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ABSTRACT
------

A proposed design of an ono-line input-output
system for the HJ computer i.s described. Although
thi s system is primarily de s i.gnod for correlation
analysis of hro c118.n..'101s of physiologicnl data, it
is capab'l.e of diC;itizirig t1·.JO cha nnel s of ana.Log sig­
nals ��Tj.th f'r-eque.ncy CODJI)Or:.er:.ts in (3. spe ct.r-un f'r om

0.5 CIJS t,o 100 cf:s for other anaLysi s ,

The [,�CC1.1:r'acJr of the ana.Log to d.igital conver s.i.cn

tecl:nique emp l.oyed i. S ana Iyz.ed , The minirr:D.m nuraber
-" � • -1�' f 1 O�i 0 1 0 •

0.1. samp.ie s req.Ulre( ... ..L or aTl aceuracty 0, -l.. ,/0 lS ...._�Lr:l1.-..

ted to 1000 samples for crosscorrelation ard 5000
sampl.e s for aut.ocor-z-e.l.atd on,

This work Has f'dnanced by the National Research Council
of Canad.a urrlcr Grant. Eo. A-·140.



-I

v

'l'.h.BIE OF COl:JTm·TTS
------------

Page

Title page

Copyright

Acknollledgements iii

Abstract

Table of contents

List of figures vii

Abbreviations ix

1. 11(THOJ)UC'l'ION
-------

1.1 General
1.2 Scope of Thesis

2.

2.1
2.2

Electroencepl"1alograrn
"-'-L t _-l •

r_� ec Iroca!.-Jlogral71
(EEG)
(ECG)

J.
J.1 SaI'lpling
3.2 Quantization Error
3.3 .Apertu;re Error
3.l} Errors due to Sarnp19 arri Hold

7
9

12

4. £Q!.3[0g�TJ:.�tj_�m�Q}S J?.QE ·�Q_.El.E�Ts EECOill:2..J:2j:;c;.TH
�\�u��]�3E_P:"<_Q�:_S_A_'--<?�ES
Autoco::'relation arxi Crosscorre1ation Function
Error due to Finite Length of Record

17
17
18
18
21
22
22

23
2)

4.1
LI-.2

4.2.1 Rarxlom functions
h.2.2 Pericdic functions

L�.J Err-oi- due to Finite t;1JI1'::;ex' of Samp.l.e s

4.3.1 Rardon functions
4.J.2 Periodic functions

404. Hesolution of Correlation Funct i.cns
Determ.i.n2.tion of Number of SamoLa s ner­

Obs8rvation Interval {or CO!'rela tio�
Analysis of the .E::;;G arri ECe;.
l�. 5 .1 E�ECI

4.562 EGG

28
2(1
29

5. IT fi_E 9��:���T�L eli - �.J�I:':_E S_�§�g�:.��.�I.0'p!: C��t?:��i�\TI�:lL�2§!_I� ;.�A r�;_c;:f.
5.1 Characte:cj_stics of the £.[3 comout.er

5.2 Th e Over-aH S�l stera

�,

)1.

31

ii

iv

v

1

1
2

J
3
3

7
.,
I



vi

6
6.1
6.2
-6.3

8.

'rhe Logic v)er8.tiox;.
ffne COr!l�)On8rlts
6.3.1 The senpling gate arxl the 8.ssociated

trigger circuit
.

6.3.2 The holding cj.I'cuit ar.d thE! E'J�tiDlex

switch

6.3.3 The A-D converter
6. 3 .l�. The inhibit gate
6.3 • .5 The ring counter and other conponents

rr!-l}� ClYl'.f-'U'T SY'STB'JYI
....-- ..• "..�.- ....-" ....�---- ...""'�--�..,-.- ,_",__&.,",�

Irltr ocluc..ic.i. 011

The IJogie Crperation.
'l.'he Cmnponents
7.3.1 'The pJ_ot orclel' generator
7.3.2 The buffer register
7.3.3 The D-1\ convsrter

7.3.4 The X-Y recorder

Page

34
34
34
40

40

LJ-6
46
48
.50

53

61

62

72



·3(13.) Isosceles-triangle vraveform approximation

.3(b) p..mplitude vs frequency spectrum of QRS complex

.• 3(13.) Experimental setup

.3(b) Sine "rave

.3(c) Output of the sarr.pling gate

.3(d) Out.put; of the holding circuit

.5 Autocorrelation function of a random function
with a periodic signal

.2

.2

.1

.2

.3

.5

.6

.7

.4

.1

.1

vii

LIST OF FIGUHES
--_..,..__,,---_----'--

Title Page

.1 BEG during different states of sleep and
wakefulness

A normal ECG wavefcrm

Quantizing process

Quantization error

The aperture time effect

Naxinmll1 aperture error

Sam-ole ard hold circuit

Incomplete charging error

Discharging error

Autocorrelation error due to finite record length

Correlation er:cor due to finite number of samples

Errors due to rectangular approximation of a

sine uave

The overall system. block diagreJ11

The input system

The input. system timing diagram for
cr-o sscor re.Lat.Lon

4

4

6

6

7

8

10

11.

12

14

16

20

24

26

26

26

26

27

29

33

41

42



viii

Fig. Page

6.3 The input system timing dLagr-am for
autocorrelation

6.14- The sampling gate

6.5 The holding circuit

6.6 The trigger circuit 45

6.7 The A-D converter

6.8 The'inhibit gate 49

6.9 Characteristics of the inhibit gate

6.10 Symbolic representation of an inhibit gate 49

6.11' Four-stage ring counter' 51

6.12 l'iming diagram for a lj·-sta,ge ring counter .52

7.1 The output system 55

7.2 The plot order generator 57

7.3 The plot buffer register 58

7.4 The D-A converter 58

7.5 Equivalent circuit of the D-A converter 53

7.6 Specifications of the Nose1ey 2D-2 X-Y recorder 60



ix

.ATjFt{}�;vI:\T10 l";S
...�._",...._.�__ ._�_'_�'.�_'�,"", __ o'

S sampling gate

H holding circuit

1"1 multiplex sHitch

FiT flip-flop

OS one-shot multivibrator

I inverter

G ard gate

OR. or gate

p,," amp.Li.f'Ler'

A-D analog to digital converter

D-A digital to analog converter

IH inhibit ;:ratec



,

1

).1 General

Autocorrelation and crosscorrelation analyses, whi ch have been used

jn statistical commurri.cati.on theory for the study of r-andom functions,

c an be applied to the study of physiological data, partj.cularly to thE]

,tudy of e1.ectroencephalographs (EEG' s).

Autocorrelation analysis yie.Id s infornation concerning the ir,heren�

l·hy[:}j.city of an EEG. Crosscorrelation analysis of blO EEG's from tHO

(ifferent locations on the scalp makes possibJe a comparison of the

1 ctivity 2.t these hlO locations. In addition to the study of :S�fXl' s ,

(orrelatioY; analysis can also help physicians to solve clinical preble'G'1

.,_�(l) 1 ';,'Cr.,.(15)n .t:,!.�(; ['xr'4 � •

In 02'dcl' to obtain coz-r-e.Logr-ams , varLcus co::-relators have been

developed, and may be divided into tuo cLas so s : continuoLls 1,ri.th analog

�omput.2tion, and samp'Led wj.th digital comput.a'ti.on, lLlthouFh t.hese lH'itt
brovide cor-r-eLogrrcns "ith good accuracy for analysis. they

U

arc eX0ensivj
t.o construct. I

Since calculation of co,,""elation functions "8quires mUltiPliCation;.
additions and division (section L�.l). it is possible to erapLoy a genE,rat-

pur-pose digital computer to obtain correlation f'unc td.ons ,

ca'Lcul.at.i.on of correlation f'unct.i.ons from analog functions. erie Ls tc
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he computer directly throUf;h the use of an analog to digital conver-ter-

The first method does not require an A-D converter, but Lrrtrcduce s

he error due to visual samp.lIng and consume s considerable time

ianua.l.Ly scaling the record. The second methcd makes a direct

f analog signals to the digital computer. This can very greatly sDeed

. 2 Scope of Thesis

n the process of obt.aa.rring correlation functions •

The object of this vroz-k is to design an on-line input-output system

ounled i,-lith the :;·0 computer for cor-r-e.La'td.on analysis of physiological

Before starting design of the system, several wor-ks mu s't be

ata.

ut , These include the study of characteristics of physiological dat,a

he accuracy of analog to digital conversion techniques, the number of

arrmles "Thich is required for correlation anaIy sd s of physiological

nO. the requirements of the 1'13 COIrrouter.

