A 128 point amplitudesfrequency histogram
#1gorithm for real-time EEG smalysis

There is a real need for a method of asmalyzimg EEG in real
time which yields as much informetion as possible with mimimal
hardware and software expense, The. hardware and the algorithm
deseribed hers ph being developed in an effort to distinguish
EEG correlates of various psyehological eventq,‘ﬁdhidbngt
designed with neurolegical pathelegy in mind.

FFT, #or Fast Fourier Transfnrm,ls prssentiy the most pepular
algarlthm for computer analysis of EEG (aleng with its mathematieal
relatives of autoesnd eruss»cmrrelatxan}. Dne of the most commonly
used outputs from an FFT program ie the EEG power spectrum,

The FFT power spectrum suffers from severasl disadvantages when
it is used to investigate psychelogical events in real time, Perhaps
the most serious disadvantage is that the epoech length for FFT must
be fixed hefore data analysis begins, It is mot practical teo vary
the epoch length as data is gollected, Siree Paychological events
are of varying and unpredietable duratien, this fixed epoeh length
usually means that the epoch often ovarlaps into times when the
event under study is mot eceurring,

The seceond diaudvantage af FFT is that it is necessary to give
up resolutiom asnd accuracy if short apachgﬁre desired, Sinece many
psychological events are af shmrt duratian, this can be a major
drawback,

The third disadavRtage of FFT is that a moderate power sigmnal
at a particular frequency which persists throughout the epsch
yields a peak in the power spectrum very similar te that prodeced
by a short duratiom high power signal at that frequency, This
disadvantage csn he overcome to some extent by shorteming the
epoch length, but ther reseolutiom and accuracy suffer,

The feurth disadmvantage of FFT is. that the algorithm requires
considerable CPU (ecentral prosessing unit) time to ruw., Bscause it
is a slow running program, meny computers are limited to calculatimg
FFT for only one or two chamnels of EEG at a time, This may mean
that sevaral computers could be required teo handle B chsmnels of EEG
in real time, To overcome mast of these limitations, I KM¥EEXH am
develeping a mew algotithm and assoeiated hardware based on periode
amplitude analysis,

Periodeamplitude amalysis has been used from time to time over
the years as an off«line technigque of EEG amalysis, In the last
five years er so it has become popular as a real~time EEG analysis
technique for biofeedback purposes, I designed a periodeamplitude
analyzer for Aquarius Electrorics five years ago which is still
typieal of the techmique popular todsy. Describing this imstrument
will probabhly make it easier tc explain the 128 peint histogram
system now under development,
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As with all EE€G systems, the Madel 10014 brainwave: analyzer
begins with an ampllfiar which aecepts the week sigmals from the
scalp electrodes mnd amplifies them and seperates them from
interfering signals such as 60 Hz pewer line hum, The amplified
EEG sigmal is of the order of 1 volt in. amplltude. This signal

then passes threugh 8. zerencressing detector,

The purpose of a zern—crossing datector is te 1dcntify ‘the

" beginning and end of each cycle-of the EEG signal, The beginning

of a cycle is defined, for thase. purposes, as being the point

“when the EEG voltage is zero and rieimg, The end of that cyele

~is them the point when the voltage is agsin zers and rising,

In between the beginning and the end of the cycle is an intermediate
zero-craossing at which the veltage is falling, In a2 full wave

major peried arnalyzer, thssa nagatlvemgolng zarOmcrasélngs are
1gnared. . g

_ 1 shaﬂld*be'notud-that the EEG signal'dnus-not remain at

zern voltage for extended periods of time, Even in the absence aof
any cortical electrical activity, an EEG amplifier will pick up
~thermal noise from the resistance of the electrode contsct with
the scalp and this moise will produce continuous tiny fluctuations
in the amplifier's output valtage (nolse).

