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PEEFACE

From the field of switching circuits various automaﬁic‘ control
systems have arisen, examples of which are the modern large-scale digi~
tal computers and the automatic telephone switching systems. These re-
cent developments have done mueh to arouse in engineers and mathemabi~
cians alike an enthusiastic interest in regard to the unexplored possi-
bilities inherent in the switching art, Dovbtless, this presently
held interest will mature in the fubture intc valusble contributions be-
cause of the efforts of the many who will accept the challenge,

This work is tendered as a smell aid for these fature contribu-
tors,

I wish to express my sppreciation to David L. Johnson of the Elec~
trical Engineering staff of. the Oklahoma Institute of Technolegy for
supervising this werk and acknowledge thé counsel of Glenn Smith,

Trade and Iné.ustr:ial Education, Oklahoma Agricultural and Mechanical
Gollege and Dr. Boy Deal, Mathematics Department, Oklahoma Agriculfural

and Mechanical Gollege.
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CHAPTER I
INTRODUCTION

In one senge, the basic 300l used in designing switching cireulss
ig a®s 6ld as man himself, for this tool is logie. However, it was the
ninetesnth cendury before 2 mathematics, Boolean algebras, was developed
to represent 1ogic,1 In 1928 €, B, Shannon applied this mathematies

2
%0 electriecal switching cireuits.

Since 1938 much progress has been made by many englinesrs, progress
that has develeped compubing machinss #ble o think logically and re-
nexber indefiniitely, capeble of integrabing, diffeventiabing, =nd ana~
lyzing with the speed and ease of Atlas snepping a toothpick,

Regardless of the complexity or simplicity of these machines, they
are still capable of making mistakes, It is with certain phases of
these errors that this work is concerned,

Much of this treabise will be based upen an article by Professor
D, A, Huffman recently published in the Journal of the Franklin Ingii-
tuteg becanse the flow table develeoped by Buffman was a great stride
forward in the gyuthesisz of sequential switehing eireunits,

Form and Symbols Used

Throughout this treatise input conditions will be designated by

letters in the slphabet preceding M with the one exception of B, which

will be used to designabe the erver cirveuitry., Secondary or memory

1Ge@rge Boonle, The Lows of Thoushb.
2@. %, Shonnon, ®A Sywbolie Analysis of Relays and Switching
Girenite®,

“n. 8. Huffman, "The Synthesie of Sequential Switching Gircuits.”
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relays will be designated by letters succeeding M, with the exception
of &, which will designate the output circuitry., Cepital letiers
designate the relays; 1lower case letters designate the contacts on
the relays. Normally open can%aﬁts are labeled with unprimed letters,

and. the normally closed contacts with the primed letters.

o— aorall i X a
— 4

etnput A 1 i
Primaxry — gt g "

— 3, b—e .

— (2 b) Series

T —0% v 5

a ]
0——! ® or xb|—e b
e — e {a + Db)
-—-——————-—' .-—-’ ~ 3 4 > o
'—ﬁ (X)) [ 2 Secondary r Parallel
TP Relay X - —

Al 1]

‘Figure 1. Graphical Symbole for Relays and Contacts.

Sinee a switch is either copen or clesed, it is a binary varisble
.to which Boolean algebra may be applied,é A closed path will be re-
presented by 1, an open path by 0, The plus (+) sign will indicate
parzllel paths; the times sign (°) will be used for series paths. In=

put information will be assumed %o be in the form of gromnding or un-

4c. B, Sﬁannengﬂﬁ Symbolic Analysis of Relays and Switching
Cirenits",



grounding input leads comnected directly to the input relays. As
seen in figure 1, primary relays are externally eomtrolled, secondary
relays are internally céntrolleio Simply because primary relays are
éxternally controlled doss not insure that they will always operate

as prescribed,

State-Type Sequence Disgram

A seguential switching circuit is one in which the output is de-
pendent on the sequence of inpubs as well as the combinatien of inputs.
' The circait must be able to remember what has happened in the past,
digest this with what is happening at the present and decide what is
to happen in the future,

At the present time, no practical system exists wherehy we can
designate sequential circuits by mathenmatics alene; therefors refer-
ence is made quite frequently to charits or disgrams. One such disgram
is the state—type sequence diagram,®

