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.1 General

in statistical communication theory for the study of rardom functions
dan be applied to the.study of 1 particularly to the
study of electroencephalographs (EEG's).

Mitocorrelation snalysis yislds inforration concerning the irherent
rhyaicity of an EEG. Crosscorrelation ana dysis of two EEG's from two
diflerent locations on the scalp makes possible a comparison of the
activity et these two locations. In addition to the study of
¢orvelatior znalysis can also help physiclans to solve clinical preblems

Autocorrelation and

n 13.,(;( ) arg LCC

crosscorrelation analyses,

(15

location of & cerebral
of the HEG. It is z2lso possible te classify the
the interpretation of the ECG ~elograns,

which have been use

d

In order to obtain correlegrams, various correlators have besn
develoned, ard may be divided into tuo classes: continuous with analcy
computation, and sampled with digital computation. Hthough these unils
provide correlograms with good accuracy for analysis, they are expensive
to construct.

Since caleulation of correlation funciions regquires multiplications,
hdditions ard division {sesction 4.1), it is possible to employ a gensral
purpose digital computer fo oblain correlation functions.

There are two differvent ways to employ a digital compuler for
calculation
orogram the
sampling the ar e other is to feed the analeg records 1o




the computer directly through the use of an analoz to digital converter.
The first method does not reguire an A-D converter, but introduces
the error due to visual sampling arnd consumes considerable time in
manually scaling the record. The second method nakes a direct cormection

bf analog signals to the digital computer. This can very greatly speed

up the process of obtaining correlation functions.

’_J
L]
™o
w
(¢
s]
g
@
o]
I
+3

The object of this work is to design an on-line input-output system
g¢oupled with the 13 computer for correlation analysis of physiological
data.

Before starting design of the system, seversl works rmust be carried

gout. These include the study of characteristics of physiological dats,

K
>
&)

the accuracy of analog to digital conversion techniques, the numbe

gamples which is required for correlation znalysis of physiclogical dats

M

ird the requirsments of the 13 computer.
Lfter this, a logical and a components design are made for the
incorporation of a commercislly available A-D converter and X-Y

&

necorder with the M3 computer.




2. CHARMCTERISTICS OF PHYSICLOGICAL WAVEFQRMS

L3

Electrosncephalogran (EEG)
The EEG waveforms depend on the state of awarensss and vary Iron
one area of the brain to another. Fig. 2.1 shows an EEG taken from

a

human at different states of awareness.,

The characteristic EEG waves of humans are classified by frequency.

The most outs starding normal waveform is the so-called "a' wave. These

waves are between 8 ard 13 cycles per secord (cps) ard they are about

20 pV in amplitude measured on the surface of the scalp. The " a"

wave is usually present in an irdividual who is relaxed, with eyes cldsed,

ard in a quiet room,

The "B wave is in the frequency range of 14 to 40 cps ard has 2

smaller amplitude than the "a ' wave. This wave is usually predominan

in the wakeful ard alert irdividual,

The "8 " wave is between 0. 5 ard 5 cps ard has larger amplitnde
(50 ~ 100 pV). This wave is usua 11y present in deep sleep.

2.2 Electrocardiogran (ECG)

Shown in Fig. 2.2 is a normal ECG waveform. This wavelorr. repress:

the electrical activity of the heart as measursd between two electrcde

oy

placed at stardardized positions on the body. To digitize this waveform

ct

in birary ccdes, information must be availsble about the amplitude versus

frequency spectrum before the minirum sampling rate can be estimated,

T

Jute

s noted from Fig. 2.2 that the maximun harmonic content of the

ECG occurs at the CRS complex. The QRS complex can be approximately

CD
,.J

considered as & pericdic isosceles-trian

gle wave with pericd T ard
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duration 2% as shown in Fig. 2.3{a).

The coefficients of Fourier series of the iscsceles-triangle wave

are given by Eg. 2.1. For the QRS complex, ty = 20 ms, T = 700 ms and

A = 1.1 mv, the amplitudes of the harmonics are calculated by Eq. 2.1

ard plotted in Fig. 2.3(b).

- 2
- [sin Sf}..
YARY T
Cn - l l uooon(Z.l)
T nTty
T
Since the period is 700 milliseconds, the furdamental frequency is
1.43 cycles ger second. The Irequency of the 35th harmonic is thus
50 cps. It is observed from Fig. 2.3(b) that the amplitude of the 35t“

]

N

+

harmonic is zero, and the harmonics higher than this are negligible,

For actual RCG's, both normal and abnormal, the results of analys

- LY < 4s . c
that have been published (12,13, 14) irdicate that tlie useful informa-

tion appears at frequencies below 100 cps.

3

eis




} ]

be LR Y L ¢

Q
!

O

;
i
>

G
C

SAAODLY

ey LI
5

e I

TALTVINY

(4]

e




5.1 Ssrnling

As a digital computer performs calculations in a discre

,w
fu
[n]
o
o
1))
0]
[N

the continuocusly time varying physiologicsl wavelorms which
as inputs to the computer must be sampled st discrele time intervals
and then converted into digital form. The problem is to choose an

adequate sampling rate. The memory of a computer involved in looking

a2t too many samples is urdesireble, while looking at too few szmples

raises the vossibility thet some informstion may be lost. Iidnimum

(11
ampling rate 1s set by the sampling theorem \“”). This theorem states
that a waveform can be comdletely described if it is sampled at a rate

creater than tirice the highest frequency component contained in thet

waveform., However, in oractice, a samoling rate in the order of 5 1o
2 3 41 s o} 3 (1.1\
N0 semples per period of the hizhest fregquency component is recommerdedf =/«

1 EaquaL nereMENT

— o — o t—

O = N WA W,y

Figure 3,1
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Fig. 3.1 shows the quantizing process. Here the amplitude of the
to 6 rather than 7 and is represented by 6. Thus, if no other errors
are present, the digital output of a voltage to digital enccder dces

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

significant bit of the A~D converter. Therefore, the quantization
error in an A-D ccnverter is $ the least significant bit (31.5B).

The percent gquantization error can be calculated by

4

2(20 - 1)

where n = number of bits of the A-D converter

Equation 3.1 is plotted (Fig. 3.2) ard graphically shows the
quantization error in percentage as a function of the number of bits
of the converter. For example, the guantization error is 0.2% in an

8-bit analog to digital converter.