After this, a logical and a cormonent s design are made for the

.

ncor-oorat.Lon of a commer-c.LaLly available A-D conver-ter a:rl v V
."--�

ecorder "I-lith the H3 corrou tez-,
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HAv'"EFORI!�S

2.1 ElE;ctroencephalogram (EEG)

The EEG wavef'orms depen::!. on the state of awareness and vary f'r-om

one area of the brain to another. Fig. 2.1 shows an EEG taken from a

human at different states of awar-ene s s ,

The characteristic EEG 'Haves of humans are classified by frequen�y.
iThe most. out.et.ardang normal wavef'or-m is the so-called II a Jl "lave. '1'he$8

'Haves ar-e between 8 am 13 cycles per second (cps) am they are about

20 fL V in amp.li tude measured on the surface of the scalp. The II a II

"lave is usually present in an LrdLvIdua'l "rho is relaxed. "nth eyes cLdsed,

and in a qu.i.et. room.

The It /3 II wave is in the frequency range of 14 to 40 cps am has al
smaller amp.l i.t.ude than the II a II wave , This 'Have is usually pred')minant

in the wakeful arrl alert individual.

The If 8 II wave is be'tween 0.5 ard 5 cps ard has larger amp.li tudo

(50 - 100 P. 'I). This �·iave is usually present in deep sleep.

2.2 Electrocardiogram (ECG)

Shoun in Fig. 2.2 is a normal ECG Haveform.
I

Ithe aLect.r-Lca'L activity of the heart as measured be tween t"l-m electrcde$
p.laced at. staniardhed positions on the body , To digitize this T,;avefar!!'
in binary codes, ir.form8.tion must be ava Ll.ab'Ls about the amo.l i.t.ude ver-sus•

Ifrequency spect.rum before the nu.rrimum s2.mpling rate can be estimated. i
i

It is noted from Fig. 2.2 that the max.imun harmonic content of tr,�
ECG occurs at the Q'i:5 complex. The QRs. complex can be apprcximat.e.Iy

consader-ed as a periodic j.sosceles-triangle "'<w.ve .lith per-Led T am
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The coefficients of Fourier series of the isosceles-triangle wave

re given by Eq , 2.1. For the QRS complex, tl == 20 Ins, T ::; 700 ms ani

::: 1.1 mv, the amplitudes of the harraorn.cs are calculated by Eq. 2.1

rd plotted in Fig. 2.3 (b).

::: 0" o. (2.1)

2

Since the per-Led is 700 nriLl.Lsecond s , the fundamental frequency is

.l-l-3 cycles per second. The frequency of the 35th harmonic is thus

o cps. It is observed from Fig. 2.3(b) that the amplitude of the 35th

armonic is zero, am the harmonics higher than this are negligible.

For actual ECG's, both normal ard abnorna.l., the results of anaIy s i

hat have been published (12, 13, lL�) indicate that tne useful in::forma-

appears at frequencies beLow 100 cps.
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.1 Sa:r:lpl:bg

As a digitnl comput-er' peri'crrns calculations in a discrete manner ,

he continuously time varying phys i.o.logice.L 'ltJavei'orr,ls whach are used

s inputs to the conputer must be sampled at discrete time intervRls

e-, rd then converted into digital form. The problem is to choose an

dequat.o samp.l.i.ng rate. The memory of a computer involved in looking

t too many samp.Le s is urxle s'Lr-ab.l.e , whi.Le Locki.ng at too fe1'J S2,,'C1I)les

aises the possibility that SOIno Lnf'ormatri.on Fl9Y be lost.

rat.e is set by the samp.l.i.ng theorem (11) This theorem states

hat a wavef'orm can be com:.)letely described if it is samnLed at a rat9

greater than t<:fice the highest frequency component. contained in th2.t

5o-VTever, in pz-act.Lce , a sampling rate in the order of 5 to

o samples :)er period of the highest frequency conmonent; is recolr:::len:leo.

3.2 Quantization error

VOLTA as7

e

5
4-

3

z

I

o...__-----------

- -

-I EQUAL INCRE.ME.NT

Figure 3.1 C'u.antizing Drace s s

\
).
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Fig. 3.1 Sh01iS the quantizing process. Here the amplitude of the

nalog voltage is greater than 6 am less than 7. Hovrever-, jot is c.Lo ser-

to 6 rather than 7 and is represented by 6. 'Ihus, if no other errors

are present, the digital output of a vo'Lt.age to digital encoder does

not vary from the actual analog input by more than one-half of the

quantization level. This level is equal to the analog value of the le�st
!

significant bit of the A-D converter. Therefore, the quantization

error in an A-D converter is t the least significant bit (tIBB).

The percent quantization error can be calculated by

€ = __J____ x 100;Z.
2(2n - 1)

. . . .. (3.

l,here n::: number- of bits of the A-D converter

Equation 3.1 is plotted (Fig. 3.2) and graphically ShOHS the

quantization error in percentage as a function of the number of bits

of the converter. For examp.Le , the quantization error is 0.2:;; in an

8-bit analog to digital converter.

3.3 Aperture Error

As shown in Fig. 3.3, it require s a fixo.ite tL'1lo (To) to take a data

sample from the analog signal being digitized. This time interval is

called aperture time or samp.Li.ng ti.11e. The effect of aperture tilile is

that the armlitude being s21TlD1ed var-Le s
, .

Q1..1.J:'IJ.ng this tLvn6 interval.

Thus the aperture tjJile effect can be considered as an amplitude error

for a given time at which the measurement is occurring.
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f<t>

----��T_-----------------------,� t
To

Figure 3.3 The a.perture time effect

The aperture time error can be approximated by analyzing a sine

rave. Because a sine wave is changing most rapidly as it passes

.hrough the points of zero amplitude. the maximum error 'Hill occur at

hese po'i.rrt.s ,

Let the sine wave be

v Vm sin 2TT ft. •=

he maximum rate of change of the sine wave is

d"'I
= 2TTf Vm

dt
max.. !

her-ef'one , the maximum aperture error in percentage can be exoressed

t = �v_ x

Vm
100 = 2TTf TO' x 100'6

I
.. . .. (3.

where TO' = aperture time.

Equation 3.2 is plotted in Fig. 3.4 to shoH the maximum aperture
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'rror as a function of the frequency of the sanpled signal with

ifferent aperture times. It is noted that a 100 cps sine -VJave, vJhich

s sampled for a t:iJ.ne of 10 )J s , results in a maximum aperture error

f 0.62% •

. 4 Errors Due to Sample an:] Hold

the swi.t.ch is closed, the capacitor charges to the value of the

The sample and hold circuit can be represented as shown in Fig. 3 ..

nput signal; then it f011 O1-JS the input. Thisis called the II samnLe 11

node , \'ihen the switch is opened, the capacitor holds the same value

hat it had at the instant the sld.tch Has opened. 'This is called the

'hold II mode.

Figure 3.5 SampLe and Hold c.ir-cui.t

The sample and hold circuit US8(1 ahead of a successive appr-oximato.on

-D converter can reduce the aperture error, but other errors ,QU be

'ntroduced by this circuit. These errcrs are due to:

(1) incomplete capacitor charging

(2) caoaca.t.oi- discharge bettreen samril.e s ,
- '_- ..

Dur i.ng the "samp'Ie " mode , the sample and hold circuit is eauivalent
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to the RC char-gmg ne'twor-k, here the R is the f'orward resistance of the

ssmp'l ing s'\-Jitch.

The charging equation for the RC circuit is

Vo Vi (1 _ il'oltt:c)
where Vi = input voltage

Vo = output voltage

� = tirr.e constant

To = charging time

The incomplete capacitor charging error is thus

Vo - Vi
x 100;6E.=

Vi

-To/ft"c
= - e' x 100;h ..... ().))

The absolute nagnitude of Eq. 3.3 is plotted in Fig. 3.6. This

hews gr-aphj.calLy the incomplete capacitor charging error as a function

f the ratio of the charging time to the charging tj_me constant. For

xanpLe , a ratio of the charging time to the charging time constant

qual to 9.2 w�ll give 0.01 percent error.

During the hold time, the holding capacitor "trill discharge through

high input :icilpedance sour-ce-cf'o.l.Lower' (Fig 6.5) which is connected to

he output of the capacitor. This capacitor voltage decay causes the

ischarging error. .Although this error is srnall, it is important

nough to be considered here.