The brainwave analyzer measures. the periond of time hetween -
alternate zeramcrosslngs. This is called the full wave major
~ peried., It is imvsrsely related to the deminant frequency of the
EEG signal. The analyzer compares this period to three sigustahim
fixed -1imits and sorts the cyele into a frequency. category. as
a result of this comparison, The Model 1001A Iim1ts are set to
sort EEG into ‘beta, alpha, theta -and delta:

13 Hz limit = = 76,9 millisecands

4
B Hz limit = 1/8 = 125 millisecands
4 Hz 1imit = 1/4 = 250 millisecends

Any FEG cyele shorter than 76 9. millisecends gets sorted inte
the beta category, any cycle lasting between 76,9 and 125 me goes
into alpha, eny between 125 and 250 are theta and thcae which last
over 250 ms are delta,

The analyzur alsa ecmpares tha peakmtn-peak amplituda of each
" cycle to two adjustable limits, If a eyele is very weak and fails
 to exeeed the lower amplitude 1imit, the results of the period
‘measursment are igrored, Instead of being serted imte a fregquanmcy
category, the cyele is sorted into a category set aside for wery
weak sigrals, one called "moise,"” If the cycle is high in amplitude
and it sxeeeds the maximum smplitude limit, them the results of the
parlod analysis are ignored and the cyele is sarted 1ntn a ‘category
ealled "artefaet,” : : : -



page 3

Thus six: categories are defined amd each eycle of the EEG.
signal ends up in one of these six ecategories, depending om its
amplitude and frequency, Feedback tomes, visual displays, ste,
are comntrollad from these category outputs, The feedback is
egssentially real~time since each cycle is shalyzed as soon as
it is complsted, ' E : - ‘

The disadvantage of this technique of EEG analysis is that
only the dominant frequesncy is detected at amy imstant, This
means that if weak beta is = ridimg on top ef strong alpha, for
much of the tims the instrument will indicete the presence of
only alpha, . R R _ o S oo

This is mot as seriocus a problem as it appears at first glanece,
A mixture of weak beta and stremg .alpha will be analyzed as
many alpha cycles and a few bsta cycles with the proportioms =
roughly ecorrect, considering the relative smplitudes of the
two signals, This is betawse occasionally the weak beta cycle
will happen elose to the zeroecrossing ef the stromger alpha
cyecle and thus produce a secondary zsr-crossing of itas wwn,

A mors ssrigus problem is mimkxiny alissing and frequency
jitter, The secomdary zero érossings of beta on top of alpha
will shift the wavelength of the alpha to broaden the speetral
peak of the alpha frequency, If the besta causes only a single
secondary zeroecrossing it can smese cause aliasing so that
a new fruquency comporiant mmwak of wavelsngth equal to 4 the

~alpha plus ¥ the bets is produced, - o

The alissing problem eam be sliminated by using a bi-directiomal
zero~crogsing detector ‘so thet & clcles are snalyzed imstead of
full eyeles, This is what is done im the 128 point histogram system
mow under development, SR SR '

ST T LT e e AR o ]

_ Even with its weaknesses, full wave period anslysis eorrelates
well with FFT, Beatty, J. and Figueroa, C, Behavipy Reamarch Methpds
and Instrumentation 6: 293«295 (1794) compared this kind of
peripdemessuring EEG analysis with FFT. for 1.024 seecond epochs
and fount that it correlatsd fairly well « the largest errers
being im the beta category. When they tried period-amplitude
analysis (where each cycle is weighted aceording to %ts amplitude
on being sorted into & category) the correlatiom was evem better
between 0,79 and 0,81, This corrslatiom is high enough to
indicate that periodeamplitude analysis ean be a usable alternative.
to FFY, especially im sitwations where FFT is at a digadvantage,
such as the real time detection of psycholegical events, . '

The algorithm now under development is a logical emtension
-of the teehnique used in the braimwave apalyzer described above,
As it now stands, the program serts sech?cyele aof the EEG signal
. into one of 128 categories, These ceategories are definéd by
- frequency {period) and amplitude limits, There are sixfeem -
frequency eategories and miwkk eight amplitude subecategories im
each frequency category, Thus the results of the computer analysis
arem am B x 16 matrix, Each number in the matrix is the.number
of EEG + cycles which fe#) imside a particular set of amplitudee

frequency limits,
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The system under development will evantually he an 8 channel