3.3 Aperture Error
As shown in Fig. 3.3, it requires a finite time (To) to take a dai
sample from the analog signal being digitized. This time intervel is
called aperture time or sampling time. The effect of aperture time 1is
that the amplitude being samoled varies during this time interval.
Thus the aperture tire effect can be considered as an amplitude error

for a given time at which the measurement is occurring.

analog voltage is greater than & and less than 7. However, it is closer

quantization level. This level is equal to the analog value of the lea

st

x  100%. veees (3.1)

L3,




ANALOG
f s SIGNAL

Figure 3.3 The aperture time effect

The aperture time error can be approximated by analyzing a sine
wave., Eecause a sine wave 1s changing most rapidly as it passes
through the points of zero amplitude, the maxirmun error will occur at
these points.

Let the sire wave be
V = Vnsinznfi.

1

The maximum rate of change of the sine wave is

A

o,

= 2rf Vm

|

L.
At |pax

Therefore, the maxirmum aperture error in percentage can be expressed byl

€= AV x 100 =2nfTo x 1007 ceeee (3.2)
Vm
where To = aperture tinms.

Equation 3.2 is plotted in Fig. 3.4 to show the maximum aperture
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error as a function of the frequency of the sampled signal with

L

different aperture tines. t is noted that a 100 cps sine wave, which

is sampled for a time of 10 Ms results in a maximun aperture error

of 0.62%.

B.4t Errors Due to Sample ard Hold

The sample and hold circuit can be represented as shown in Fig. 3.
¥hile the switch is closed, the capacitor charges to the value of the
inpult signal; then it follows the input. This is called the 'sanple!
mode. Vhen the swilch is opened, the capacitor holds the same value

that it had at the instant the switch was opened. This is called tne

thold" mode.
SWITCH

WpuT " —— ourpur

Figure 3.5 Sample and Hold circuit

The sample ard hold circuit used ahead of a successive approximati
A-D converter can reduce the aperiure error, but other errors will be
introduced by this circuit. These errcrs are due to:

(1) dincomplete capacitor charging

(2) cavacitor discharge between samples.

ct
=
[44]
[
Q
o
b
'
N
fd
o
33

i

During the "sample" mode, the sample and hold circui

pr

(4}




9]

&

B

q

13

o the HC charging network, here the R is the forward resistance of the
aripiing switch.
The charging equation for the RC circuit is

Vo = Vi (1 - C‘TO/'/CE)

where Vi = input voltage -
Vo = output voltage
e = time constant

To

il

charging time

The incomplete capacitor charging error is thus

€= Yo -V +i1004

LNy

= - e X lOOff; ves s (3:3

Ui

The absolute magnitude of Eg. 3.3 is plotted in Fig. 3.6. Thi
hows grephically the incomplete capaciter charging error as a function
£ the ratio of the charging time to the charging time constant. For

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

L3

~y

equal to 9.2 will give 0.0l psrcent errcr.

During the hold time, the holding capacitor will discharge through

, high input impedance source-follower (Fig 6.5) which 1s connected to

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

N

iischarging error. Although this error is small, it is important
enough to be considered here.

As the capacitor voltace decsys exponentially, the error is thus:

c- - g,

x 100% ceee. (3.
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where

i

Tn holding time = discharging time

e = discharge time constant

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

o

o)
it

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

Q.

ischarge time constant ( Ty /f4).
As shown in Fig. 6.5, the holding cavacitance ard the input

mpedance of the source follower are:

[N

c 2200 MM £

i

R 1000 M 82, resvectively,

then Tg = 2.2 secords.
For T, = 2 ms, Th/’rd will be equal to 0.999 x 1072,

Thus, the discharging error is 0.1% (Fig. 3.7).
=<3 & i o
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4.1 Avtocorrelation ard Crosscorrelation Function

The autocorrelation function is defined as

T/2
@l].(q\') =11:m" :'l":' fl(t> fl(.b +(Zt/>d‘t R (L;‘,l)
T~e0T) . ‘
-T/2
L 1/ .
(;5711( ) = - F1(t) £1(¢ 4+ 7)at ceees (B22)
‘ L/-7/2

Bg. (4.1) is used when f1(t) is 2 rardom function, and Eq. (4.2) is

1

unction with period T.

[+
n
[0}
[N
[_l
Hy
H
}.J
~~
d.
N—”
=
m
)
(@]
(0]
3
!.J
[
(¢}
[

Similarly, the crosscorrelation funciion of two rardom functions
and of two periodic functions with the same furdamental period T is

defined by Eq. (4.3) ard (L4.4),respectively.

\ li}" T 2 1, =
@12(/(:") :T-’;ij /fl<t) fz(t +T-)d't seeses (L’cj)
TJ.1/2 )

Pt = = /2 £ (6) £,(t 4 ) at ceene (1)

From these expressions, it is noted that both autocorrelation ard
crosscorrelation involve continuous displacement, multinlication and
integration since fl(t) ard fz(t) are contimious. Although these
bperations can be carried out by an analog correlator, it is necsssary
to replace continuous operations by discrete ones when a digital computs
is employed to calculate the correlation function. In this case, the

process of integration is replaced by one of surmmation and Eq. (4.1)

ard (8.3) mey be written as
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0
(P 1T = Lim Lg ri(mt) 5y(nk 4y) ceeen (4

4 Ry
Nwooli .. 0

!

n
N

E l - . .
cplz(/z\rk) = l.t.fv’l — é,,; fl(nt) fz(nt b Tk) LR ) (L

{

where N is the total number of points in the record of £1(t) or
fo(t), ard k ard n are integers.

It is known that an autccorrelation function is an even function
With a maxinum value at the origin (/2°= 0), while the crosscorrelation
is not necessarily an even function(6l In general, it is neither even
nor odd. Horeover, the value of the crosscorrelation function at
"= 0 need not be the maximum value. The most important difference

between autocorrelation and crosscorrelation is the fact that auto-

porrelation discards all phase information in the given function, but
Prosscorrelation retains the phase differences of frequencies which are

present in both functions being correlated.