As the capacitor volta!.�8 decays exponerrtd.aLl.y ,
the error is thus:

f=
. -'l'n/fLd \

.

(1 - e / x 1007:; . • • •• (3.4)
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Thus, the discharging error is 0.1;6 (Fig. 3.7).

15

where
holding time discharging time

't'd = discharge time constant

Equation 3.4 is plotted in Fig. 3.7 vrhich graphically shows the

ischarging error as a function of the ratio of discharing time to

ischarge time constant ( Th/red).
As shown in Fig. 6.5, the holding caoac it.ance and the input

.

npedance of the source f'o'LLower- are:

c = 2200 �fI f

1)
.1.1. = 1000 H n,resDectively.

then rrd = 2.2 secords.

For Th = 2 ms , Th/'td ,,,ill be equal to 0.999 x 10-3•
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4.1 Autocorrelation ani Crosscorrelation Funobi.on

The autocorrelation function is defined 8.S

(p 11('1) ••••• (4.1)

..... (4.2)

Eq , (L�.l) is used 'Hhen f 1 (t) is 8. rar.:dom function, ard Eq. (4.2) is

sed if f
1 (t) is a periodic function 1'T1th per-Led T.

Sirnilarly, the crosscorrelation function of tvIO z-ard om f'unct.Lons

am of two periodic functions wi.th the same f'urdamerrta'I period T is

-efj.ned by Eq. (Ll-.3) ani (4.4),respectively.

• •••• (Ll·.3)

••••• (4.4)

�rom these expressions, it is noted that both autocorrelation arn

rosscorrelation involve continuous displacement, multiplication ar:d

'ntegration since fl(t) and- f2(t) are continuous. Although these

perations can be carried out by an analog cor-re'Lat.or., it is necessary

o rep'Lace continuous coerat.Lons by discrete ones when a digital comput.er

s employed to calculate the correlation function. In this case, the

rocess of integration is replaced by one of summat.Lon and Eq , (lj,.l)

rd (4.3) may be ,.;ritten as
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= ..... "

I
(�j.5)

I
(LH. 6).....

where N is the total number- of points in the record of f 1 (t) or

f2(t), and k and n are integers.

It is known that an autocorrelation function is an even function

;

with a maximum value at the origin (/7:'= 0), vThile the cr-os scor-i-e.Lat.Lcn'

fi_s not necessarily an even function (6). In general, it is neither even!

POl" cxld. Horeover, the value of the crosscorrelation function at

rt-'= 0 need not be the maximum value. The most important difference

)etvmen autocorrelation and crosscorrelation is the fact that auto-

eor-re.Latd.on discards all phase information in the given function, but

er-os scor-re.l.atdon retains the phase differences of frequencies '.fhich are

JPresent in both functions being correlated.

l}.2 Error Due to Finite Length of Record

I .2.1 Rard om functions

From the expressions (Eq. 4.1, 4.3, 4.5 arrl 4.6) it is noted that

1 he exact value of (/) ( 't"k) can be obtained only by averaging an

:: nfinite number- of sample products from an infinite length of record.

� his is impossible if (/J ('Lk) is evaluated by any physical apparatus
I including the digital computer). Consequently, it is necessary to

donstider- h01'[ the correlation function is affected by the finite length

cf record.

The statistical error associated vIith the cor::celation analysis of

a finite record of a r-arrlom function fl (t), is usually expressed in

I
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erms of the normalized star:.dard error, vhich is tho positive square

oot of the normalized moan squa.rs error.. For an autocorrelation

unction, the mean square error is equal to the varLance ,'Thich is

iven
(4)

by

Val' [fplj_' (�K)J � � [9?112(0) +fIJ12(tC'K1)]2bT .�_ 'f'l_

he norma'l.Lzed

2
E ••••• (Lr.8)

I'hu s , the norma.Li.zed standard e:;.'ror in ocr-cent. is
2 l.

[ (fll (O)j � fYi',1 +

Cplli(-;k�
xl"," ..... (4.9)1

f � --­

'�I'-¥ .GDl

wher-e B is the barrlw id't.h in cps occup.i.ed by f(t), '1' is the record

ength in seconds. and Cpll (0) ar.d lPll (�1.c) are the autocorrelation

unctions calculated at zero lag time (fL"'k = 0) ard any lag tLse 'Lk'

espectively.

'Ihi s error versus BT product .'Tith different values of<PJ.l (0) ;011
s plotted in Fig. 4.1. For given values of f, :3 andQ?=L1(O)/CPIJ.(�K)'
he mi.rrinum record length '1'1' could be easily found f'r om either Eq , (4.

or Fig. 4.1.

Similarly. the normalized standard error for a crosscorrelation

unction evaluated from a finite record length is given by:

)
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.2.2 Periodic functions

The correlation error due to a finite length of record for a

eriodic function can be derived directly from the correlation

efinition (Eq. 4.2) if the record length T is not equal to the period

or a multiple of the period. Consider the autocorrelation of a

cosine function (5).

)

= + sin(2WIT + W{�o+ 2e) - si�_�l.Ul�+ 26)J2£UIT
..... (4.

'!tillen T-- e<>, the exact autocorrelation function is obtained as

cp (�)
11

f =
1

(JJ 01'
1

(4. )

=
E2m cos W IC'
- 1

2

If '1' does not appr-oach oe , then the maximum error is:

wher-e WI is the anguLar frequ.ency of the cosine function.

In accordance with Eq. (4.13), for a maximum error of 1%. the

minimum record length required is about 16 periods of tho Lowe st.

frequency component contained in the periodic function.
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.3 Error DU.e to a Finite Number' of Samp.l,e s

.3.1 Rardom functions

Consider a random function

fl(t) = set) + N(t)

..,here set) is a periodic function ard N(t) is the noise

..... (4·.14)

Let set) · ....

I

(l�.l5')

of the noise Net) be b}.
am let the variancewith the root-mean-sauare value

Then the variance of the autocorrelation fu.nction of fl(t) is

given by (6)

== · .... (4.lq)

Since the ideal autocorrelation function of f1(t) is

=
�2 ,.\b.. cosw1 'C'k · ..... (4.l�)

'I'hen the normalized st.ardard error is

=

..... )

E=

Let the input noise-to-signal ratio be

....... )

...,

of the noise ..Iith a zero mean being U N'::'" then

Si

\{ith the sinusoid as the innut signal. and i'Jith the variance



O�1 1-18J_J_ the correlation f'unc'ti on is re so.Lved, ��'';hen the :i..:nter'lal j.s
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f i
== ON

E
••••• (4.20)

In terms of f i' Eq. (3.18) is re-Hritten as

x ••••• (4.21)

The normalized. standard error in percent versus n -vnth different

values of Pi is plotted in Fig. LI-.2 in solid lines.

Similarly, the norma.l.i.zed standard error for a cr-os scorz-e.Latc.on

function is given by Eq , (4.22) "Thich is plotted in Fig. 4.2 in

dotted lines. Clearly the accuracy of the cr-o s scor-r-eLat.Lon is much

better than that of the aut.ccor-r-e'Lat.Lon for the same number of

samples n and input noise-to-signal rCl.tio Pi.
1

f
2

- (1 + 2 . )
n

l
f== x 100�� ••••• (4.22

'03.2 Periodic functions

liIichael (7) used the lBi-I 1620 comout.er to calculate the autocor-

elation function of 1 cps cosine Have which was samoLed 12 times Del"

The result shoved that the accur-acy of the autocorrelation

unction can only be determined by Eq , (4.10) if the periodic function

sampled at a rate greater than 10 sanples per cycle •

• 4 Resolution of the Correlation Function

As seen from Eq+ s , (4.5, 4.6), the cor-re.l.atdon function Y?(�k)
s evaluated for da scz-et;e lag tiriles tt',. These discrete values of

K

('"Lk) are usually plotted through a X�Y plotter to obtain the

or-r-e'Logr-am , Therefore, the interval betveen the lag tines detern:i.L8s
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ri.Ll. be less than 41:-- 'Hhich is exnr-e s sed in

2.5

nade smaller t the resolution of the cor-re'Lcgram will be Lmpr oved,

In order to choose a proper interval bet1'Jeen lag times, tests

ere carried out in the laboratar·.f • The experimental se tiro is shown

.

n Fig. L�.3(a) ,{hich consists of a sine "lave generator, a sampling gate

Fig. 6. L�), a holding cireuit (Fig. 6 . .5), a pu.L se generator, a trigger

ircuit (Fig. 6.6) and a 'wave ana'lyzer-,

Different t:Lfle intervals "ere used to take discrete samples

Fig. 4.3(c» from a 50 cps sine wave Hhich was produced by the sine

generator. A rectangular appr-oxdrnatd.on (Fig. 4.3 (d» to the sine

ave from discrete samples Has produced by the holding circuit. The

hom} in Fig. 4.4.

