across all four conditions. Since the
1 amplitude ranges were much lower for the temporal and visual activity. the
photographs do not illustrate this effect as clearly "s thnse for the motor electrode.
However .plotted data (not shown) indicated that the same basic trends were

present.
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Fig. 11. Additional groupings for statistical comparisons.

Cat 3 Cat .3
--rii\y 1 -nay 1

Day 6 Day 6
.--_._ ....

Cat 4 Cat 4

IJiY 1 1iiY 1

Day (; Day 6

All All
-oay 1 -o3Y 1

Day G Day 6

1lI0LOGICAl. DIAGNOSIS or llRAIN DISORDERS

------ -----_.-- --_..._-
Visual----

.,otor-----

CHANNEL cnoup I GROUP II

Cat 1 Cat 1
Day 1 ----vay 1

Day 6 Day 6

Temporal--~--;' Cat 2 Cat 2
--nay 1 -nay 1

.
Day 6 Day 6

1. Red. 1. Crellll+

TASK 2. CiI'elc+ 2. SqU3.·O.

3. Rcdt 3. Circle+
Creen+ Squ3re+

... - ~-- ..-

Furthermore, this figure illustrates how focusing on significant differences
between waveforms can be misleading, except to establish that they are different.
What may be overlooked are the points nt which the amplitudes match exactly. The
effect can best be observed as crosSover in the plotted dala already presented. If it
were possible to overlay all 48 waveforms. what would be seen would be a
complex array pf matching amplitudes across categories, conditions, and even

channels.
At first inspection, the selection process seemed to involve a time ordered

sequence of malching amplitudes, each new comparison based on what was
learned previously. For example. the green and the red conditions were compared
for each electrode (Figs. 19 through 24 in Appendix tl) on the basis of color. For
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Fig. 12. Stimulus locked activity for the mOlnr electrode. The diffcrenc¢s in stimulus category are
shuwn fur each difli:rcnt reinforcement condition: Green +, red+, circle + • and sqllar¢ +.
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CD 01 •
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0 a@@]
R

Gt-. Rio. c+. Sio

4@]@ Gt-. Rio, C+. Sio

,
.the green condition, X represents a correct left press, while for the red condition Y
represents a correctlert press. By overlaying each pair of plots for each electrode.

respe.:tively, several points were observed at which the amplitudes coincillell,
u'sually an Xof one matching a Y of the other (response left or response right). The
effect was observed in both the stimulus and response locked epochs in segments
preceding the response and, especially, at the moment of response. Furthermore,
similar effects were observed across channe.ls by overlaying the plots of the three
channels for the red and green conditions, respectively. These effects were
observed across all categories, conditions and channels.

." Since any attempts to interpret these effects would be merely conjecture at this
'time, no attempts have been made to illustrate such complicated relationships.
Figure 12 gives some idea of the complexity of these crossover relationships in the
stimulus locked activit)'. Each crossoverpoillt represents a node at which the

;.: amplitudes match exactly. Note that the portions to the right of the center line·
j.. represent response activity recorded from stimulus onset forward in time, amI the
~'nodes are points where the actual responses occurred (segments 7,8, and 9). It is
: not clear at this time exactly how this array interacts, but the information obtained
thus far strongly suggests that the entire recorded epoch represents a complex

:".dccision process. . - .
>~~. To further demonstrate the ongoing characteristics of the activity, Figure 13 was
;~:construcled. Afler completing the main part of the study, the S was asked to
.,::respond to an adJitional 120 trials during which the stimulus pr~sented was a
!i.'; simple nash of light from the strom:. The experimental procedure was exactly th~

f
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Fig. 13. Stimulus locked activit}' reconled from each electrode following a simple strobe flash. The
overla)5 sho\~ differences between 8 Jefl nnd 8 right press. The response occurred in segment 8.

same. except that the S was instructed to respond to the first 60 trials by pressing
the right bunon every time. and to the remaining 60 trials by pressing the left
button. The upper overlay (Fig. 15) represents the averaged ele~trical activity (60
trials p:?r trace) recorded from the temporal lobe electrode. The overlay shows the
differences in electrical activity between a left and a right press during the stimulus
locked epoch. Similar activity recorded from the visual electrode appears in the
middle ovalay, from the motor electrode in the lower overlay.

Even though the stimulus was kl~ntical for all trials, differences which rep­
resented the selection of lin appropriate response were observable throughout the
stimulus locked epoch. Regarclless of whether the term decision, intention, or
selection is used, the process by which the S arrived at the appropriate response

. was clearly ongoing. When the stimulus was identical, little difference appeared at
stimulus onset (segment one) for temporal love and visual activity. For motor
activity, the intention to press right or left was shown by immediate differences in
activity. Differences continued to be seen for the nex.t 250 msec, especially for the
motor and \'i5ual activity, through the period that could be thought of as stimulus
registration. The stimulus to be registered, however, was identical.

The crossover relationships at the moment of the response. which appeared in
the stimulus locked epoch simultaneously (segment 8. Fig. 15) across all channels,
is clearly even in the response locked epoch. The effect is best seen for the motor
electrode. Each panel in Figure 14 consists of four overlays, representing the
activity for each visual display recorded frolll the motor electrode. One of the
traces in each overlay shows the activity recorded when the reinforced cue was
treen. The other trace shows the activity recorded when the reinforced cue was red
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. Fill. 14. Cornparisons or response locked rnolM cort~x 8clivily.