Consider the following Example 1. Two wires bring in information
in the following manner., Wire B is grounded with recurring pulses., If
wire A is grounded at the end of a pulse on B and lasts until the end
of the succeeding pulse, there is to be an oubput during the third

pulse on B, BSee figure 2.
3 2 Z 4 b 8 7

.
et

A
B
X
T

e

Z

Figure Q; Sequence Disgram for Example 1;

5W. Keister, A, E., Ritchie, and S. Washburn, The Design of Switch-
ing Cirevits, p. 133,
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This circuit has identical input intervals on each sids of the
output; therefore ftwo secondary relays will be required.s These were
selected as shown in figure 2, The X, ¥, and 2 circuits are shown in

figure 3,

a b
— —X
L
= ‘“X{:o__gs
a b
T

h

"y“—Lau_x_b _1
Figure 3, OCircuit for Example 1.

Notice that this solution is not peculiar to this problem., For
one thing, the resulting action is not dependent on the first pulse
of B or on anything prior to intervel three, as far as that goes. This
maybor may not be critiecal, but as the problem was originally stated it
most probsbly would be, Alseo, the inputs have to come either from a
human operator or from some previousiswiﬁching ¢ircuit, and both of
these are capable of making mistakes, The solution, not being pecul=
iar, might work for some other sequence of A and B. If such & sequence
can be found, then the solubion may be of little practical value. One
such sequence is shown in figure 4.

This particular sequence was chosen to illustrate two thingss

(1) that to find a particular peculiar sclution to & sequential switch=

51bid., p. 159.
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ing eircuit from a state-type diagram is very difficvlt snd impractical,

and (2) that race conditions are hazardous and sometimes lethal.

B

w4 [ b | W

y
I

% ) 4
oy

FPigure 4, Alternate Sequence Diagram for Example 1.

The race condition is indicated by the circle in interval three of
figure 4, BRelay Y is operated in interval itws by the combination &b.
At the end of interval two, B releages, which would release Y, since Y
is held by (x + a'b). However, relay X operates in interval three by
the combination ab', Therefore, if X operates before Y is released, Y
will remain operated, and an invalid ocubpubt will cceur.

Huffman'! s Index

Fundementally, race conditions exist because of the finite inter-
val between the instant a relay coil is connected Lo its source and
the instant its contacts are operated. igesting bime might be an ap=
propriate phrase, Since this time does exist, notice of it must be
posted in the mathematics section.

1%t has previously been mentioned that 1 meant a closed path and O
neant an open path. In these terms the following cenditions are pos—

sible for any given relay R and its normally open contacis o,



relay unenergized, contacts open

r=0
R=1

relay energized, contacts not yet
r=20 closed, (unstable)
R=1

relay energized, contacts clesed.
r=1
R=20

relay wenergized, contacits net
r=1 vet open. (unstable)

Yotice that two of the conditions are labeled unstable., There-
fore a relay has four stateg, two of which are stsble and two of which
are unstable,

Huffman has introduced a new variablezzg called the transition
index, which indicates the econdition of a relay. If R and r are alike,
the relay is steble and 7 =0, If R and}r are unlike, the relay is
unstoble and 7 = 1, This is equivalent %o saying that

T

or
R 2‘2/+ r (mod 2)

il

R+r (mod 2)

Addition mod 2 may be characterized by giving its addition table.
That is,
O0O+0=0 (mod 2)

0+ 1

H]

1+0=1 (mod 2)

fl

1+1=0 (mod 2)

”p. A. Huffmen, "The Synthesis of Sequentizl Switching Ciremite®,
p. 183, ' v o



CHAPTER 11

™0 TECHNIQUES FOR SOLVING SEQUENTIAL SWITCHING CIRCUITS

~ Next, reconsider the previcus prcblem step by step, and rearrange
the state-type diagram. In this new arrangement. each row will corres-
pond %o an interval in the state=-type diagram. Since each interval of
time in the incoming sequencs is e be discreet, eneircle the number
designating that interval or row. The complete reagoning for this will
be explained shortly. Across the top will be placed the fowr possible
combinations of inputs to designate four columns of the resulting dia-

_ gram., See figure B.