•• £.l.S. value of the r-ec tangu.Lar--appr-oxamatd on sine wave wa s compar-ed

ith that of the true sine wave by the wave analyzer. The result was

It F'ig. 4·.4 that 10 samples per cycle 'Hill adequately• +'
a s seen r r om

pecify a continuous wavef'orra, Therefore, 10 correlation values per

are sufficient to define a cor-r-e.Logr-an at any frequency. This

esult is expressed as fo1101,5:

1 (L' ?�,)••••• \. r._)

lOf ill

where L). 't"'is the interval be tween lag times in secorils arri

f m is the maximum frequency in CDS of the significant

information contained in the cor-r-e.l.ogr-am,

fm can never be greater th,s'n the maximum frequency of the

eing correlated. If these functions are samnl.ed at a rate "rhich is

o times their highest frequency componerrt , then the sam91ing ner-Lcd

(4.23). Corisequerrt.Ly ,
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designed to have a cut off frequency less than 100 cps.

herefore, the bar�vadth 3 for the EEG is 100 cps.

The autocorrelation function <f?ll ("C'k) of a z-ard om function

let.), vlhich contains a periodic signal, is shown in Fig. 4.5. The

ax.imum value of (qll ("t"k) appears at zero lag time tC'k ::: O. This is

correlation functions calculated at intervals of 'C"'k equal t.o the

period is adequate to obtain the correlograrn.

The maximum lag time �m is less th2.:rl the record length T. In

it should be only 5 - 10% ofT, or digitally, 5 - 10�� of the

number- of sample s n
(4)

•

Determination of No. of Sa....rnples per Observation Interval for

Correlation Ana'Iysd s of EEG and EeG

.5.1 BEG

As known from section 2.1, the EEG is a r-ardom function vd.th

eriodic signals (theo(lJave, the � wave ani the � "rave) contained

Since the � wave , the p wave and the f> wave do not appear

imultaneously, it is safe to say that the input noise-to-signal ratj.o

i is less than 2.

From Fig. 4.2, it is noted that 5,000 samples are required to

autocorrelation f'unct.Lon Hith a norma.Li.zed st.ardard error of

0;6 if f i is equal to 2. For the sane accuracy and input noise-to­

ignal ratio pi' only 900 samples are required to obtain the cross­

orrelation function.

The bardtzidLh of the EEG is determined by the bardwad'th of the

Hhich ar-e used to detect and recor-d it. These devices are
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ecause c:f'll ( 0) cons'ist s of both the aut.ocor-z-e.l.a'td on of the noise cord

r the signal. For fC"k » 0, the value of CPll (rt'k) is less than

hat of 011(0) and is approximately equal to the autoc;)rrelation of

1'"" (Q \

ne-fourth of that of 'f/ 11 ( 0) V),

of 011 ('1:'k)
(9) •

required is abouthe signal oY'�y. For EEG, the value

Figure 4.5 Autocorre12_tion Function of a Rar.do:!l Function w-ith

a Perio:lic Signal

'Lg , 4.1 that the miYDl1UFl r-ecord length 'Tr equal to 10 seccrd s is

iece s sary in order to obtain an aut.ocorz-eLatd.on function idth a

orma.Lf.zed st.ardard error of 10}s •

. 5.2 EeG

AS seen from section 2.2, the EGG 'H8.veform can be considered to

e a per-Lod i,c function 'Hi th f'urdament.a.L period equal to 700 millisecond. •

accordance with Ea. (4.13). to obt.a'i,n an autocorrelation function

]_;� accur-acy , the :nir,i:m_u'1 record length required is 16 times the
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contained in an ECG is less than 50 cps (section 2.2), 500 samples

per second are sufficient to calculate the aut.ocorz-e'Lat.Lon function.

about, 11 secor.ds. Since the maxamum signif:icant frequency component.



rosscorrelogram. respectively.
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5. rrI�IE OV}D.R)411 OF ..-IJI1�.E SYSTET:I FC�}1 COF(fr�I!I\jTIOl\r }{;.s'TIlvl��TION
__�__ "_'_"""""""''''''�·''··"'.'"_.__'i''''·_�·.""< .. ·.,,_,_._, ,"_,_.,,._,..-.....-_"""'...• ·� .. ,.,,>-_-__"' ....... ,_'.""""._F"_ ·_�_ .. _� . ._"".·A_._. ,,,.. " .. >a_., ··,·c ... · ....

Characteristics of the :t{3 computer

The characteristics of the 1'{3 (3) computer must be studied in

der to make a direct connection of the A-D and D-A converter to it.

e first arn most important point is to make sure that the memory of

e 113 is large enough to store the samples 'which are required for

a.Lou'La'td.on of correlation functions. .Also, the input SD86Ct of the

must be high enough to read 'in the data-1"oros i-rhich are produced

the A-D converter.

The storage provided on the N3 is 8,192 "lOrd s , The irmut speed
- -

aries from 60 words per second up to 4000. In case of correlation

na.Iy s'i.s of the physiological data, the input speed of 500 words """'W-·�'"

(;--I, ........

(section 4.5.1, 4.5.2) ard a total of 5000 1-mrds (s8ction 4.5.1,

.5.2) are required. Therefore, the N3 is suitable for eor-r-e.l.atd.cn

nalysis of the physiological dat�.

The Over-a.LL Sy stern

Following the requirements 'which are considered in the previous

hapters, an on-line input-output system coupled to the H3 (3) computer

.

s designed and shown in Fig. 5.1. The input system is designed to

"igitize one or h'ro chan..nels of anaLog physiological data and to read

hem into the N3 comput.er for calculation of the autocorrelation :)1'

rosscorrelation function. The output system is designed to plot the

utocorrelation or cro s scor-r-eLetd.on function graphically. The graphs

f these functions are referred to as the aut.ocor-r-e.Logr-am ard the
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1 .I.' • ......c> 1-' n Ct' 'I .

..men an aut.ocor.re.t.ogr am J_S reqiu.r-eo, cne a.nput. runcta.on I}. / a s

plied to channell. iLLternatively, if a crosscorrelogran is required,

e input functions fl(t) and f2(t) are applied to channel 1 ani

annel 2 s.imu'Ltaneously.

'l1.m identic2J. holding circuits are used in order to store

s'multaneous samoLe s f'r om channels 1 and 2. Th.i.s is necessary when the

the crosscorrelation function at zero deLay time is required.

The system is composed of t'\'10 sampling gates, tim ho'Id.i.ng d.rcllits,

mu'Ltiplex S'\.Jitehe s, an analog to digital converter, a plot buffer

egister, a digital to al1alog converter, an X-Y recorder, and the input

•

output control ne ttcorks ,

The input corrtr-cL network consists of three maa,n parts: the hio

counters, the vIrite car-cud.t and the head and b'l.ock svn.t.ch selector

ring counters are used to control the sarmling rate. The

ite circuit, having a counter am 1;.r.riting gates, \·r£'ites the el@Ac-

....rord corrt.aLned in the shift register into the 1{3 memor'y , The

block s'Hitch selector, having b.·TO counter controlled dLod.e

nat.r-Lce s , is used to address the word locations in the ,H3.

The output control net"·;-ork ou't.out.s the data from. the H3 for
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.1 Introduction

The H3 (Appcrdax I) is a stored program. computer. Therefore, the

Low of data is controlled by the pr-ogr-am stored in the comout.er , In

roer that H3 can read external dat2. into its memory., an input program

Dust be stored in its memory first. An ooti'TIwn input program is

onsidered. Although this program results in a high input speed, it

perd s the capacity of the memory. Consequently, a technique is

eveloped wha ch feeds data into the H3 'Hi thout the control of the

omput.er- st.ored program. 'I'he details of this technique idll be

escriboi in the next section •

. 2 The Logic Operation

'Ihe input sy st.em designed is sh ovm in Fig. 6.1 "Thich is referred

., " . . .

t ' - t-' .., d' .I:' Fi
/ ')

o In oescz-a oang a.t.s opera ion, 't'mil.e ne \:'l:";llng a.agram or l' g. O.G

n::l Fig. 6.3 5h01,>7S the 'VTavefor::ns at the more i"(,porh.nt Doi.nts. Fig.

hOI-!S the, timing I-mVefOr'F1S if a crosscorrelation function is inter:ded

o be calculated by the 1-13 f'rom the input dat.a , 1'lhile Fig. 6.3 shows

he timing wavef'orrns if an autocorrelation function is inteY'.D.ed to be

valuated.