- system which will amalyze 8 EEG signals in reel time, The prntmtype
which is now being tmsted is a simgle channel system, ‘It is more
econremieal to experiment with enly one channel until the algorithm
is more or less finalized, Although the single channel system ‘is
‘somewhat differemt tham the proposed B channel system, it merits
degeription here and will help clarify the. 1ater descriptian of the
8 channel system,

The EEG ampllfier usad in the 51nglu channal syatem is battery
operated, This eliminestes electrical shoek hazard and minimizes
60 Hz hum picheup., The EEG signal fram the amplifier passes. through
an optical isolator, This device eonverts the electrieal signal =
of varying voltage into a light of varying brightness, The light
then. shines onto a phototransistor which converts the light signal
- back into am elactrical sigmal, which is then further amplifled and

flltared .

The block diagram on the mext pagse may help you fallaw the
procsss from here, We are at-peint "B", Now the EEG. signal is sent
im two dirsetions, In ome dirsction it passes through a zero-
erossing dstector, In the single chansel system, this detector
only looks for pasitive-gning zeromerossings and outputs a marrow

. pulse at each, This pulse exits at poimt "e" om the diagram

by going to the eomputer’s interrupt reguest line, This interrupt

request stops the cemputer from execéiting the maim program

and causes it to service the inmterrupt, in this ecsse it causes
it te imput data from the cycle ef EEG just enmpletad.

The other branah uf tha putput frem the optiecal iaalatar
goees to a preeislan reetifier, This takes the-absolute valus of the
- EEG sigmal, ie, it makes the signal always positive by reflecting
niegative helfmcyalas around the voltage axis, A diagram below makes
this clearer, . -

N '\{ I . o _ o
raw_fEG BRI ) . - reetified EEG

Tha rectified EEG signal is then sent ta a peak»hmlding ‘A/D

 converter, This eircuit digitizes the peak amplitude of the signal

“and halds the value as an B bit binary number until it is reset,
This 8 bit resolutior allows amplitudes from 0O to 255 mierovolts
to be measuvred with 1 microvelt resolution, The gain of tha

EEG amplifier is adjusted to get this scale factar. ‘

. The alght output bits from the A/D converter are trimstate
logic which allows them to be cmnnected onto a party-line type
Hata bus ieading to the computer's input port, Data from the A/D
converter appears on the data bus only when the A/D converter
data output is sndbled, The same. data bus is shared by other

parts of the system, Unly ome part of the system st a time
sends data onto the data bus while all of the others are
disconnected by being dimsabled,

i
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The next part af the system is the timer whieh measp:aditﬁa
duratiom af vaeh cyele, It is a tounter whith is counting & % kHz
elack;.The_timgr.hasiithits_ef~:cgulutiﬁn; This mmans that it

measures time from 0O, 4;B§S_§debﬁdq'im'$!1ﬂﬂﬂ of a second,

- The timer is aectwally made up of thres 4 .bit counters which are
eascaded, Simce the computar system-handles B bit words, #)1 12 bits
~of time data can't be input in a single word., The least sigrificant
B bits form ome word of data whieh cam be put onto. the bus by
‘enabling it, The most significant 4 bits of the time data form
“half of another data woed whieh can be put on the deta bus,

. The other half of that third word of data is four bits of.
sxperimental date which ean be used to tell the camputer abput
-experimental eonditions whieh might affect or eogrrelate with EEG,
In_thé;experiments.whiehfatejpiaﬂheditMEEE-bitauwill“be-used_té_
indicate the psychological state of thHe person whose EEG is being
analyzed, A feur bit block of data allows faor 16 possible statmes,