60 10 11 01

®

Figure B, Incomplete flow table for Example 1.

Bach of these circled entries represents an inpul condition and,
regardlegs of the complexity of the circuit, must be a stable circuit
condition. This means that the transition index for each and every
relay must be O for these combinations.

1f the cireuit is to be stabls in each circled entry ag mentioned



above, a change in the input will be requived in order to make any cire
cuit changes. A change in the inmpub corresponds to 2 herizontal move
in the diagram of figure 5, Accordingly, the following rules may be
stated,8

1. Eaeh circled entry in a row of a flow table indieates

2 stable cireult eondition, and ne further changes will sceur

unless the input state is modified.

2. Hach eircled eircuit condition within a row of a

flow t2ble can lead to any other eireuit eondition in the

S2Me TOW.

To mowve from enitry 1 3o entry 2 requires a horizontal movement
from column 00 %o eolumn 0L, and then 2 vertical movement from row one
to row two, Since column 0l row one immediately leads o siable entry
2, it will be designabed by an uneircled 2. See figure 8.

1)

0Co

010

110

100

1| )

0014 1

Figure 6, Flow Table for Example 1.
If the requirement is made that each change in input conditions
has a peculiar internal or secondsry relsy change, each uncireled sniry

will be an vnstable state, Thise means that at least one i’@lay mush

81bid., p. 173.



have 7 = 1 for this combination of relays, It is necessary and suffi-
cient that one and only one relay be unstable alt any given time, If two
relays are simultangously unstable a race condition will results. To as=
sure that cne and only one relay be unstable at a given time regunires an
individual secondary relay combinabion for each row.

Assionine Secondary Relays.

The assigning of secondary relays vreguires only that they ferm, on
an S = dimensional cube, a cloged sequence line that returas fo the ori-
gin with the last move. A closed sequence line of length L is any path
vhich, starting at a given vertex of the cube, goes through L verbices
of the cube subject %o the conditions: (1) no veriex of the cube is
entered by the line more %han once, (2) the line travels only aleng
edges of the evbe, and (3) the iwo ends coinecide, This assigmnment can
be done in any ‘table having an even nurber of rows., The nwber of sec~
ondery relays (5) reguired may be determined by bthe following rule,

In a table of n rows, S secondary relays will be re—
gquired such thab
23131"' <n 3 y
For example, if a teble has seven rews, three secondary relays

will be required since

2 3
2 <7 <2
However, soven is ar uneven number and a closed sequence line can~
8
not have lengith seven. In this case one row would be added, Since 2

will 2lways be an even number, adding a row %o an weven—row table will

not require an additionszl secondary relay.
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The table of figure 6 has an even nmber of rows, and three sec~
ondary relays will be reguired.

2 3
2 <6 <2

One closed segquence line agsignment is shown in figure 6, Notice
that the combination 111 was avoided. After 211 eight possibls types
of sequence lines had been ¥ried, and no one line showed an advantage,
it was decided to avoid having zll secondsry relsys on in sny part of
the sequenece, thereby reducing power consSmpiien. O0f eourse, when the
tsble has n = Es rows this ie not possible,

L Isble

Since, as previously meationed, each wneircled entry is an unstahle
state, there must be one and only one "Z’ = 1 corregpounding to eagh un
eircled entry., The uvanderlined entries in figwre 7 correspond to the mm~
eircled entries in figure 6, The 01,000 entry in figure § is an uwr

cirecled two, which indicates an ungbable state that will change to eip~

eled two or 01,010,

o0 10 131 01

000 | 000| 000| 000| 010

010 | ooo| 1og| 000| 000

110| 0001 000} 0101 Q00

10G| 001 000| O000| 000

101| 000 000 | 00| 100

©01.{ 00L| 000| 000 000

Figwre 7. 7 Teble for Bxample 1.
To chenge from the first row o the second row requires a changs

in relay X, When the coubination 01,000 comes along X will be emergized,
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making it unsteble uniil = makes contact. When x 4s closed the new
combination is 01,010 which is the eircled entry two and the cirenid is
again stable.