The symbo.Ls appearing in the logic dr-atci.ngs are listed urder'

bbreviations on page IX. The subscr-Lot number- for each symbol is

sed for identification.

The operation of the ,A.-D converter 'Hill be described in section

.3.3 ard the coer-ation of the H3 appears in lmDen:li.x I (for more

etails, see ref. 3).

/

b.



3.5

For crosscorrelation, 1-lith reference to Fig. 6.1 and 6.2, the

equenco of operation of' the input system. is as f'o.l.Lows :

Push "cr-o s s" button so that terr,d.nal f!An j_s connected to

erminal "C", "F" to !IBIf, "P'' to "R", "Til to I".lfll, -6 volts tests

9 and G10, and a single start pulse of width 17 • .5 millisecord sets

start-stop flip-flop (8.S.F.F.) to the 111" state and tests G:l_.

At the arrival of a dr-um marker pulse, GJ_ emits a Dulse to set

ng Counter no. 1 to the "10000000" state and Ring Counter 1\0. 2 to

"1000" state. The pulse emitted by CJ_ aI so zeros the Head Counter,

Block Counter and sets the Head Flip-Flop (R.F'.F.) to the "L"

The inhibit gate 1 (IE1) is used to prevent the 1st dr-um marker

shifting the "1" in the 1st stage to the 2ni stage of the Ring

iJo. 2. The 0311 and the IE) are use-::l to prevent the 1st 1I1000!!

of' Ring Counter No. 2 f'r om setting Ring Counter 110. 1 and

the head counter.

The Ill" state of the 1st stage of Ring Counter No. ]. is diffe:::-en-

Al ard is shaped by OSl to form a .10 jl S pulse. This ·OU1S8

the sampling gates (31 and 82) to all 0;'; the value of fl(t) and

.-'1 p " -,
arxi rtZ' respec"(,].v8.l.Y.to be stored in the holding circuits

'en )Ls later, 81 and 82 are oLo sed by the falling edge of the 10 fl 8

ulse, and hence hro simultaneous samples have been stored in the

olding circuits. The falling edge of the 10 .)1s pulse also triggers

form a .30 _,AS pulse through 082• The leading edge of the 30ft S

closes the multiplex stzi.t.ch 1 CH1) ani starts the A-D Converter •

I'heri the conver-t.ez- co::les the samo l,e f",hich has been stored in Hl'
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} ter 20 _)). S (the conversion time of the ccrwer-ter ) , the sample vri.L],

converted into an 8-bit vwr-d in the output register of the converter

soon as the conversion is complete, an .A-D done pulse is emitted by

converter. This pulse, after being delayed 80 )..I S by OS3' shifts

8 bits simultaneously into the last 8 stages of the shift register

in the 1'13.

It takes 52 pl S to vT".ci t.e 8 bits from the shift register into the

emory and 20 ,..I.�S to convert a sanro'Le , Therefore, the 80 ...)AS delay

ime is necessary to prevent shifting the word from A-D to S.R before

previous word (in S.R) has been v.lritten in the memory.

The first Hard marker pulse, whd.ch is e;:J.itted by the bit counter

the 1\13 shifts the "111 in the first stage of Ring Counter No , 1 to

second stage. The "1 If ste.te of the se cond stage, which is

by A6, zeros the "Trite counter through 0.8.2 am. se t.s the

flip-flop (:&�T.F.F.) in the NJ to the "L" state through OR:;.
-'

the K'iT.F.F. is set to "1", the"J2 immed.iatel! (32 H'IH) pulses

;-l't+",r1 -i'ro'll J t.e stru ��_.. "0) V This gat.e is controlled. by the "0" side of

significant stage of the 1/JTite counter and a'l.Lovs the first

,

pulses to pass. The "111 state of the K,T.F.F • also opens

serve as the "-vr.cite crder-"; ..; � 1" t' ':<2 TI'll"'l' pulsesopene<J. 05 a ......�LOvlS . ne../ ..l....L
_

At the arrival of an 11,::;,1 pulse, a "O" stored in the

hirty-secon:i stage of the S.R causes G7 to emit a positive pu.lse to

he pulse shapeX' in the H3. Consequently, a HOII is recorded in the

Similarly, a 11111 stored in this stage causes G8 to emit

Dositive Dulse to record a "L" in the memory. The opened G6 a.l.Lovrs

ou.Lse s pa ss.i.ng through '-'3 to cause the \\rrite counter to
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s gnificant stage is stzit.ched to the 11111 state whLch zeros the S.R through
I

4 and closes GJ and G4' At this time, the 8-bit word has been

in the 1st word location of track 1000 and block 0000 which

c unt and shift the S.Il to the right.

�\Jhen the 8th strobe pulse arrives at the 'm'ite counter, the mo s't

addressed by tho output from Gl'

The Illl! state of the second stage of Ri.ng Counter Ho , 1 also

oses the second multiplex s1-Jitch 1'12 through G9 ar:d starts the A-D

G9' A4 and OR1. Before the secord word marker pulse

erdtted from the H), the samp.l.e of f2(t) has been coded and stored

the last 8 stages of the shift register as a binary 1-JOrd. 'l'his is

cause the conversion is comoleted at the 20th A S after the first

am the converted data is shifted into the S.B. at the l.Ooth

cr-osecord after the first wor-d marker, but the second .....zor-d marker

se is generat.ed at the 266th _,A)S after the first one.

The second word narker pulse shifts Ring Counter Fa. 1 to the

'l'he Ifli! state of the Jrd stage of Ring Counter :;0. 1

ites the word of f2(t) in the 2nd word location of track 1000 in

The 3rd word marker pulse shifts the Ill!! of the 3rd stage to the

stage, the 4th word marker pulse shifts the "L" of the 4th stage

the 5th stage am so on.

The 8th vTOro marker pulse shifts the lilll of the 8th stage of .lUng

No.1 back to the 1st stage. This 10000000 state of Ring

No.1 repeats the cycle as above. Consequently, the 2m data
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0000000 state ard s1,;:Ltches on the head of t.rack 10001 through the

f2(t) is vTritten in the lOth word Locatdon of the track 1000 Ln

ocl<: 0000.

After one revolution of the dr-um memory. Ring Counter No.1 has

rked 8 cycles am thus 16 words have been vTritten in this track.

The 64th (oth) 1'lOrd marker pulse shifts Ring Counter No. 1 to the

state. Three A S later, the next drum marker pulse shifts

R'ng Counter No.2 to the 0100 state. The ilIff state of the second

sj.age is shaped by OS7 to close the in..hibit gat.e 2 (IH2) for 550.)).S.

C t.L th 1st _-'1 ?r:d rd k
-

t th
'

nsequerrc y, e arxi 'HO" :mar "er pu.ise can no pass .. n-ougn

I 12 to shift Ping Counter �\jO. 1. The 3rd i,rord marker pulse passes

rough 1H2 to shift the Ill" to the se corxl stage of Ring Counter I':O. 1.

same process as the first revolution of the dr-um memory is

going on and another 16 i'TO!"3.s are i-J1�itten in the word locations of

3,4; 11, 12; 19, 20; 27, 28; 3.5, 36; 43, LJ4; 51. 52; 59, 60 of the

rack 1000 in block 0000.

The 550 )AS pulse, after being delayed 17.5 ms by 089' closes

for 550 ..)18 again. This causes Ring Counter No. 1. to ,'Trite another

6 word s in the word locations of 5, 6; 13, 14; ....... , 61, 62 of the

track as above.

,After four revolutions of the drum memory, the track 1000 ir.

0000 has beer. filled KLth 64.,wrds. The follovring dr-um marker

shifts Ring Counter No. 2 in the 1000 state agaan, The "L" in

1st stage of Ril1g Counter No.2 closes the inhibit gate 3 (IE))
or a time of one revolution. This "1'1, 'Hhich is differentiated by

.8 and delayed 60 _,t.l S by 0310' resets Ring Counter ;:-;0. L in the
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ead counter ani the track selector. Consoquently, the next cycle

tarts and the f'o.l.Lowi.ng 6h vrord s are written in track 1001.

The 60..A1s delay tb18 is necessary in order to allo'>'1 Ring Counter

0000.

, -, t '.l- t' /4th rd' t· Oth rd 1 t· s» t k 10QO
.