(upper panel). circle (middle panel). and square (Iowcr pancl). The crossover
effects nrc rcndily observable. In addition. what can be secn is not simple limp­
litude matching. but more important. frequency and phase shift relationships. To

investigate these observations further. a portion of the data was subjected to

spectral analysis.
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Fig, 15. Summary of ~h:pwise discriminant analysis of stimulus lockc:d dala for green comcl, Each
Mep indicatc:s the variable: selecl"J which WDS found 10 bc:the bc:st discriminator Dmoog the four
stimulus categories,

Results in the Fre<luenq Domain
The analyzed data con 'listed of the first 250 rnsec of stimulus locked activity and

the first 250 msec of response locked activity for the Green condition only. The
frcquencies examined were from I-50 Hz. Values for intensity (uv:!/l-Iz) were
obtained for each frequency and then summed over the frequencies in each of six
frequency bands. The six bands were theta (4.7Hz), alpha (8-12 Hz). sigma (13-15
Hz), heta (16·20 Hz), high bcta (21-30 Hz), and high (31-49 Hz). In addition.
crosspectral values for phase shirt and coherence were also obtained for each band.
rcsulting in 72 variables for each raw data trial.
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Fig. 16. Canonicllillnalysis of stimulus locked data (from stepwise di~criminanl ~nal}'sis program).
E:u:h trial fur green COITi~.:t has he.:n c1assil1.:d into nne of four gwups. The scallcrgrarn illustrates Ihe
clustering. about the groups mean (.) for each visual display.
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Note that intensity wns defined in the same unils as power. and is thererore a
measure or the energy in the spectrum at each particular rrequency, and subse­
quently, withi,\,each band. Bandwidth was defined in hertz, and is an estimator or
the peakedness:or each band. Phase shirl (degrees) indicated the angle by which the
first channel of:each electrode pair led or lagged the second in a given rrequency
band. The cohe.tence runction. being a dimensional number between zero and one,
provided a measure or the linear relationship between channel pairs. The coher­
ence runction acts like a coeFFicient or correlation between the records: a value near
I indicates that, at a particular frequency, nearly all the activity in one record could
be explained as a linear tnmsrormation or activity in the other record; II value of 0
mcuns that there was no Iinellr reilltionship between the records at that rrequency.
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fig. 17. Summary of slepwise discriminant analysis of response locked dula for green correct. Each
stcp indicates the variable selected which was found 10 be the best discriminator among the four
stimulus categories.

The trials were armnged into four group~, by stimulus category and subjected to
a stepwise discriminant analysis pnjgrnm. The results are shown in Figures 15 and
16 for stimulus lockcd activity amI in Figures 17 and 18 for response locked
activity. Each trial was distinctly classified into one of four separate groups
(catcgories) on the basis of the 72 auto- and cross-spectral parameters, with all
trials correctly identified. Forty-nine steps were required (0 achieve 100% correct
separation for the stimulus locked activity, but only 30 stcps were rcquired for the
rcsponse locked activity.

For both stimulus and response locked activity, the cross-spectral vnlues for
phase shift and coherence were the 1I10st important disctiminators. Almost 42% of
the stimulus locked epochs for each trinl wefl~ identified at step one on the basis of

i
I
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Fig. 18. Canonical analysis of response locked dala (from stepwise discriminant analysis program).
Each trial for green correct has been c1assific:d inlo one of four groups. The scaltergram illuslrales Ihe
c1usteril.g aboul the groups mean (.) for each visual display. .
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phase shift Ixtween the temporal and motor channels in the beta frequency range
(16-20 Hz). The order of importance of the variables selected by the program are
arranged according to step number nnd indicated in Figure 16. For response locked
activity. 43% of the cases were identified at step one by coherence between the
striate and motor cortex in the theta frequency range (4-7 Hz). Note that this
infonnation is consiste~~ with the photographs of the response locked data in which
low frequency activity is visible. Most of the activity is between one ~md two
cycles in the 0.24 sec period preceding the response. This would be the same as
four to eight cycles in I sec. The remaining sleps are shown in Figure 18.

These results seem to indicate that further investigation of the frequency domain
might give valuable insight into the nature of the cross-channel variations as weI!
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Conclusion

as wilhin channcl aClivity. By combining time locked avcraging mcthods (time
domain) with melhods of auto- and cross-spectral analysis (frcquency domain). a
fuller understanding might be obtaincd of the complcx rclationships described
hcre.

We have detailed these procedures as examples of powerful and flexible tools
for the analysis of brain-behavior relationships. As was shown, applications can
begin to enhance our understanding of such processes as decision making and
sclective attention. Because the cost of these procedures can be kept within
reasonable bounds once the new technology is fully exploited, its application in the
clinic promises to afford diagnostic tools where they are so desperately needed. So
many retarded children are diagnoscd wilh the vague label "diffuse brain syn­
drome"; so difficult is it on occasion to diffcrentiale autism from childhood
~chizophrenia;or for that matter a drug-induccd from an endogenous psychosis at
any age. So often the diagnosis of the origins of cpisodic violence hangs in the
balance becausc our analytical tools have not been sufficiently sharpened. \Ve are
convinced that the analytical armamentarium described here can be produced for
little more thnn the current cost ofordinary EEG equipment·--and that the diagnos­
tic power could even at present be incrcascd tenfrlld were the initial arplications
emlxldied in DADTA and FATLlP properly and extensively employed. With this.

. faith we continue our research; however the probl~nB rest root only wilh us but with
those who set priorities 011 the expenditure of funds. The question before us is~o
we proceed /lOW to make use of the accumulated knClwledge and wisdom of the
third quarter of the twentielh century or do we let another generation suffer the
consequences of our earlier ignorance'!
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