If the solution is %o be peeuliar, only the uneircled eniries in
figure 6 should be wnshtzble., All of the blank spaces in figure € ars
combinations that are not suppossed bo oceour. In many instaences, theugh,
if they do oscur there should be some warning, This can be accomplished
by making all blank spaces stable conditions and the controlling combine
tiens for an error velay. Thns all enbries in the T +able will be zero
with the exception of one T = 1 in each eniry preceding each interval
of the original problem,

8 Igble
The S table is o show in exactly what combinations each secondary
relay is to operate, Since w
T =R %z (md 2)
R=7T +@§ mod 2)
| each entry in the § tdble can be found by adding cycliecally mod two each
entry in the 4 $eble with the secondary relay state for the same row,
For example, in figure 7 the 01,000 entry is 010, Adding 000 and 010
cyclically mod $wo gives 010, and ¢his then is the 01,000 entry in the
S table.

After having complebed the S table in the sbove manner, the wmused
combinations of secondary relays may be added as "don't care”™ condibions
if desired, This will usually simplify the circuitry for the secondary
relays. These may be used as "don't cares” only because they are mande-
tory in the error circuitry, 28 will be seen later. They azre ned sup=

posed to heppen, but if they do the errvor cireuitry will take care of
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them.,
s\ 00 10 11 0L
000 | ooo | 0co| 0oo| 010 :
10| o10 | 110 010] €20
110{ 110] 110| 100{ 130
100 101 | 300{ 200 1200
101 101 201 | 101 | 001
oox| cool co1| ooi| oo1
011
—] TON*T CARE
111
Figure 8., § Teble for Example 1,
These "don't care® conditions are ag indicabed in figure 8.
Z=E Teble

Several btimes in this article reference has besn made to srrors
and peculiar solutions., In many design problems it is essential that
these be taken inte accomnt, This article is intended to show a techni-
gus of synthesis in such cases., One can not say as an sbsolube rule
that this system will always require additional relays, slthouch general=
1y this is true, It will, in most instances, require additional contacts
on the relsys, bubt a preblem will be presented later in this ardicle
that will reguire neither exitra relays nor extra Springs.

Since an;y combination of primary and secondary relays represented
by the blank spaces in figure 6 are mawanted conditions, the error re=
lay should eperate when and if they occeur, Thus an E is placed in each
space corvesponding to the blank or error conditions of figure 6, This

is sunown in figure %, Also, any time the uwovsed combinations of
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socondery relays oecur, the error relay should opsrabte. Thus ths
8
Z = B table will always have n = 2  1ows,

b
) 00 10 11 0@l
000 E E
00y B B
110 B i
100 B E
101 b E

€01 B

E
01| B B B 2
B

ili] B E B

Pigure 9. Z = B Toble for Example 1.

In this particular problem, sn oulpub was desired only in inter-
val gix. Therefore the Z entry will be the single combination 01,001.

If &' contacts avre inserted in series with the Z network, output
will be obtained enly if there have been ne errors.

From the S emd Z - B tables fo the final eireultry is bus a mabier
of synthesizing combinabtionsl eireuits, Following is one solutien, not,
howéver, the only one ag anyone familar with combinational circuids will

realize.
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a bt | ~m1
___.x'_.l
b 7!
1 * 7
L——_— av._m,
Y . Bt 7! X
__]_ ot~ al ) 7 %! Z
‘B
‘ y
v M
, 33
E_‘ R I a‘ . y' “-—“ ““'_v
= a Bt x
x :
Bt
£ u -
= — gt B 5t ¥t
a
b2
®
prommree:
Bb? ¥ gl

!

“’-l;:_“a‘
Figure 10. Alternate Cireuit for Example 1.
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Aljernative $o Huffman!s fi@@ * 7

Although many problems in sequential switching eircuits are so
arranged that the presence of an error ig not critiecal, one should net
sbandon the foregoing proeedure and start merging rows,