4.2 Error Due to Finite Length of Record
4.2.1 Rardom functions
From the expressions (Eg. 4.1, 4.3, 4.5 ard L4.6) it is noted that

the exact value of‘Q?(QYk) can be oblained only by averaging an

[N

infinite number of sample products from an infinite length of record.
This is dmpossible if ¢J(‘T%) is evaluated by any physical apparatus

(including the digital computer). Consequently, it is necessary to

s

onsider how the correlation function is affected by the finite length
af record.
The statistical error associated with the correlation analysis of

g finite record of =z rarmdom function fl(t), is usually expressed in




terms of the normalized stardard error, which is the posilive squsre

root of the normalized mean sguare error. For an autocorrela

function, the mean square error is equal to the varience which is
(4)

civen by

Sy 7 1 - 2, 2 - ~

The normalized mean square error is

@pl“ofk)i ~ 1 Qﬂ l~(0 ceee. (1.8)

>

2 Va

q”u (Ty) 251 Cﬂlw Q'k

Ihus, the normalized standard error in percent is

1 - C”il (0) |%

E =~ s RSNV UEPSI B 10‘:'/4 co oo (4.9)

“H @A)

vhere B is the bardwidth in cps occupied by f(t), T is the record

4’.0

€

;_J
CE
Q
..)

leng

18]
ct
—
e

n seconds, and qoll(G) aniqbll(’z%) are the autocorrela

functions czlculated at zero lag time (/Dk = 0) ard any lag tine T

respectively.

is plotted in Fig., 4.1, For given values of €, 3B andqﬁll(G)/lel(ftk},
the minimum record length Tr could bte sasily fournd from either Zqg. (4.9)
or Fig., 4.1,

Similarly, the ncrmalized stardard error for a crosscorrelation

N

function evaluated fromt a finite record length is given by:

0 0 |
€~ —t + gl}il.@ﬁf-,)u x 100% cenes (B.1C

@)

St

This error versus ET product with different values of (p,- (0)/- - (1T
= e -
L 11

£

)
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4.2.2 Periodic functions

The correlatiocn error due to a finite length of record for a
periodic function can be derived directly from the correlation
definition (Eq. %.2) if the record length T is not equal to the period
or é multiple of the period. Consider the autocorrelation of a

cosine function (5)

£(t)

i

T
@11(0}/) = %‘.{) 1% cos(Wqt + 0 ) cos(Wit + W+ 8) dt

T.2
1 AU
= EJ Zm Leoswy 2 + cos(2Wqt + W + 20)]dt
. (o) 2
- ;B?}__[COSW]_ . sin(2@W1T 4+ WTy 29) -~ sin(W2+ ZG)J
2 ‘ 20)1'1‘

LACI IR (4.12

Wen T-= 69, the exact autocorrelation function is oblained as

Y 7
qplf) = f_ﬁ_coswl’z’

N

If T does not approach ¢, then the maxirmum error is:

1
€: e (u ln
wll ) sesan - j

where wl is the angular frequency of the cosine function.
In accerdance with Eq. (4.13), for a maximum error of 1%, the
minimun record lergth required is about 16 pericds of the lowest

frequency component contained in the periodic function.

E, cos(Wit +8) e (B0

p—

)



=

=

N
A

.3 Error Due to a Finite Number of Samplies
.3.) Rardom functions

Consider a random function

Since the ideal autccorrelation function of fl(t) is

=2
qall(/l‘\’k> = & Coswl’t’k s e e

Then the normalized standard error is

J
Iy 2 L
A/H("z"“” +05)

N

2 L
2 .
. B2 +2y i)
no2 et
E E ¢ o 8 s

Let the input noise-to-signal ratio be

a7, '
. = Ul
1 oo 8 s 00

o1

With the sinuscid as the input signal and with the variance

o N
of the noise with a zero mean being ¢ ,“, then

¥l

£1(t) = S(t) + 1(t) ceees (B1H)
here S(t) is a periodic function ard N(t) is the noise
Let S(t) = Bysin(Wyt +6) ceees (M5
with the root-mean-sguare value E = E@;w ard let the variance
of the noise N(t) be 6’ﬂ2. 2
Then the variance of the autocorrelation function of fl (t) is
given by (6)
L
var [(P11()] = iL; v 2R w oy veens (826

(L.17

(&3

(4.1

N

8)




!

i

is evaluated for discrete lag times’??k. T

f)i =£iw. ceees (4.20)

In terms afp » Eq. (3.18) is rewritten as

K3
a

(= J}_(1+4Pi2+zﬁi4) x 100% ceees (4.21)
n i

The normalized standard error in percent versus n with different

values of Fi

is plotted in Fig. 4.2 in solid lines.
Similarly, the normalized standard error for a crosscorrelation

function is given by Eq. (4.22) which is plotted in Fig. 4.2 in
dotted lines. Clearly the accuracy of the crosscorrelation is much

better than that of the autocorrelation for the same number of

samples n and input noise-to-signal ratio P:i.

2 .
€= ~3=(l+2f. ) x 1004 ceees (4.2
n 1

&.3.2 Periodic functions

s ) S .
Ifichael ) used the IH{ 1620 cormuter to calculate the autocor-
relation function of 1 cps cosine wave which was sampled 12 times ver
cycle. The result showed that the sccuracy of the autocorrelation

function can only be determined by Zg. (4.10) if the periodic function

ras saripled at a rate greater than 10 samples per cycle.

L 4 Besolution of the Correlation Function

As seen from Eg's. (4.5, &4.6), the correlation function QQ(G?k)

o

hese discrete values of
P(’fk) are usually plotted through a ¥.Y plotter to obtain the

correlogren. Therefore, the interval between the lag times determires

1

now well the correlation function is resolved. When the interval is
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)

e resolution of the correlogram will be improved.

In order to choose a vproper interval between lag times, tesis

Were carried out in the leboratory. The experimental setup is shown

n Fig. 4.3(a2) which consists of a sine wave generator, a sampling gate

(Fig. 6.4), a holding circuit (Fig. 6.5), a oulse generator, a trigger

gircuit (Fig. 6.6) ard a wave analyzer.

Different time intervals were used to take discrete samples

(Fig. 4.3(c)) from a 50 cps sine wave which was vproduced by the sine
Wave generator. A rectangular apvroximation (Fig. 4.3 (d)) to the sine

wave from discrete samples was produced by the holding circuit. The

2. i.5. value of the rectangular-spproximation sine wave was compared

with that of the itrue sine wave by the wave analyzer. The result was

ghovm in Fig. 4.4,

g. L. that 10 samples per cycle will adequately

| =0

It is seen from ¥

specify a continuous waveform. Thersfore, 10 correlation values psr
¢ycle are sufficient to define a correlogran at any freguency. This

resullt is expressed as follows:

AT= Y -y = Ao e (225)

10f
where A M is the interval between lag times in secords ard
f; is the maxirun frequency in cps of the significant
information contained in the correlogran.,
fm can never be grester than the mexinum frequency of the function

being corrslated. If these functions are sampled at a rate which is

10 times their highest frequency comoonent, then the samoling pericd
& M - >

711 be less than A% which is exvressed in Eo. (4.23). Consequertly,

Ul
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correlation functions caleculated at intervals of/’t’k equal to the
sampling period is adequate to obtain the correlogram.