A ﬁiming diagram;'belmw, sﬁnws'the}usuél sequence of events
at the endfbf'afcygiaicf;the'EEG signal, f S
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.Nermally, amplitude data is on the data bus, This data will
not necessarily be valid until the very sad of the eycle, so
the computer ighores it uyhtil the zersecrossing detector signals
‘the end af a cycle, Then the amplitude data on the bus .is imput by
the computer, Once amplitude has beean stored in memory, the
amplitude word is dissbled, The same sighal 2lso resets the amplitude
A/D convertar se that it cam begim to traek and held the peak

amplitude of the next éyeié af the EEG signal,

: This.whalg-praaggsgia'sgt‘in motion by an interrupt request
whieh is triggered by the end af ecyele pulse frem the zerowerossing
deteetor, The interrupt causes the computex ta.stﬂp'éxacutihg”the

main program and collect the dats which-is-waiting,

Once the amplitude data -has beem input, the least significant
bits of time are enabled, input end stored. in memory, Finally the
four most significant bits of time data are snabled aleshg with the
- four bits of psycholegical state data, these data are input and

stored, ' : ' '
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Omce all af thn data f@r 8 eyele has been input, amplitude-
i arabled once mors, thus allowing the . amplitude A/D: convertér
to begin tra&klng ‘the rew cycls, The tlmer 48 reset and allawmd ta
begin- txminq the naw- cycla.- : : - '

- The flmw ehart an - the next paga makus the sequancs cf avents
from here on in a bit- clearsr, ls this- primatlva system, for test
purpeses, the epoch - 1ehgth has - been fixed, The durstien-of each
cyele is added %o a total which is then compared-to the fixsd.
epoch length, If the end of the epoch has been reached .a flaq » is
set and data bagzns acuumulating in. a heéw area of memory in the
cmmputar sa that the: epneh just campleted can ‘he printed ogut,.

- The . duratimn of thv eycla is next comparsed to. the duratian'
- Limits. which define the t6 frequeﬂcy categories, Thess limits
are stared in a leekeup tabla, (nee the computer has found: the
proper. frequenty eat&gary, At leaves the first lookeup table
and enters a second table to check the amplitude of the cycie
against the limits defiﬁnng the B. amplltude 3atﬁgbries.

EEG ampiifiers are imperfaee in that they. respand unequally
to different E££G Ptaqunneias. The amaunit of sensitivity variation
with Frequeney is an-importent  EEG amplifier specifiestion,
The amplifier's ssnsitivity is ‘alwsys deliteretely reduced for
very high and very low frequengy signsls to minimize. noise
and artufaéts.-Thara 48 usuhlly & pettion of the frequency rangs,
in the middle of the amplifier's passband, in which the amplifisrs
raspmnds equaly te diffarant fraquencles. -

: Far mast accurate anaiywis a? EEE it is desirable ta campmnsata
for variations in-the -amplifier”a: fregiency: response, The program
daas this by hauing 16 sats of- amﬁiitﬁde Aimits, one’ set for- sach

zg 16 fraguency categories it ‘sorte-brsinwesves inteo, Thus, the

3 sﬂ § limits: for an sxireme high- *rsqaﬁncy catagory, for axample,
_can be- adguated to cumpansatg for- tha ampilfaar 8 raducad sens;tlvity.

To tnst this systam af cmmpnmaatimﬁ, an ampiifier Wlth mederately
a narrow flat’ fraquancy respanse area in mid-band was used for
the prototype. system, . The tablie beimw shaws tha amplltuda limits
“used: for. each fraquency categary. : :

123-up 64~TZB 32&64 16»32; 8916. fal 204 De2 dﬁratinn.
32 16" 8, & oz .1 .8 @ 0«4 Hz ar2
61 34 4y 8. 4 2 4 B 455 340
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- 1. T 43 2¢ . %1 5. 3t p 11s12 f23
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Omce the propexr amplitude sub-eategnry within the frequuncy
category has been located, the computsr chacks the epoch flayg
and selects the proper memory loeatiom. The number at that lacatimn
is ineremented by one to- count the presnnt cyels. : : '