Hoffmen states that any flow teble with n rows can be designed
Which uses exactly 280 + 1 secondary relays, where S, is “ﬁhe lzast in-

teger that satisfies the condition

In other words, after possible merging, o condensed flow table with n
rows may not satisfy the requirenenis necessary to meke each kmsetg So
nected with lego n secondary relays. If this is se, it can still be
synthesized with 28@ + 1 secondary relays, By the procedure of this
article any problem may be solved with § + 1 secondary relays, where S

is such that

<
L S

in the primisive flow feble. Certainly, if errors are not critiesl,
whichever system yields the minimun number of relays and contacts
showld be uvsed, Caubion must be cbserved in minimizing relays though,
since it is pessible that in so doing a much greater number of springs

may be required,




CHAPTER 111

COMPARISON OF ERROR-TETECTING AND HUFFMAN TECENIQUES

Methods Comparison

10
Huffman describes and neatly solves a problem of remembering.

For comparison of methods, the problem will be présented, solved by
this author's procedure and compared with Huffman's,

The eircuit of Exzmple 2 to be synthesized has two ouiput leads,
each somewhat under the direct contrel of its respective inpub., Stars-
ing from condition one (for which neither of the inmputs and meither
of the outputsars grounded) grounding of the A input grounds the Zy
oukputbs gr@unaing of the B inmput grounds the 22 oubpub. Bub simultan—
eous grounding of beth A and B results in neo ground at the oubpub. In
the latter case, no possibility of an output ground exists until the
eircuit is returned to condition one by the ungrounding of both input
leads,

In case a greund on the Zl output lead was originally obtained id
will remain until such time as it is removed by the sppearance of a
ground signal on the B irput only. Sinilarly, in case a ground on the
Z, output lead was originally cbtalned, it will remain until such. ¢ime
as it is removwed by an appearance of a ground on the A input only.

Since this is a selecting seguentisl problem, i.e., one which
gives an output depending wpon which sequence the input fellows, = sec=

ondary relay iz added across the top of the flow table, The addition

101?}5-%’ p. 2800



of a secondary relay on top gives a pessible horizonital movement from

an mnstable state.

xooo 100 101 111 110 010 011 001
ol@D| 2| 2 |@®| &| 85| ®| @ |Tmow
1@ @@ @@ 5| ®| = |mew
o| oo| on| 01] 00| 00| 16y 00| €O
1| oo| oo| oo oo| oo 1ol oco| oo 4
o oo| ol 11| 10| oo| 10l 10| 10
1] oif en| 11| 11} o1 13} 31| 11 °
c: 0 2| 0| 2| B| 2z} Z,| 32, .
1| %,| 2| o] of %] o] o| B |

Pigure 11, Tsbles for Example 2,
Thus, as seen in figure 11, the %wo input sequences may be dis-
tinguished by the relay X, one being with X, the other without,
From the S and Z —« E tables the following eircuit equations may

be derived.

P(Y) =4y + ¥
£ (R = ath + x
£ (2= x { ay +biy + &bt )

]

f(Zé) vt ( bx + alb + alx )
£ (B) = abdyt + albixy
Figure 12, Oireuit Equations for Example 2,
The resuliing eircuits may easily be drawn, and will be left for
the reader, :

In general, then, seleciing sequential eireuits may be designed

by the shbove procedure with the additien of secondary relays across
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the top of the flow table. The nmber of velgys %o be placed npon he
top depends upon the nuwber of sequences %o be distinguished. One addi~
tional reley on top will distinguish between ftwo input sequences, Hwo
will dissinguish between four, three will distinguish between eight,
ete,

In Huffman's solution of this problem three secondary relays wers
required, His flow teble is as shown in figure 13,

b
O

&

0L 1w 11

000

AV
&3
88
L6

0oL

O®E

010

011

00f 1

10% 9

110 8

i1l

Figure 13. Huffwan'se Flow table for Example 2.

There are several possibilities of errors in this flow table, 1If
originally a ground on Zl was obtained by imput 10, 'a,nd, then the in-
put changes %o 11, the oulput is %o remain as zl“ But if the eireuvi-
try of relay ¥ were to have a fault causing ¥ $o become 1, the reley
conditions change t6 11,011, This is a blank entry in the flow 3sble,
and eanconly lead %o blank entries, In practice an exbra relay s re-
get the eirecuit would probebly be requivred. Bub this wouwld raisse do
four the number of relays reguirsd, where the error—deteciing method