The maximum lag time T°m is less than the record length T. 1In

b

act, it should be only 5 - 10% of T, or digitally, 5 - 10% of the
%)

total number of samples n' 7.

4.5 Determination of No. of Samples per Cbservation Interval for
Correlation Analysis of EEG ard ECG

Ll.5.l

i

5G
As known from section 2.1, the EEG is a rardom function with certai
periodic signals (the o wave, the B wave ard the % wave) contained

in it. Since the o wave, the p rave and the 9 wave do not appear

w

imultaneously, it is safe to say that the input noise-to-signal ratio
P . is less than 2.

From Fig. 4.2, it is noted that'5,000 samples are reéuired to
dbtain an autocorrelation function with a normalized stardard error of
10% if p j is equal to 2. For the sarme accuracy ard input noise-to-
gignal ratio ij only 900 samples are required to obtain the cross-
correlation function.

The bardwidth of the EEG is determined by the bardwidth of the
devices which 2re used to detect and record it. These devices are
usually designed to have a cut off frequency less than 100 cps.
Therefore, the berdwidth 2 for the EEG is 100 cps.

The autocorrelation function lel(fbk) of a rardon function
El(t), which contains a periodic signal, is shown in Fig. 4.5. The

paximun velue of (©11(T)) appears at zero lag time /T = 0. This is




29

x

because Qbﬂq 0 ) consists of beth the sutocorrelation of the nolse ard
pf the signal. For /T >> 0, the value of (Py4(T}) is less then
10N ¢k
that of Qb (0) ard is avproximatel, wzl to the aut rrelation of
L R ll ]} & —ﬁ) Llile v y eqd.a._ O Uil auueoecoryrelaltlion oL
—

the signal only. For EEG, the value of lel( ) required is about

bre-fourth of that of @11(0) (8 (9),

N P

Figure 4.5 Autocorrelation Funciion of a Zardon furnction with
a Periodic Signal

With lel(o)/gbllﬁ’tk) = L4 ard B = 100 cos, it is seen from

[

fig. 4.1 that the miniium record length Tr eqgual to 10 secords is
2 4

necessary in order to obteain an autocorrelation function wita 2

hormalized stardard error of 10%.

L.5.2 BECG

[#p]

06 waveforn can be considered to

l"'
&

As seen from secticn 2.2, the
be a periodic furction with furdamentzl pericd equal to 700 millisecond

function

In accordance with Xg.
with 1% sccuracy, the

#

ih}

[

San 4 gl w7 Tyt o D e e
raanenvz nericd. 1us, 10X " Jiidy
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bout 11 secords. Since the maximum significant frequency cosponent

HITS
L

Q

ontained in an ECG is less than 50 cos (section 2.2), 500 samples

o]

L

or secord azre sufficient to calculate the autecorrelation funcition,




O

\n

5. THA OVARALL OF-LI

<1 Characteristics of ths M3 computer
The characteristics of the M3 (3) computer must be studied in

rder to make a direct connection of the A~D arnd D-A converter to it.

The first ard most important point is to make sure that the memory of

the M3 is large enough to store the samples which are required for
celculation of correlation functions. A&lso, the input speed cf the

<

M3 must be high encugh to read in the data.words which are produced

by the A-D converter.

The storage provided on the ¥3 is 8,192 words. The input speed

eries from 60 words per secord up to 4000. In case of correlation

anzlysis of the physiological data, the input speed of 500 words psr
secord (s= n 4,5.1, 4.5,2) ard a total of 5000 words (section 4.5.1,
4.5.2) are recuired. Therefore, the M3 is suitable for correlation

analysis of the physiolcgleszl data.

5.2 The Overall Systen

Following the requix rerients which are considered in the previous
chapters, an on-line input-output system courled to the M3 (3) comouter
is designed arnd shown in Fig. 5.1. The input system is designed to
digitize one or two channels of analog physiological data and to read
them into the M3 computer for calculation of the autocorrelation or

(1}

Qr

rosscorrelation function. The output system is designed to plot the

utocorrelation or crosscorrelztion functicn gravhically. The graphs

f these functions are referrsd to as the autocorrelogram and the
rosscorrelogran, respeciively.




)

when an autocorrelogran is required, the imput function f(t) is

polied to channel 1. Alternatively, 1 a crosscorrelogran is reguired,

3

'

od £,(t) are applied to charnel 1 ard

the input functions f1(t) a

hannel 2 simultaneously.

Q

Two identical holding circuits are used in order to store
sfir)taneous samples from channels 1 and 2. This is necessary when the
vlalue of the crosscorrelation function at zero delay time is required.
The system is composed of two sampling gotes, two holding circuits,

wo rmltiplex switches, an analog to digital converter, a plot bulfer

P

fegister, a digital to analog converter, an v.Y recorder, and the inpu

L
ard output control networks.

hree main parts: the

At v

The input control metwork consists of

[A

rins counters, the write circuit and the head ard block switch selector.
S

The two ring counters ere used to control the sarmling rate. Ths

:

drite circuit, having a counter ard writing gates, writes the eizhi-
bit data word contzined in the shift register into the I memory. The

N

head and block switch selector, having two counter controlled dicde

[N

matrices, is used to address the word locations in the 3. |
2 R

The output control network outputs the data from the }3 Tor

blotting.
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6.1 Introduction

L1

The M3 (hpperdix 1) is a stored program computer. Therefore, the

flow of data is controlled by the vprozram stored in the computer. In

order that dM3 can read externsl datz into its memory, an incut orogranm

must be stored in its memory first. An optimunm input program is

o

gonsidered., Although this program results in a high input speed, i

gperds the capsacity of the memory. Consequently, a techrique is

04

developed which feeds data into the M3 withoul the control of the
gomputer stored vrogram. The detail f this techrnigue will be

described in the next section.

¢.2 The Logic Cperation

The input system designed is shown in Fiz. 6.1 which is referred

and Fig. 6.3 shows the waveforms at the more important points. Fig. O.