1- O. J.. 0 v.Tll,,6 ne 0 ",ro In 116 ""10 oca aon O.L r-ae 7
oJ In

After thirty-hom revolutions of the dr-um memor'y , all the eight

racks in block 0000 have been filled 'hrith word s , At this time. a

by OS5 causes the block counter to count from 0000 to

001 which Sidtches on block 0001 through the block selector. The

o.LLowi.ng word s vnll be 'IITitten in tracks 1000 to llll contained in

block.

vmen the last track (track 1000) in block 1001 has been fully

illed viith word s , the block counter counts to 1010 to activate the

lock selector 1010 line ,{hich re sets the S. S . F . F. to s't.oo the

this sys tem,

After completion of the above operation, 5,120 HOrds have been fed

.

nto t.'rJ.e 1·13 menory. These words are stored in 80 tracks which

onstitute the block 0000 to 1001. The other 48 empty tracks are

'nten:led to be used to store the crosscorrelation or autocorrelation

r-ogz-am which ..rill operate on these data word s , 'These 48 tracks are

Iso used to store the partial prooucts and summations produced by the

orrelation programs.

Half of the 5,120 d2,ta I'JOrdS are attributed to the function fl(t)

ni the other half to the function f2(t) •. This nunber of samples

2.560) is sufficient to obtain the crosscorrelogram since 1'1 (t) ard

2(t) are BEG1s or ECG's (section 4.5.1, 4.5.2).



s mpling rat.e is sufficient to obtain data for correlation analysis of

8 tocorrelation am 5,120 (lata word s have been input to the 113 memory ,
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The input system operation is completed in 5.6 seconds, +'tnus

ther f
1 (t) or f2 (t) is sampled at a rate of 1-1-57 sample s per se cord ,

rate is approximately equal to 10 samDles of the highest signifi-

.nt, frequency component (50 cps) of the EJ�G or the EGG. Again, this

e EEG or the EGG.

\,hen an autocorrelation function is desired to be calculated,

ply the inDut function fl(t) to channell and push the "auto" button.
-

-'--

GJo are closed and terminals A, F, P, T are connected to

r-nri.ne.Ls B, G, Q, U, respectively.

The operation of the input system for autocorrelation is similar

the operation for crosscorre1ation. B'Qt the eight-stage Ring Gounter

• 2 causes the Head Gounter to advance one for every eight dr-um mar-ker

Ises. This a.l.Lows Ring Counter No.1 to ,'Trite 64 •.;-ords in a track

ter eight revolutions of the drum memory.

The operation of the inDut system is cOInDleted in 11.2 secon:l.s for

is record length (11.2 sec.) ard number of samp.l.e s (5, 120) are

equate to obtain the autocorrelation function of the EEG or the EeG.

3 The Components

3.1 The sampling gate and the associated trigger circuit

A sampling gate is 2. t.r-ansmi s s.i on ci:ccuit in which the output is

a reproduct.Lon of an Lrrout, wavef'crm during a selected time interval

zero other-,.;-ise. The tim.e interval for samp.I i.ng is controlled

the r-cc'tangu l.ar- wave which is produced by the trigger circuit.

The S21'lplircg gate used in the input system is a bidirection2.1
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four-diode gate as shown in F1.g. 6.L}. i;{hen the trigger voltages are

t levels +20 volts and -20 volts, all four diodes are con:::lucting ard

he input voltage Vi (through the emitter fol1oHer) is connected to

he holding circuit (Ff.g , 6.S) through hm parallel paths, each con­

isting of hlO diodes in series. llnen the trigger voltages are -20

olts and +20 volts, all four dicx:les are reverse biased and the input

oltage Vi is disconnected from the holding circuit.

The trigger circuit sho�m in Fig. 6.6 provides two pulses of

20 volts and -20 volts to open the sampling gate vThen a single positive

oing pulse triggers this circuit. This circuit also provade s -20 ani

-120 volts to close the sampling gate when the trigger pulse disappears •

46

• 3.2 The holding circuit and the multiplex ffi��tch

The holding cj_rcuit shown in Fig. 6.S is used to store the sample

or A-D conversion. The magnitude of the samnl,e is stored in t..'J.e

apac.i,tor as a voltage and the source follo"lOr provides a high in::lut

·mned.ance to prevent a loss of charge from the capacitor.

The multiplex mutch is exactly the same as the samp'l i.ng gate

hich is shown in Fig. 6.LI- •

. 3.3 The analog to digital converter

Fig. 6.7 S}:lOv.JS an 8-bit successive approximation A-D converter.

his converter uses a digital register .lith gatable "111 and "O" inputs,

digital to analog converter, a comparison circuit, a control timing

oop ancl a flip-flop distributor register.

At the begi�xung of the operation, both the digital register and

he distribution r�gister are set ,,'ith a fill! in the most significant
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it and a Hall in all bits of lesser significance by the start pulse.

t the same time, the start pulse is �'Ilpl:Lfied by pulse amplifier 4

PA4) ard is deLayed 2.23 .).Is by one-shot 1. This delay time 8.110..75

he D-A converter and the comparator to have settled. The output of

amplified by PAS shifts the "1" in the most significant

it of the distribution register to the next position. The output of

also sets the secon::l stage of the digital register to 1f}.11

ince gate 1 (Gl) has been opened by the "011 of the most significant

it of the distribution register. If the output of the D-A converter

.

s greater than the analog input signal, the output of the compar-at.or-

esets the most significant bit of the digital register to "011 through

If it is not, the most significant bit of the digital register

emains in the "1" stat.e.

This procedure is repeated until the least significant bit has

een operated. Then an 8-bit data word. is present in the digital

egister. The A-D done pulse shifts the 8 bits out sinlUltaneous1y.

his readout takes only 0.2..A.1 S •

• 3.4 The inhibit gate

'l'he in..hibit gate is a logical element ...".hich v;i11 allow none of the

ignal to be transmitted through the gate 1-Then the ir.hibit terminal is

t a particular voltage.

The in.hibit gate is shewn in Fig. 6.8. The gate is turned on

Then input A is at -6 volts am input B is at a volt. If input B is

t -6 volts, no pulse can pass through this gate.

The characteristics and the syrn.bolic of the .inh'i.b.i.t
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'ate are shown in Fig. 6.9 and Fig. 6.10, respeetively. In Fig. 6.10,

he inputs A and B are represented bv arrOHS pointed into the circle.
...

-

"" ,_

output C is represented by an ar-r-ow coming out of the circle •

. 3.5 The ring counter and other components

The ring counter is a chain of flip-flops in vlhich the first is

oupled to the secorD, the secolrl to the third and so on, "nth the last

oupled back to the fj.rst. In this counter, all stages are triggered

imultaneously , ard one stage is in the "111 state; all other stages are

n the 11011 state. V[ith each successive trigger the Ill" state moves to

f'o.l.Lowi.ng stage.

A four-stage ring counter is shown in Fig. 6.11. Each stage has

our diode gating ciruits , t't-JO used for initial setting, and. tHO for

The characteristics of the four-stage ring counter is shown in

6.12. It is noted that the output from any stage is a pulse train

f period 4T vnth each pulse of duration T, where T is the period of

shifting pulse.

The other components: the flip-flop. th'e one-ishot., the "ard " gate,

II or II gate, the AC amplifier are Sh01<Tn in Appendix II because the S6

Lr-cui.t.s are identical to those of the jvlJ computer.
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7.1 Introduction

The 113 makes use of a paper tape punch and electric typevr.citer as

the output devices. Information punched on a paper tape is very

difficult for any person to und.erstand directly. Of course, information

iyped by the typeHriter is useful to a person, but if the information

lenresents a contirnlous variable as a function of time it is better to

ou'tptrt the information gr-aph'ica.l.Ly ,

The wavef'orm of the correlation function of an EEG or EeG (the

(orrelogram of an EEG or EeG) is u sua.LLy interpreted by a physicie.n.

rhherefore an X-Y recorder is used as the output device to show the

�utocorr€llation function or crosscorrelation function graphically.

In order to use an X-Y recorder as an outnut device of a digital

c!.omputer, one should first convert the digital output to an anaLeg

'�oltage; also the t:un8 response of the X-Y recorder must be fast enough

�o record the analog voltages.