only requires three. Adnittedly this is an ideal problem for the



error-detecting method because fewer relays are reguired which is the
exeeption and not the rule. An example will be shown latér where the
error=detecting method requires more equipment than Huffman's method.
The preceding problem was labeled by Huffman as a "non-ideal®
si’cuation.. 13 The following problem, Example 3, was labeled 28 an
"$deal® situation.lg |
This cirecuit is to have two inputs and four outputs., The input
restrictions are such that only one iuput lead may be grounded at &
time, and such that neither input lead may be grounded unless both are
first ungrounded, This latter restriction prohibits the transitions
in imput state from 01 %o 10 and vice versa. This may or may not be
a striet restriction but if it is, some warning system shovld be pro-
vided should this condibtion oecur.
0f the four output leads, one and only one is to be grounded at
a time, With the second inpuit ungrounded, each grounding of the first
inpub lead is to advance the position of the output ground by one step.

See figure 14.

Adds One

| SWiﬁCh‘."illg

Input A
Stb%'s One r—
Leads B ————— QCircuis -

0 -

Pigure 14. Cireuit of Exemple 3.
Removal of the input greund is to have no effect won the oubpub.
For example, if initially both imput leads are ungrounded and the num=

ber 2 output lead is the one grounded, grounding of the first inmpud

1l1y14,, p. 280.

1%1p34., p. 276.
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lead is %0 remowe the grovnd from the nunbsr € output lead snd im-
press the ground insbtead upon the number 3 ocutput leaﬁ.. Subseguent re-
moval of the input ground is to have no further effec’;:s on the oubtput.
The grounding of the second input lead, on the other hand, is ¢o
make the position of the output ground retreat by one' step.
Since this is a selecting sequential circuit with twe possible
input sequenees, one secondary relay will be needed across the %op of

the flow table., See figure 15.

i
vgb 000 100 101 111 011 010 110 001

000 1054 20,4 B | B| 8 B | 1y
00| 1,| B (@] B | = E| 2,
110 1, 15| B | B| 5| B | 2
010| 2,| B E| B E| 3
our| @) 12, | 2| 6| 58| 3
11| 3, E E| 2| (3] BE| 4
191 9, BB 7| B 4
00L| 4,| E B | B B 1,

! Figu.fe 15, Error-Detecting Flow Table for Example 3.

If output lead nwmber 1 is grounded at condition one, a change in
input state o 10 will move to column 100 in the flow table where an up=
stable ten is entered vwhich camses a move to another ten, circled or wnr
circled, in either the same column or the seme row and adjacent %o it.
Por the ten in column 100, the next move would be te¢ coluan 101, where
another unstable ten is entered. This ben then will cause s vertical
move to the next row. Notice that the secondary relays are sgain as-

signed so that they would form a closed sequence line on an S=dimen=

sional cube,
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A change in imput frem 00 to 10 is to advance the ouipul grownd
by one, so conditien ten must be a ground on outpubt lead number 2.

The subsequent removal of the ground on input A will change the top
relay state from 101 to 001, then g 000. This was not to affect the
output, so entry two in column 000 will retain the ground on outpub
lead number 2. Should the input then chenge to 01, the top relay
state will be 010 where an unsbtable five is entered. This causes a
change vertically to colwm 010 row 100,

Bach change in input sbate to 01 is %o retrest the oulput ground
by one step so eondition five must represent a ground on output lead
nuonber 1.

If the input changes from 0L %o 10 or viee versa, the top relay
state will change from 100 %o 610, or from 101 to 011, or the reverse
of these twe. There are no stable eniries in the 100 columm so a
change from 100 to 010 will net happen unless it goes through the E
entry firgt. Likewise any cne of the wnwanted changes will result in
passing through an E esaubry or sbopping in one.

The T and S tables were derived in the usual manner with the top
secondary relay being listed first., Thus the entry 1 000 in the T
table means that the %op or X secondary reley is in an unstsble condi~
tion and a horizontal move will resuld, See figure 16.on page 22,

From the S and Z = B tableg, figures 17 and 18 on pages 22 and 23,
the final cirecult may be designed by means well established.lz