.

shows the timing wavefornms if a crosscorrelation function is interded

N . : 2o
to be calculated by the i3 from the input data, while Fig. 0.3 sl

0%WS

)

the timing waveforms if an autocorrelation function is interded o be
‘evaluated,

The symbols appearing in the logic drawings are listed urder
abtreviations on page IX. The subscript muiber for each symbtol is

wsed for identification.

'..1

The operation of the i~D converter will be described in section

6©.3.3 ard the oneration of the voerdix I (for more

bt
' O
[}
0y
o
[44]
=
o]
'L

-

details, ses ref. 3.




For crosscorrelation, with reference to Fig. 6.1 ard 6.2, the
sequence of coperation of the inout system is as follows:

Push "ecross" button so thaet terminal "A" is connected to
dberlnirlal HC!I’ HFH tC !!Hii’ HPH tO HRH, !ITH to Ii"s\fﬂ, _.6 Volts 'tes'ts

b and Gyp, ard a single start pulse of width 17.5 millisecord sets
the start-stop flip-flop (5.5.F.F.) to the "1" stale and tests Gy.
At ﬁbe arrival of a drum marker pulse, Gy emits a pulse To set
Ring Counter Ho. 1 to the "10000000" state and Ring Counter No. Z to

The "1000" state. The pulse emitlted by Gy 2lso zeros the Head Counter,

the Block Counter ard sets the Head Flip-Flop (H.F.F.) to the "1"
state.

The inhibit gate 1 (IHy) is used to prevent the 15t drun nmarker
from shifting the "1" in the 15 stage to the 2rd stage of the Ring
Counter lo. 2. The 0873 and the Iig are used to prevent the 15t mLOCoH

Ring Counter Ho. 2 from setting Ring Counter llo. 1 ard

counting the head counter.

A N - et . - . T i
The "1" state of the 15T stage of Ring Counter Mo. 1 is dirfferen- |
tiated by &) ard 1s shaped by 094 to form a lO‘ﬂ S pulse., This pulse
bpens the sampling gates (57 ard 35) to allow the value of (%) ard

»

fo(t) to be stored in the holding circuits Hy and Hp, respectively.
Pen MUS later, Sy and 5r are closed by the falling edge of the 10 M S

pulse, and hence two simultansous samnles have been stored in thke

holding circuits. The falling edge of the 10 _MUS pulse also triggers
éz to form & 30 _US pulse through 0S,. The leading edge of the 30 U3

pulse closes the multiplex switch 1 (3) ard starts the A-D Converter.

Then the converter codes the sample which has been stored in Hye




e

fter 20 _US (the

e converted into

he converter.

S.R) in the M3.

lemory and 20 M5

ime is necessary

he previous word

fule

the secord stage.

.

mit flip-flop (H

the most

s soon as the conversion is complete, an A-D done
This pulse, after being d

he 8 bits sirmultaneously into the last 8 st:

It takes 52 _US to write 8 bits from the shift register into the

The first word marker pulse, which is enitted

in the M3 shifts the 11¥

36

conversicn time of the cenverter), the saupl

an 8-bit word in the output register of the converter,

pulse is emitied by

£

lelayed 80 MS by 083’ shifts

.['

of the shift register

‘D

ges

to convert a sample. efore, the 80 _Us5 delay

to prevent shifting the word from 4-D to S.R before

ng

(in S.R) has been written in the memory.

by the bit counter

in the first stage of Ring

The "1 state of the secord stage, which 1s

1

JTL,F.F.) in the M3 to the "1U state throug

h}

£ to "1M, the 32 immediate" (32 IMM) pulse

This gate is controlled by the "OM side of

~
U}_’Lo

sr and allows the

stage of the write count

b pulses The "1" state of

LO serve

a,

ag

3 memory. a V1" stored in this e

o positive

the strobe v cause the

also ovens

lows the

T
s
e

32 M pulses

a 0" stored in the

11 -
causes UC

write counter to




closes the secord multiplex

C

in the last

W

n

runt and shift the S.

Rt

37

o the right.

significan

054 ard closes G3

.
When the 80 strobve pulse arrives at the write counter, the mos

4

L stage is switched to the "1" state which zerocs the S.R

and Gy. At this time, the d-bit word has been

orded in the lst word loecation of track 1000 and block 0000 which

has been addressed by the output from Gj.

The 1" state of the secornd stage of Ring Counter llo. 1 also

switch M, throush G~ ard starts the A-D
2 2

M

1.
v

pniverter through Gg

1"&1_4, a‘ﬂd O,P\.l-

Before the second word marker pulse

phlse is

wg

enitted from the M3,

ccause the

brd marker

o

terosecord after the i

The

D100000 state, The

nl

writes the word of f(t

the

t 8 stages of the shif
1

conversion is completed at the 20% s

ard the converted data is shifted

generated at the 266t A3 af

secord word narker pulse shifts Ring

it

sarple of fp(t) hes been coded and stored

v register as a binsry word. This is

o

after the first

into the S.R at the 10

rst word marker, but the secord word marker

ter the first ocne.

Counter lo. 1 to the

"

state of the BTd stage of Ring Counter lo.

word location of track 1000 in

Ltock 0000,

The 3rd word marker pulse shifts the "1'" of the BTd stage to the
th stage, the 4 yord marker opulse shifts the “1“ of the 4R sts age
o the Eth stage ard so on.

The 8™ yord marker pulse shifts the "1" cf the glh stagze of Ring
cunter llo. 1 back to the 15t stage. This 10000000 state of Ring
ounter No. 1 repeats the cycle as abové. Consegquently, the 214 data
ord of £1(t) is written in the oM yord location ard the 27 datz wor

throug

oth

d

h



38
of fz(t) is written in the 10th word location of the track 1000 ir
block 0000,

~

After one revolution of the drum memory, Ring Counter No. 1 has

worked 8 cycles arnd thus 16 words have been written in this track.
The 6bth (0%h) word marker pulse shifts Ring Counter No. 1 to the

10000000 state. Three US later, the next drum marker pulse shifts

ng Counter No. 2 to the 0100 state. The "1V state of the secord

oY)
e

9]
cr
|

age is shaped by 05, to close the inhibit gate 2 (IHp) for 550 _US.
Consequently, the 15t and 279 yord msrker pulse can not pass through

1K, to shift Ring Counter No. 1. The Brd word marker pulse passes

2
through IHy to shift the M1' to the secord stage of Ring Counter Ho. 1.
Then the same process as the first revolution of the drum memory is

going on ard another 16 words are written in the word locations of

Wb 11, 125 19, 20; 27, 28; 35, 36; 43, Lb; 51, 525 59, 60 of the

AW)

ct

rack 1000 in block 0QCO.