The IvD takes 2 mi.Ll.Lsecord s for muliiplication of tvJO 8-bit data

and takes 250 nricr-o secord s for addition of t\'10 data. If a program

berf'orms 5,000 r.mltiplications and additions, it will take about; 12

seconds to complete the pr-ogr-am, If 2,500 multiplications and add i.tdons

are performed, it will ta.ke 6 se corxl s ,

As the value of each point of the autocorrelogram estDlated by the

!vI3 is an average of 5,000 nroducts and the va'Iue of the crosscorrelogram

is an average of 2,500 products, it vriLl, take 12 seconds to obtain one

value of the aut.ocor-r-e'Logr-am and 6 secords for crosscorrelogr�'7l.

I
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erefore, the output rate of the H3 for caLcu.Lat.i on of correlation

f mctions is either 12 seco:r.ds per word or 6 se corxl s per word. Since

_ e maxamum recording speed of the Hoseley 2D-2 X-Y recorder (section

.4) is 20 inches per seco:r.d, this recorder is fast enough to plot

orrelograrns.

The Logic Operation

The output system i'lhich plots correlation functions on a ',)aD8r
... V..;. .4 .......

utona-Cically is shovm in Fig. 7.1. This sy st.em is composed of a plot

uffer register, a digital to ana10g converter, an X-Y recorder, a one-

rm.Ltivibrator, an A-C am-olifier and an inverter.

Before a plot order is initiated, it is assumed that the value of

correlation function to be plotted is in the shift register of the

The plot order generated by the f'unctdon table of the N3 is

by inverter I which transfers all 32 bits of the shift register

Dlot buffer register simultaneously� At this time the

omputer is not needed any longer. The plot order also triggers the

shot OS and after the 10 .AA sec. delay, the A-C amplifier A, produce

"oper.atdon comp'Let.e" pulse "rhich resets the control flip-flop of

1{3 to 110" state. The output system is then irrleper..dent of the

As soon as the dat.a-vrord is fed into the plot buffer register, the

igY'..ificance of the data is Heighted by the D-A converter am the

of the output of the D-A converter is plotted by the X-Y
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7.3 The Compone rrt s

'1 0 function t:lb1o decodes the 5 bits to generate tho order.

--/

)0

The order code of the £:13 contains 19 orders. Each order is

indicatE::d by the 5 bits of stages 21 to 25 of tho cont.ro'l regist8:C.

In Ol-Der to obtain the plot o:cder, 6 diodes are added to the

';ihen stages 21 - 25 of the control

1 egister are i11 th.e 00J_01 state ana the oont.r o'l fltp-f1op is :LYl t1-18 '_:lfl

tate, -6 vo'l.t.s is ge118Y·8.tecl to as ord.er' � The "111 side

- f tho control f'Ll.o . .f'Loo input to the function t.ab'l.e is u sed to preverrt

1 egister.

The c ode numoer for the plot order is 00101 (bil";p.ry) or deC:lX·l':'] 5.

"'his order ::leaDS that the digits cont.amed sh2.ft l'ogister

Lot.t.sd 01'> t118 output x:-y 'recorder. The digits are riot lost f'r-om t,he

i.ext. order is an Locat.i.on It',o'll
_..l... •

. 3.2 The buffer regls""['er

The 32-stal):e Dlot buffer register is shotrn in :Fig. 7.3 •

.A po sit.Lve gc'i.ng t.r-ansf'er nu.l se a;JDlied. to t.he 32 set,ting

erraina.Ls shifts aI'L the btts f'r-on tr19 shift. register to ·the buf'f'er

imuJ_taneously •

. 3.3 The digital to 3.;,3.10:'; converter
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The vo.L � "1 \i V'J_" 21'8 obt.ained f'r-on the 1111:� "'
..L' '/2 ••. " ••• , _jt:

'1'0 illustrate that the analog output is proportional to the-

.

nput , the equivalent c.i.r-cuat of tho D-.!l. conver-t.er is shown in . '7.5

"hich indicates that the open circuit out.out. voltage is a properly

"eighted sum of the individual binary bits.

As seen £"1"01(1 Fig. 7.5. the out.out. resistance is 1 K Jl. , In o:-eGer

minimize this, the out.out, is fed to an emitte:r,' f'o.l.Lower ,

A conmercial hoseJ.ey 2D-2 X-Y recorder can be
,

llS80 to Dlot the

The seDcifications

....

this r-ecorde r are Sh01'TI1 in 7.6 .
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The direct connec't i.on of the analog-digital. and. cij.gital .. ana.l og

cbnver-t.er- to the 1-13 comput.er- tca s de signed , The anaLog input is sampled

aril fed into the computer at a rate of 500 samo.l.e s per second if one

channel of inout is used. If t'HO channels of input are used, the

sampling rate is the same as that of one channel input, but the comout.er-

r�ads the dat.a at a double rate (1000 samples per second).

The 1'13 calculates the autocorrelation
,

arxt crosscOL'relation function

fh-om ),000 sampl.e s which are stored in its raemory , The D.u.tocorrel;;t'[:.ion

cr crosscorrelation function outouted from the H3 is plotted on an

j; -y r-ecorder- automatically.

The accur-acy of the cor:celation f'unct.ions obtained by t.ha s me t.b cd

j s better than 10;; of the normalized st.ardard error.

The great advantage of the direct connection of the digital

(onputer to the patient is that t.he COIU'D1J..ter call intel"Dret t,ne c1irlical
-

-

v;avefornlS for t.he IJl13TSici2,,!1 a rd. st,atj_st�ically' ana.Lyse physiological

c ata for tl-18 biornedical re sear-cher- Il

i
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In 1964 a general purpose digital compucer-, The H3, l'laS designed
the l�lectrical 1�ngi118ering Depar-tment., Urriversity of Sa ska't.chewan

r 1/11'. K.E. Camer-on (3). The 1'13 10gic is based on the }.I2 computer

by Dr •.A.D. Booth in 1956 (2)t (3) The logical operations

for add.l t.Lon, subtraction, Y!J.ultiDlication and d:i_vision are

rformed in the 113 by t1'ansistol' electronic c.i.r-cud.t.s ,

The 1-13 wor-ks vri t.h 32-bit numbers confined to the range -1 < X < 1.

first digit of a mmber- represents the sign, being liO" for a po s.i td.ve

2.nd filII for a negative number. YIegative number- s are expre s sed

comp.l.ement.ary farm 1'10..1.. 2.• 'Ihu s +-i' appear s as 0.0100,0000. GOOO ,

00.0000,0000,0000,000 ani -% appear- s as 1.1100,0000,0000.0000, OGOe,

00,0000,000.

Instructions are also represent.ed by 32-bit numbers, arxi III + 1

cede" instructions are used. A typical instruction is: .5.c1d

in location nXI! into the accumulator ar.d obtain the next

struction from location llyn. The first 10 bits o.f the instrl1cti.on

HXIl address, the next 10 the fiY" address, the next 5 the

ner'f'ormed and the next 6 the control counter (c6). The last

is not used.

The 1'13 is 2. stored program macm.ne ard , consequently, thE'; f'Low of

is controlled by the stored progra.m.

The 113 has f'our main component.s , the memor-y Hhich is I'8sDonsible

instructions and data until r-equ i.red , the control

"I} ich is capable of receiving and executing instructions stored in the



f'r-om the corrtr-o.l

pera t.e on stored data to produce tbe cO::lbinations of ord.i.nar-y

rithmetic and the input-output equipment v7h1cb. connum.cat.o s t.h e H3

vith outside information.

. The memor-y

The !vI3 memory consists of an a.l.uminum a11o:\I' c�11ilx:1er 'Thich :La

an Lrduct.Lon motor at 3,424 rp;n. The surface of the cylinior

coated 1-Jith a thin homogeneous Layer of ferrous oxide and p'La s td.c ,

hundr-ed and hTonty eight recording heads are spaced on indj.v:iduel

. ,

sao e of the cylir:cler. The the

2.y.£L the head is approximately 0.0005 lr.'ch.

Three tirli.ng tracks are engraved on one e:r.0 of the dr-um, The

track slot single

marker-" pulse Ln a r-ead head each dr-um r-evo.Iut i.on, Tbe sec·'Jr�d

marker-" ,

ou.i se s , The tl1ird t.rack is the

1280 equally spaced slots. on

a ck is amplified to f'orin the basic 75 Ee/S. continuous clock of the

qomputer •

unt the clock Dulses.

unting every hTontieth clock ou.lse ,

t.r-ack and the total capacity of' tb.e memor-y is 8,J_92 wot-ds ,

'I'he se 8,192 vrord Loca t.Lons occlrp:y'" 128 t.r-acks , each

1" �co:cclil�G he ad , I'he 1192.d.s are d.rvidod into 16 b.Locks 'V;j_ti1 ea cn c cn-,



to
, ,

2Gal'eSS This is done

b'l.ock and he ad selectors.