One possible selubtion is given by the algebraic expressions shown

in figure 19 on page 23,

lzw, Keister, A, E. Ritchie, and 5, Washburn, g.';@ Dosisn of Swiihch-
ing Oircuitg, chs, 5 and 6,
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600 100 101 12 011 010 110 o001
Q00| 0 000| 100G} O 100 O 000| O 000| O O0L| O O0C| 1 OOC
100| 0 100] 0 00C0| © O00| O 00O | O Q00| O GOO| G OOC | O 010
110 G 00C| 1 000} O 100| O 000 | O Q00| O 010‘ 0 000} 1 000
010/ 0100| 0 000| O O00{ O 000 0 000| O 000 | 0 000 | O 001
€111 0000, 1L O00] 01201 C OO0 O OO0|[ O0GL! O 0001 000
11103100, 0000|0000, D OCD| G O0D| O 060‘ 0000|0010/
101 0000|2000 0100|0000 0002 C 010 0 000 1 000
0010100 0000 C0O0C; O GO0 O DO0| 0000|0000 O OCL

Figure 16. 77 Teble for Bxample 3.
u

ki 000 100 101 i1l 011 010 110 001
QOO *O 000| 1 0001 10011 CO0| 1 000} O GBL| O 000} O 00O
100 0000 0100 1 3100{ 1 100 1 100} @ 100 © 310G 1 110
110, 011011 31101 010 1 110 1 31101 6 100 © 31601 O 110
0i0j 011010010 | 101010301 0C10]0010(0010] 1 011
011 | 00C11}1011]31131]1011}101%L|0¢0C10| 0011|0011
111/ 0011|2311 1 111} 1 1313|1112 0 111| 0 111 | 1 10
101010131 3101|1001 |1 101|121 301) 0112|0101 0 10L
00L| O 10L) O OOL| 1 O0L| 1 001y 1 0CL| 6 00L| O 001 | 1 0CO

Figure 17,

§ Table for Example 3.



£f(E)
:E’(Zl)
f(zz)
£ ( Zy )
£(2,)

£(U)
£(V)
£ (X)

£(Y)

23

%;S?méeo 100 103 31Xl 031 010 110 001
o0 1]z 2] 2] 5] 28]
1001 | Blez|e|l=s|1|lz]|e2
1202 | 3| 3|28 ] 1|82
o0 l2| 8| 3| 3| 8| 2|83
o 3| ¢ a2 2] 2|23
R YRR
0L |4 | 11| B| B 3|82/l
001 |4 | B | 1| 2| B 4| B | 1

Fignre 18.

é -~ E t2ble for Bxample

.

Lo

=3 (a+u)+van [v (=y +37 ) +9 (x + Py )/

z’b‘x[a;r(a-sv
z'b?y? fwy(a!
=vix [aly (v

=vty [atx (v

i

4

=

g

v ) +al (uiy! % uy )_7 + atbulyy?

+x! ) 4+ alulx 4 av“xtj + albulviz

+at ) 4yt (av+ur )_J + atbutvy

+ut )+ x (@t +u )/ +athulvix

u,fa,-anb +y (v +xw ) +y (Vx4 v )_7

+ gb? [‘y’(:ﬁr‘ tyxt ) 4y (vt + vz ) [

v (b + an +alu ) + b [y ( aox + atutx! )

w g ( auxd + aluix) [

xfataty (btut 91 ) +alyt (B +u+v ) /]

+ x¥aly { but & blu )

vy lu{a+b+vtrx)+w (a+bt +v+x )/

+ ytytal (blx + bx )

Figure 19.

Circoit Bquations for Example 3.



CHAPTER IV

REVIEW OF ERROR-IRTECTING TECENIQUE

Purpoge.

For some seguential cireuilts the existence of races or the possi=
bility of errors cam not be tolerated, This article describes a method
for synthesizing eircuits in such a manner that races can not exish,
and if an error is made, it ie easily detectsd.

This method will uswally entail the uss of more eguipment than g
necessary to get just a solution, I% then becomss the engineer's pre-
rogabive as ho which method is the meet advantageous.

Procedure.

1. From the given information, defermine the number of discreet
time intervals and arrange bthem in the proper sequential order..

2. Torm a flow %tzble with one eslumm for each possidble combins
tion of input leads.

If the problem is one of selecting sequences, add the needed
secondary relays on top so that there will be one eolumn for each possi=
ble combination of these secondary relays and the primary relays. The
nunber of secondary relays needed across the fop will be debermined by
the nvmber of individual seguences to be chosen from, One secondary
relay on top will distinguish bebween two sequences, btwo between four,
ete, IFf St reprosents the nmbgrfg seeondary relays assigﬁed to the
top, the flow %sble will have 2 ® eolunnsg, where I is the nugber of
prinary relayS.