i

The 550 _US opulse, after bein:

(¢

delayed 17.5 ms by 03g, closes

W)

H, for 550 _M3 again. This causes Ring Counter [Ho. 1 to write another
16 words in the word locations of 5, 6; 13, 1U4; ..eseee; 6L, 62 of the

ame track as above.

n

After four revolutions of the drum memory, the track 1000 in
Hlock 0000 has been filled with 64 words. The following drum marker
o

ulse shifts Ring Counter io. 2 in the 1000 state again. The mnoin

lia

fhe 15T stage of Ring Counter ilo. 2 closes the inhibit gate 3 (1H3>

for a time of one revolution. This "1, which is differentiated by

and delayed 60 _#S by 031, resets Ring Counter Fo. 1 in the

10000000 state ard switches on the head of track 10001 through the




Q3

head counter and the track selector. Consequently, the next cycle

starts and the following 64 words are written in track 1001,

lox

tracks in block 0000 have been filled with words. At this tinme, 2

o g

flollowing words will bte written in tracks 1000 to 1111 contained in

this block.

flilled with words, the block counter counts to 1010 to activate the
BHlock selector 1010 line which resets the $5.5.F.F. to stov the operation

af this systen.

into the M3 nenory. hese words are stored in 80 tracks which
gonstitute the block 0000 to 1001. The otqer L3 empty tracks are

interded to be used to store the crosscorrelation or autocorrelation

W
\Ve]

7

The 60S delay time is necessary in order to allow Ring Counter
o. 1 to write the 6¢th word in the Otn word location of track 1000 in
Lock 0000.

After thirty-two revolutions of the drum memory, all the eight
ulse generated by 055 causes the block ccunter to count from €000 to

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

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

]

After corpletion of the above overation, 5,120 words have been fed

5

rogram which will operate on these data words. These 48 tracks are

1so used To store the partial ovroducts and *ﬂlﬁatlons produced by the
orrelation programs.,

Falf of the 5,120 data words are atiributed to the function f7(t)

ird. the other half to the function £,{t).. This rumber of samples
2\ =

ct
o
{XJ
fo
o.

560) is sufficient to obtain the crosscorrelogram since f7(t)

Eninial

\ ' — , . - -~
5(t) are EEG's or ECG's (section L4.5.1, &.5.2).




.

The input system operation is completed in 5.6 seconds, thus
either fl(t) or f5(t) is sampled at a rate of 457 samples per secord.
This rate is approximately egual to 10 samples of the highest signifi.
cant frequency component (50 cps) of the EEG or the ECG. Again, this
sampling rate is sufficient to obtain data for correlation analysis of
the EEG or the ECG.

When an autocorrelation function is desired to be calculated,
apoly the input function f4(t) to chermel 1 arnd push the "auto" button.
Thus, Gg and (g are closed and terminals A, F, P, T are connected to
terninals B, G, Q, U, respectively.

The operation o; the input system for autoccrrelation is similar

tp the operation for crosscorrelation. Fut the eight-stage Ring Counter
o o fanl (]

ko, 2 causes the Head Counter to advance one for every eight drum marker
pulses. This allows Ring Counter No. 1 to write &4 words in a track
after eight revolutions of the drum memory.

The operation of the input system is completed in 11.2 secords for
ahtocorrelation and 5,12C data wdrds have been input to the M3 memory.
This record length (11.2 sec.) ard murber of samples (5, 12C) are

v

edlequate to obtain the sutocorrelation function of the EEG or the ZCG.

O

L3 The Comvonents

6L3.1 The sampling gate and the zssociated trigger circuit

A sampling gate is 2 transmission circuit in which the output is
a| reproduction of an inout waveform during a selected time interval

ard is gero otherwise. The time interval for sampling is controlled

by the rectangular wave which is produced by the trigger circuit.

[& N
bte
=

ot

The sermpling gate use he input system is a bidirectionzal
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[ nas)

our-dicde gate as shown in Fig. 6.4, When the trigger voltages are

t levels +20 volts and -20 volts, all four diodes are corducting and

h1b]

the input voltage Vi (through the emitter follower) is connected *o

.

isting of two diodes in series. When the trigger voltages are -20

volts and +20 volts, all four dicdes are reverse biased ard the input

<

oltage Vi is disconnected from the holding circuit.

The trigger circuit shown in Fig. 6.6 provides two pulses of

KR

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

going pulse triggers this circuit. This circuit also provides -20 ard

L

20 volts to close the sampling gate when the trigger pulse disappesars.

6.3.2 The holding circuit and the rmltiplex switch
The holding circuit shown in Fig. 6.5 is used to store the sample
for A-D conversion., The magnitude of the sample is stored in the

¢apacitor as a voltage ard the source follower provides a high input

fode.

mpedance to prevent a loss of charge from the capacitor.
The multiolex switch is exactly the same as the sampling gate

which is shown in Fig. 6.4,

6.3.3 The analog to digital converter

Fig. 6.7 shows an 8-bit successive approximation A-D converter,
This converter uses a digital register with gatable 11 and YO" inouts,
a digital to analog converter, a comparison circuit, a control timing
loop ard a flip-flop distributor register.

At the beginning of the operation, both the digital register ard

the distribution register are set with a "1" in the most significant
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5

L

Bit and a "O!" in all bits of lesser significance by the start pulse.

At the same time, the start pulse is amplified by pulse amplifier &4

one~shot 1 amplified by PAg shifts the "1" in the most significant

gne-shot 1 also sets the second stage of the digital register to "1Y

bit of the distribution register. If the output of the D-A converte

is greater than the analog input signal, the output of the comparato

resets the most significant bit of th

0]
£,
1t
48]
e
ct
I
[
]

G,. If it is not, the most significent bit of the digital register

remains in the "lY state.

This procedure is repeated until the least significant bit has

been operated. Then an 8-bit data word is present in the digital
register. The A-D done pulse shifts the 8 bits out simultaneously.

This readout takes only 0.2 A 3.

The inhibit gate is a logical element which will allow none of
g g

signal to be transmitted through the gate when the inhibit terminal

st a particular voltage.