: The analysis af the aycla is mow campletcx, the prngram rastmres
status and returns comtrol to the main pragram s0 that it can pick
up whare it was intarrupted. : ; _

The main program is the- routine which tha computer exacutea
between intcrrupts (see flow cahrt on page 16), This prégram has
to clsar out all of the data storage arsas. befors the start of the
first epoch, In the prototype system it also prints out a hpading
to explain all later print cut of data. Them the progrsm waeits for
& signal (a buttonpuah) to start the first epoch, Once the epoch
iz started, the computer loops laoking for an endwcfespoch flag,.
This is the signal for the computer to begin printing out the completed
epoch's data, The epach number is printed at the head of easch block :
of data, Onee the data is all printed, the epoch -number is incremented
by one and tha data atarage just printed is cleared out for the next
epoch :

Nhile one data starage ares is printing, the ather égwubllgcting
data, Thus there is omne area whers data firom even numbetsd spochs
accumulates end a second ares where ndd numbered epochs are_
stored, This way no data is luat.

This output fmrmat is very crude and has been used in 1nitia1

tests because it is very essy te program; In a system intended

for practieal use-the data would be printed'out with more complete
headings, ‘with leading zeros suppressed and would: probably be
supplemented by a graph which would provide am isometric view

of the three dimensional histogram formed by the data, Such a-

- graph would be easier te interpret at a glance than a table of:
numbers while the table wnuld be more useful for statistical
calculations, : :

Once taating af the prctotype aystem is campleted the constructien
of a more elaborate system wil) begin, This will be an 8 e£hennel
- system in contrast to the single channel prototype., As a result
~of testing the prntotype, several changes in dssign have besn made
in pland for the 8 channel system.: .

There w111 ba B FEG amplifiers, all with falrly braad Flat

-~ .frequency. responss, all. ‘battery powered, These amplifiers will he
mptieally isolated and tha iselated outpuis will drive B zere- :
erossing.detectors, These. zeronernssing deteetors will differ from
the prototype in that svery zerp~erossing will bedetected instead

of altsrnate zero-crossimgs, Thus the. system will analyze each ¥ '
'cyele of the EEG signal instead of full cycles {to el;mlnate aiiasing).

The block diagram on the next page (top) shows one typinal
ehannel of eight thamnels, The area inside the dotted line is the
ceircuitry contasined on a 51ngle plug=in printed cirecuit board whose .
desigr has beenm completed, Eight of these bmards will be used in the
completed system,
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Many éhahgééwhavéwbeen'madujin.thé'B.ehannel.systgm | .
hardware, some to ingrease accuracy and:-ethers to minimize =~

In the single channel system the computer took care of housekeeping = -
such as resetting the timer and A/8 comverter, In the eight S
ehannel system the hardware resetg itself at the end of mach
cycle.ﬁThe-&ingle:ehannel'syatem~ia-intarrupt_drivéh,~the~cight

~the workload on the computer; in the interests of maximizing spesd.

- mik channel system may be alsp, or it may be polled, dppending on
~which turns ocut.te. be easiest to run. =~ R -

when a ha1?Qcycle fo{he<EEG;enﬁé.in aha.eﬁannql,-thatﬂbiu_
directional zerawcrassing-dateetar-sands-qut~s_bu193.jThds_pulse

‘goes te-the-transfer:anahle'input-nf-three;bufferfmemmrips.~thua-

storing the valid amplitude and time data, The same pulse.alsp -
sets a flag flip flop whieh will remember -and signal that data -
is waiting in that channmel, In an interrupt drivim system the flag

would trigger an interrupt, The flag will remain set until the
data has beem pieked up by the computer. The buffer memorims

and auvtematic resatting ‘ability ef this circuit gives the computer
time to do other- jobs befere coming to piek up the data waiting

for it. The zero-crossing detecter‘'s putput alsa triggers a -

one shot multivibrator which gererstes the reéset pulse for the
timer and A/D converter right after the dats transfer to the

bqffg! memg;igs hﬁs beBﬂ ebmplqted,

- The diggram at éhgvbettam-g#-bags_10 §hcws how the B ehgnnels:
are lisked togther. faeh ehannel of EEG has a flag bit which is.