The H3 is 2.. serial machine in l,;hich d2.ta transferred beh-een the

the rest of the CO}:]i)UT..er be corae available one bit at a time

starting with the 102 st significant bit. To transfer ir:iorrlatj_on to a

nemor-y location, the control register addresses the 1f)�!1 trE.ck location

conroarI scn is PlGde behTeen the "X" vJOrd location (stored in the

c ,n+,Y'ol register) and the wor-d location Sh01!1'1. by the viord 1112.rker

hhen these are eoua.L (coincidence), the memor-y emits 32 bit

If the least significant bit of the word being r-ecorded is a 11111,

-Lre first bit marker- Dulse is g:o..ted to cause a 1 amp, current to ca s s

J.: one direction through the rscc'::cding head 'i'::in::iing. The resulting

field magnetizes a
.... ,
I...n.e drum surface •

ploduces a 1 amp, currerrt whj_ch passes through the recording head vnnding

.... ,

cne opposite cij.rection • This pr-oduces spot

0', :Josite polarity to the spot recorded by 2. III II.

The rnemory generate s an II oDe:c;;�tio:n conro.Le t.e pulse 11 (op , como ,

015e) after 8Dission of .I.,
C,118 thil�t�y- se c orxl bit mar-ker- pu.l.se � This

i, dicat.e s to the control arii arithmetic unit the completion of any

0' eration in which Lnformatd on is transferred to or from the memory ,

Access time to this tYl)e of memory i", inherently slow as the dr-um

nn st rote.te to the Dro'")(,;r word Locat.i on before information can be

r cor-ded 01" r-scc ived f'r-on the- rnemcry ,
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Lnf'ormat.i on no

, .

r· coromg ne"'>J tion 0'181' the old. 1'8Col'Cled informE,:tion is

t removed in this rianner , rt will be re"u.d.ned for many years 1dth

ne gligible deterior·ation.

2.Tho Control

The h3 control consists of four mai.n sections: the control regist,""l'

v,l ieh s tor-e s an i�nstrllctj_o�n urrt.i.I is f'unctd.on

interpl'ots the instruction in the corrt.r o'L regiE:tGr, the corrtro'L

uhich has been Lncoz-poz-at.ed into the control regj.ster to

tho nunbez- of basic operations l:)orfol'mcd in an Lnst.r-uot i.on,

t.he control DiD (C.F.}'.) controls the operation of the COL1'Quter.

n in the 11011 stat.e, the C2.USOS a new inst:cuction to be shifted

o the control register; '-Then in the Ill'} st.ace , it causes the instJ;'uC-

'l�'1e C01l1D1.1.-'Cer nus't execute three basic t:/'-pes of irlstru.ctiorl!

in. tructions 1-Ihlen shift a single HOlD to or from the memor-y; Lnst.ruc.,

ns 1"Jhicn reqiJ.ire more t.han one ba sic coer-at.Lon ard t.he branch

tructions.

\-ii th instructiollS reqtliring t.ransf'er of il1.forr12.tioJl be ttceen

I,18!10r::r am. 2-rit�nl"iletic uni.t., the C.Fl.F'. change to the "1'1 state shifts

"zu track Lccatd.on from control register stages 1 to 4- (C.R. 1 _ L!,)

ough tile "ard r: g8.te, g4' to the tracl< selector and permi.t.s the

f'unct.Lon table to issue the order stored in C.R. 21 _. 2.5 to the

ev iIable word Loca+ion 2.n:1 the "X" vrord Locat.i.on (C.R • .5 _. 10), 32
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frOil c-
01. the

t118 memor-y D2.SSeS through the 8.ritJl1ne<:.j.c urri.t to zer-o the C.lj>.F.,

s'j_ft the II,;{II tracl-:: location (C.1L 11 - JLI-) t.hrough g5 to the ty·,sck

s lector and shj__ft tb.e I:VII v;o:;:·cl location (C.H. 15 - 20)

R. 5 10 :Locations.

coinciclel'lCe to shj,ft next. j.1"1strnctiol'} j�tyt,o the cont.r o.L register.

}II Ll.ovn.ng the thil�t�l-second. pulse, tbe ODe CO�·;lp. pulse generated. by

trie memory rotu:rns the C.E.F. to the '1111 state ready to execute the

instrlJ.cb.on.11

�VJith Lnst.ruct.Lons reql.Iiring t118 conro.Le td.on of mor-e Lhan one ba si c

1 cation Lnt.o the tracl< selector, and persri t.s the function table to

811'it an instruction. As this type of instruction coes not require

coincidence "lith a vrord location, opel'2.tiol1 starts i'1I'l8dia.toly.

(c6) •

Dulse to ,J,.) 1""'1 -:','j -7'1 l' .... J_ .t..'!zero �ne �.:.�.,snll� �ne fiyli track Lcca'to.on into the

tr .ck selector 8.1:<:'1 shift the llyn "cord location into C.R. 5 _ 10.

the zeroed c.r.r. shifts
• .L.

.mt.o the

0""''''1.V. CO:TC. the

8ts the ,""" -:, -�\

l.o o.r • .r • to umty , r-eady to exe out.e t.he T18\,J instrllctio11�

, ,

or-anon ir/cCl
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-» •.1,1. J.' • svtitche s to tb,e 11111

location is set into the track selector Dulse

f .... 011 Lhe f'unct.i.on tal)le tests t,he sign of' the number- in oue std.on, If

sign bit is 11111 in::licatine; a negative number , the arithr>letic unit

enrt.ts an op , COY,lp. pu.l se 't,yl1:ich zeros t.he C.?'.F.

t shi.ft the next instructien into the control register from the llyn

If the sign bit is 11011 in::licatinr::; a positive number tm-mory location.

t 8 arithmetic unit enri t.s a pulse on the branch n > 0 line l.'Thich zeros

t e C.F.F. but does not open g5 or g6' Thi s re suLt.s in the nevT instr1.l.c-

t· on being shifted into the control register from the "X" memor-y location.

F Ll.ovri.ng the instruction shj_ft� the operation complete pulse generat.ed

b the memory will set the C.F.F. to a "L" state ready to execute the

n TIl instr·uction.

:3 The j\ri thmetic Unit

The arithmetic unit is composed of four units: the arj_t'r.r:ettc

n b,.rork t the accumu.La't.or , the shift register and the cycle :cegiste]?

Operation of the 2ri t.hmet.Lc unit is governed by the Corrtr-oL unit

In ,ntionecl in the pr-evious section. \·,,11en instructed, the arithnetic. UYLi.t

11 per-f'onn (1) traYlsfor of' a number- f'r-om memor-y location ItX" to the

sift register, (2) transfer of e. m.lIQb{31' from memor-y location IlZI1 to

t.,e cycle register, (3)
.

't "�.,_

\. rJ.gll sm.r v, (Lj,) left shift,

( ) subtraction, (7) multi-olication and (8) division. The addition or

s' bt.r-act-ion requires 250 nu cr-o secord s , l:'-lltiplic2tion requires 250 t.o

8 ,00 rri.cr-o se cords am division
.

.

nu.cr-o secoro.s ,
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i:ni'cX'i':lat.:Lo:n f'r-om out.s.ide ano

it into the corrout.er ,

t.ane r-eacler , The :9aDO:C tapE.') ha S '? holes as data channels and [1

The guide hole is used. to locate thE;

har-act.er- aLong tile length of the ta-oe.

The .:rea(lel� 110.s c1 re.s.o.lrlg stat,ioYi' to S811SG all the h o.Le po s'it ioris

the tb.e

some Lndex gener-a t.e s

'harac�ter is iYl f). Dosj:t,iol1 to be serised ,

The oper-a.t.i on of' the taDo reC'Ci8:C is corrtz-o.l.Led by a Log.i c circuit

a.l.l.ed the fltt:1pe re2_cler control II.

"unching can begin.

,

seCOl:.t�L •

The outDut , .

oevz.ce is used to arxi d.isp.l.ay Lnf'or-mat.i on

The paper ts'"(Je D1.l1],Cn na s ca me charri sm to Derforate the dat.a holes

11(1. guide ho.Le across tape,

orit.r-o.l." logic
,

aria a t.s 8"1-288(1 is 100 char-s .. C"L8I'S 'oer se corxl ,

s Lh e



onerat.aon of thE; lcgic u sed is

�'.-'}I,-8 SD88d of thi s

10 char-act.er-s per SGCOy:J.
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