The irhitit gate is shown in Fig. 6.8. The gate is turned on

e
n

then input A is at -6 volts ard input B is at O volt. If input E

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

(PAQ) ard is delaysd 2.23 M3 by one-shot 1. This delay time allows

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

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

since gate 1 (G1) has been opened by the "0" of the most significant

r

x4

register to "0V through

ck
o]

The characteristics and the symbolic representation of the inhibi
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gate are shown in Fig. 6.9 and Fig. 6.10, respectively. In Fig. 6.10,
the inputs A and B are represented by arrows pointed into the circle.

by

Ihe output C is represented by an arrow coming out of the circle.

6.3.5 The ring counter ard other comvonents

The ring counter is a chain of flip-fiovs in which the first is
coupled to the secord, the second to the third and so on, with the last
courled back to the first. In this counter, all stages are triggered
simultaneously, ard one stage is in the "1" state; all other stages are
in the "0" state. With each successive trigger the "1 state moves to
the following stage.

A four-stage ring counter is showﬁ in Fig. 6.11. Zach stage hes
four diode gating ciruits, two used for initial setting, ard two fo:
shifting.

The characteristics of the four-staze ring counter is shown in
Fig. 6,12, It is nofei that the output from any stage is a pulse train
of pericd 4T with each pulse of duration T, where T is the period of
the shifting pulse.

The other components: the flip-flop, the one-shot, the Mard" gate,
]

the 'or" gate, the AC amplifier are shown in Apperdix II because these

circuits are identical to those of the 13 computer.
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7. THE QUTPUT SYSTEA

7l.1 Introduction
The M3 makes use of a paper tape punch ard electric typewriter as

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

o,

ifficult for any person to understand directly. Of course, information

Py

yped by the typewriter is useful to a person, but if the information
representé a continuous varisble as a function of time it is better to
qutput the information graphically.

The waveforn of the correlation function of an EEG or ECG (the
dorrelogram of an EEG or ECG) is usually interpreted by a physician.

Therefore an ¥-Y recorder is used as the output device to show the

0y

utocorrelation function or crosscorrelation function graphically.

In order to use an X-Y recorder as an output device of a digital
computer, one should first convert the digital output to an analog
voltage; also the time response of the X-Y recorder rust be fast enougi
to record the analog voltages.

The M3 takes 2 millisecornds for multiplication of two 8-bit data
ard takes 250 microsecords for addition of fwo data. If a program
performs 5,000 muitiplications and additions, it will take about 12
secords to complete the program. If 2,500 multi?lications ard additions
are performed, it will take 6 secords.

As the value of each point of the autocorrelogram estimated by the
M3 is an average of 5,000 vroducts and the value of the crosscorrslogran
is an average of 2,500 products, it will take 12 secords to obtain one

value of the autocorrelogram and & secords for crosscorrelogran.




£

Therefore, the output rate of the M3 for calculztion of correlation

Hh

unctions is either 12 secords per word or 6 secords per word. Since

the maximum recording speed of the Moseley 2D-2 X-Y recorder (section

-~J

.4) is 20 inches per secord, this recorder is fast enough to plot

Q

orrelograns.

7.2 The Logic Operation

The output system which plots correlation functions on a paper

EY

autonatically is shown in Fig. 7.1l. This systeam is composed of a nlot

buffer register, a digital to analog converter, an X-Y recorder, a one-

m

hot rmltivibrator, an A-C amplifier ard an inverter.

Before a plot order is initiated, it is assumed that the value of
the correlation function to be plotted is in the shift register of the
M3.

The plot order generated by the function table of the I is

£l

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

[WH

into the tlot buffer register simultaneously. At this time the

computer is not needed any longer. The plot order also triggers the 1

one shot 0S and after the 10 U sec. delay, the A-C amplifier 2, produces
the "operation complete! pulse which resets the control flip-flop of
the M3 to "0 state. The output system is then indeperdent of the
¢omputer.

As soon as the data-word is fed into the plot buffer regis

$ignificance of the data is weighted by the D-A converter ard the

P

agnitude of the output of the D-A converter is plotted by the X-T

recorder.
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Fig. 7.8, The volteges from the Hl#
gutsutl of the buff re s,

To illustrate output is oroportionsl to the binary
input, the equivalent cirenit of the D-i converter is shown in Fiz. 7.5

nat the open circuit output voltage is a properly

idual bin

o]
ity
(..4}.
£
o
}_} .
L
B
n)
<
}-l

D

ry bits,

Fig. 7.5, the outlput resistance is 1 X SL . in order

the output is fed to an emitter follower.

s
ecoraer

~3
L]
W
-3
5
@
b
H
Pt
3
O

4 commerciel Hoseley 2D-2 Z-Y recorder cen be used to olot the

lectrical waveforn vroduced by the D-A converter. The sencifications

a J

£

[0

of this recorder are shown in Fig. 7.6.

al el
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Recording Irdeverdent ssrvo actuated drives for X ard ¥

Iechanien axes; isolated ard fres of growrd.

paver size Starderd 1LY x 17" graph paper with
10" x 15% recording area.

Recording 20 inches per secord meximunm pen speed,

Speed each axis.

Innut From 0 volt to 50C volts for Y exis.

Volin 0 to 750 for X axis. Sixteen calibrated

Ranges ranges for esch axis: 0.5, 1, 2, 10, 20
and 50 nwv/inch; 0.1, 0.2, 0.5, 1, 2, 5,
10, 20 and 50 volts/inch.

Time Seven czlibrated sweeps on the ¥ - axis:

intervals 0.5, 1, 5, 10, 20 and 50 sec/in

Speed of Eight calibrated speeds: 2, 5, 15, ard 30

chart secords/inch; 1, 2, 4, and 10 min./inch.

running

Tnout 200 K 8 /volt full scele (10%) through

Resistance 1.0 volt/inch; 2 M8 on 211 higher ranges.
Cune M M2 models provide a 1 ML dnsut
resistance on 2ll fixed inmvut ranges.

Aecuracy tetter than 0.2% o scale, Tims base
accuracy better thar of full scale.
Iinearity betiter P

Figure 7.6 Snecifications of nossley 2D-2 X-Y recorder
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The direct connection of the analog-Cigitel and diglital-analog

converter to the M3 computer was designed. The anslog input is sanmpled

part

s8]
j3b)

1l fed into the compuler at a rate of 500 szmples per secord 1f one

»

charnel of input is used. If two channels of imput are used, the

sempling rate is the same as that of one channel input, but the computer

reads the deta at o double rate (1000 semples per second).

es the autocorrelztion ard crosscorrelation function

m

; renory. 1he autocorrelailon
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or crosscorrelation function outputed from the 13 is plotted on an

A-Y¥ recorder automatically.