3, Assign the intervals determined in 1 to the flew %e2bis so that

there is one and only one per rowW. Olrele sach entry. In the ssleebing

P
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sequential flow teble, thewre may be wmove than one per row if i% iz so
arranged that a change 4n inpub will not cauvse a move frem one eircled
entry %o anothew,

4, Assign an wncircled entry to each circled enitry so that they
are in the same colwmn and are in adjecent rows. This requires the wn
gircled entry ﬁe be in either the row immediately preceding or succeed
ing the circled entry's row, The first and last rows are considered ade
jacenS.

In the selecting flow table, ap uneircled entry may be in the
same row as another antry of the same nuwmber either circled or wmeir-
cled, 1If sp, esch nnoiveled entry of a given muwber must be horizonital-
1y adjacent to another entry of the same nwber either circled or wm
circled.

B, Assign secondary relays te the rows so that a different come
bination represents eazh row, and avrange these combinabions in an or=
der so that they would form a closed sequence line on an S = dimension~
al civbe, This requires an even number of rows; therefove, one row may
have to be added to the %able,

6. Lsbel each uncccupied space with an B, indicating the error
cireuitry, If the tzble has less than 25 rows, the unused combinsbions
of secondary relsys must be included in the errer cirenitry, and may or
may not be includsd as "don't care” conditions in the S eircuitry.

7. Derive the 7 table by making T = O for eash relay in each
entry corresponding te & civcled or E snbry in the flow table. Also
in each entry corresponding o an wneircled entry in the flow table,
one and only one relay should have 7 = 1.

8. 3By adding 7 and r cyelically mod 2 fo obbtain R, form the



S table.
9. Form the Z = E %table by entering Z in the proper space to give
the required output and E in each space that shouwld indicate an error.
‘lb. Selve by combinational methods the problem presented by the

S and Z = E tables,



CHAPTER ¥

STMMARY AND CONCLUSIONS,

A sequential switehing @i:z)@uié is a combination of twe or morse
switches which are either electronically, mechanically or menuvally cen-
trolled and operate in a cariain sequence or eorder to preduce some pre-
seribed oubput at any given time., The cirewlt must have some method of
renembering what has happensd in the past., Then the past must be di-
gested with ‘blie present, aand the ecircult must decide the future events,

Several methods exist for synthesizing sequential switching oip=
eults with each method having some advantage over the others. Howerer,
two outstanding disadvantages exist in every previcus known method.

One is that the solubtion to a problem in most cases is not peculilar %o
that problem. That is, there exist other segnences for which the cir=
cuit would work equally well. If this is so the civeuit can not usnal-
ly indicate whether an error has been made. These errors could be
either internal or external., Another disadvantage of existing methods
is the difficulty in locating race conditions and also deteraining
whether these races are hazardous or not, Race conditions are caused
by two or more swibching devices being energized at the same time, A
race then oecurs beitwesn switches to see which one mskes or bresks con~
tact first.

A new method iz introduced in this work which guaranieeg the fol-
lowing three things.

1. The finsl selution will be peeulisr %o the problem,
That 18, it will work for mo other sequence,

2e If am error is made, either internally er exbernally,



a warning will be given.
3, There are no possible races.
The method is based on a modification of the very important flow

teble technigques introduced by D, A. Huffmen in the Journal of the

Franklin Insgtitute, March 1954, 1In order fo eliminabe races segon=
dary welay combinations are assigned o each row of a primitive flow
tabls such that they weuld form s closed seguence line on an S = dimens
sional citbe, where S5 is the number of secondary relsys. Brror deteo-
tion is achieved by entering undesirsble combinations in a warning cir-

cuit,
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This method also has its disadvantages. The main cne is that i%
usually requires additional equipment, Whether its advantages oub-
welgh its disadventages depends on the problem restrictions and the per=
cent of extra squipment required. Its advantages are believed to be

sufficient to warrant investigating by this methed any preblem thatb

arises,
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