fapt;&f:data’is_waitiﬁg-tn"be pickad up. A prierity escoder creates
& feur-bit ward-from these flag bits,  The wotds 1s a1l omes if no

data is waiting, 4iFf data: is waiting, the word is the address ef

the highest priority chamnel with data waiting, The cemputer can
check ‘this word from time to time to pell or it ean be interrupted
~if the werd is mot all ones, - - L .

A single 8 bit autput-wcrd-is us;drte cantru1.the appaarénéa

of ali-data'aatfha-singléﬂﬂzbit'iaputibua;-The.th:aa*leaet~signifieant5

bits of this word are the ehamnsl mumber, The more significant
bits indicate what #ata from that channel are to be put on the
data bus: amplitude, lsb time, or msh time and psychological

-gﬁat& data. o

Tffthére~ié'éﬁars CPU-tima a{far-hiédlihg;allAB channels of EEG

~the system may grow to include other: physislogical measures sueh as
“BSR/GSR, In the plamhed series of experiments there will he three

states. of conscisusness- which observers will be. locking: for, An
area of computer memory will be set aside for: each of these three

states and a fourth area for all FEG mot fallimg inte one of these.
‘states, Each of the 128 emplitude/fisquency categories for a
particular EEG ehanmel, for a partieculer
‘during a particular epoch:{bynthe same.

_p§y¢hnlmg$ealigtata, 

single channel system)wil) be assigned- twe- _ Py _
memoTys These two 8 bit words will allow upito 65,000 cyeles.tp .be
counted before memory overflnws. _ P P
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A flow chart of the EEG input subreutine to-be ussd with this
system appears on the next: pege. This subroutine may be celled '

. at least as often as twice the highesst EEG freguency, or it may
hecome an interrupt handiing preogrem, If the program-:is- called

and no data is waiting, contrel is rapidly returned to the ealling:
program, If data is waiting, the EEG input reuting loop repeatedly and.

. checks the prierity sncoder's output efter it has completed
pieking up data, to be sure more data isn't maiting.- After all
data has been paicked up, cuntrcl is returned to the main pragram.

The dats will oeeupy- 16k wards af mamary, Bk far tha current
epoch and Bk for the epoch being scutput, Data will be output
onto magmetic tape in digital form e that it can be put back inte
the computer later for statistical .anslysis, I+ will take about
2 minutes to dump Bk anto tape, and this period of time will
probably determine the epoch Yength in the first. series of -
axperiments. As soom as ons epoch has been output, the naxt
epoch will hegim autputting. Each block of date will be

identified as. to EEGC chamnel, consciousness categnry and- epmch

number, In the experiments planned ~the data will he put back

'inteo the computer later sec that templete patterns of EEG for

each cnnaciousneas categery can bs built up and tested statistieally.

Pagas 14 and 1% pare. sample autput from the single ehannel

128 peint histogram program im its most primative form, One page

is 2 couple of spach of accipltaqurantal EEG with eyee apan,
the other page is with eyas closed

The eight amplitude eategarles are’ apwaad out ch the harizmntal

| axis, The first category om the left-hand side of the page at the top

is Dad Hz with amplitude shove 128 mierovelts (peak), The mumber
in that position is the number of cyeles which sccurred during that
epoeh whigh fell inside the amplitude and frequency limits,

Further develmpmant of this system will happen in the naxt few
months, .

:‘sgptember, 1976

Tim Seully
Ressarch Fellow
Humenistic Psycholagy Institute

President

Aquarius Electronies
32191 Albion Ridge Road -
Albiom,. CA 95410 :
707-937-0064
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