The accuracy of the correlation functions obtained by this ne

| ad

s better than 10 of the normalized stardard error.

The great advantege of the direct comnec

dorputer to the patient is that the computer can intervret the clinical
wavelforms for the vhysician ard statistically analyse physiological
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i

by ir. X 8. Cameron « The M3 logic is based on the M2 corputer

@), (3),

ol

lesigned by D

the logical operations

equired Tor addition, subtraction, multiplication and division are

]

%

performed in the 13 by transistor electronic circuits.

The M2 works with 32-bit numbers confined to the range -1 <X < 1.

The first disit o

B

a muber represents the sizn, being "0M for a positive

npmber and "1" for a negative nmunber.

‘w
]
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(s

in the complementary form liod. 2. Thus 4% avpears as 0.0100,0000, 0000,

0000, 0000, 0000, 0000, 000 ard -% appears as 1.13.00,0000,0000,0000,00CC,
0000, 0000, 000,

Instructions are also represented by 32-bit numbers, and "1 4 1
address code! instructions are used. 4 typical instruction is: adc
the number in location "X" into the accurulator ard obtsin the next |
instruction from location "¥#, The first 10 bits of the instruction
contain the "X" address, the next 10 the "yw address, the next 5 the
oxder to be perforued and the next 6 the control counter (C6). The last
bit is not used,

The M3 is a stored vrogram machine ard, conssguently, the flow of
data is controlled by the stored vrogram.

The M3 has four mein components; the memory which is responsible

.

for storing both ins tions and data until required, the contrcl

which is capable of receiving and execuling ins

ructions stored in the

oF
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rithmetic and the input-outnut equipne

[1b]

rith outside information.

=t

+ The memory

a

The 13

r1el

FEF S 24

iory consists of

ot

riven by an irduction motor at 3,424 rpm,

[P
QG Anary
51 Py
L M
[4SRG

is coated with a thin homogeneous layer of ferrous oxide ard plastic,
One hurdred ard twenty eight recording heads ere spaced on irdividual
tracks alorg the side of the cylirder. The sozcing between the drua
surface ard the head is aporoximately 0.0005 inch.

Three Lindng tracks are engreved on one erd of the druam. The

track

1230 eq

i

N

2lly spaced slots.

-1

orm the

1y

are obtaine

d oy

count the clock pulses. 4 "word marker" nulse is
counting evsery twentielh clock oulse. Thus, there
pepr track ard the total capacity of the nmemory is

These 8,192 word locations occuny 128 tracks,

IrE
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The 3 is 2 serial machine in which

jecant bit. To itransfer irforriation to a

nory location, the contrel register addresses the "' treck location

1,__1

d a comparison is made between the "M word ation {stored in the

nirol register) and the word location shown by the word marker

sunter. When these are ecual (coincidence), the memory emits 32 bit

If the leest significent it of the word being recorded is

)
i
-

e first bit narker pulse is pated to csuse a 1 awp. cur rent to vass
che direction through the recording head virding., The resulting
grnetic field megnetizes a small spol on the drum surface.

If a bit in the word is a "0%, the corresponding til marker

L 3 - i . .

& 1 amn, current which passes through the recording head wirdin

g

he opposite direction. This wroduces a weitized spot with

S5 o

pesite polarity to the spot recorded by a ViYW,

The memory
\ R JE IS . y o . . o
lse) after emission of the thirty-second bit marker pulse. This

dicates to the control zrd arithmetic unit the completion of any

deration in which information is transferred to or from the nemory.

4

nherently slow as the drmm

=
w
e

Lccess time Lo this tywe of

dst rotete to the proner word location before informstion can be

corded or received from
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gligible deterioration.

The Control

The M3 control consists of four main sections: the cortrol register
ch stor an instruction until it is executed, the funstion
interprets the instruction in the cont rol register, the control
nier which has been incorporatsd into the control register to

3,

wer of basic operations perforned in an instruction,

the control flip flop (C.¥.F.) contrcls the oneration of the coripater,

n in the "0V state a nesw instructlion to be shifted

1

o th@ [ Ol”l‘t‘f Ol reg j. Ster M ‘Wh@n :"_n tne ”1 i Sig, 'b e it causes 'tf_r e .L' Subwu Ce
= ’ 3
1o be execu tsd .

The computer must execute thres

UL

infornation betwesn
to the M1" state shif
MAM track location from control register stages 1 to &4 (C.R. 1 - &)

ough the Yard® gate, Ziys To the track selector ard permits the

iction table to issue the order stored in C.R, 21 - 25 to the
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the control

to

lgeation into the track selector, ard permits the function table to
emit an instruction. is this type of instruciion does not require
coincidence with a word location, operation sterts irmedietely.

basic operaticn verforned passes a pulse through € to the control
counter (C5). ‘hen the required muiber of operations have been
perlorased, the nost siznificant stage of (5, C.R. 26, gensrates an o0

co

1trol

register
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control register 1s determined by the sign of a number stored in the

(%
LRSS . T - ~ & . 4 - —~ “r
arithmetic w Vhen the C,¥.1'. switches to the Y1V state, the "I
- e T - vy Loos LSRN ~en Ao e =y OF £y ey
track locatlion is set into the track selector by g and a gating pulse

thHe sign bit is "1V indicaling 2 negative m oz, the arithmetic unit

wits an op. cono. pulse which zeros the

(SN

pens ge and gg

to shift the next instructicn into the control register from the "IN

megmory location. If the sign bit is 0" irdicating a vositive number,

the arithmetic uni

O

the C.7.F. but does not onen g5 or £s. This resulis in the new instruc-

1

tion being shifted into the control register from the MY memory location
g g

by the memory will set the C.F.F. to a "1" state ready to execule the

Following the instruction shift, the operation complete pulse generated

- 1

new instrucition.

w

ngtwork, the accurmlator, the shift register ard

« The Arithmetic Unit

The arithmetic unit is composed of four urits: the arithretic

Overation of the arithmetic unit is governed by the Control unit
mentioned in the previous section. Then instructed, the sgrithuetic unit
will cerform (1) transfer of 2 nwiber from memory location "X' to the
shift register, (2) transfer of a number from menory location "XV to
the cycle register, (3) right shift, (4) left shift, (5) addition,

(&) subtraction, {(7) multiolication ard (8) division, The addition or

biraction reguires 250 microsecords. rultiplicstion requires 250 to

00 microsecords arnd division reguirss 8,000 microsecords,
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