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From the field of switching circuits various autom.a.tie control 

systems have arisen, examples o:f' which a.re the modern large-scale digi­

tal computers and the automatic telephone switching systems. The1;1e re­

cent developments have done mueh to a.rouse in engineers and mathemati­

cians alike an enthusiastic interest in regard to the unexplored possi""' 

bilities inherent in the switching art. Doubtless& this presently 

held interest will ma.tue in the :future into valuable eontributions b&» 

ca:o.se of the efforts of the ma.ny who will a.ecept the challenge. 

!!!his work is tendered as a. small aid foi: the1::1e future eo:ntribu.= 

tors. 

I wish to express my etpp:reeia.tion to David L. Jo.hnson of the Elee=> 

trieal Engineering staff of the Oklahoma. lnsti tu.te of Technology for 

supervising this work and acknowledge the eeunsel of' Glenn Smith. 

Trade an.d Industrial Educa.tion 0 Okla..ltoma Agricultural and Meeha.nieal. 

College and Dr. Roy Deal, Mathema:tics Department, Oklahoma. .Agrieul tural 

and Mechanical College. 
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CH.APT.!ilR . I 

INT'RODUOTION 

In one sense, the basic tool used in designing switching circuits 

is a.s old as ma.u himself, for this tool is logic. However, it was the 

nineteenth oent't'l.ry 'be:fore a mathematics,. Boolean algebra., was developed 

l 
to represent logic. In 1938 a. E. Shannon applied this ma.thema.tie:s 

to eleetrieal switcM.n.g cireruits. 
2 

Since 1938 mu.eh progress has been made by many engineers, :progress 

that has developed cemputing machines able to think logically and re-

member indefinitely 0 ie~able of integrating, differentiating, end a;ri.a-, 

l;rzing with the S"peed and ease of Atlas snapping a toothpick. 

RegarcUess of the complexity or simplieity of these machines, they 

are still capable of making mistakes. It is with certain phases of 

these errors that this work is concerned. 

Mu.ch o:f' this treatise will be based upon an article by Prcfesso.r 

n. A. Huffman recently published in the Journal of the F.ra.nklin lnsti= 

3 
tu.te because the flow table developed by Huffman was a. great stride 

forward in the synthesis of sequential switching circuits., 

Form ~ Symbols Used 

Throughout this treatise input conditions will be designated by 

letters in the alphabet preceding M with the one exGeption of E, whitru1 

will be used to design.ate the error circuitry. Seconda.:ry or memory 

lGecrge Boole~ .fh_e La.ws of Th.ough.t~ 

2c. :m. Shmm.on~ 88 .A. Symbolic Analysis of Rel~s and Switching 
Oireuits11 • 

3n. A. Httffman, ilThe Synthesis of Sequential S'Witehi:ng Oircuit~. 00 
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:rela;vs will be def!!ignated by letters sueceeding M. with the exeeption 

of Z, whieh will designate the output circuitry. Capital letters 

designate the relays; lower case letters designate the eont~cts on 

the relays. Normally open contacts a.re labeled with unprimed letters, 

and the normally closed contacts with the primed letters. 

• Input A 

~ f(X) 

-
D 

Pri.lnary 
Relay A 

~ 
. Relay X i=s~~ 

I 
-. 

-a•-. 

-a--b--c, 

Figure l. Graphical Symbols for Relays and Contacts. 

(ab) Series 

(a+ b) 
Parallel 

Since a switch is either open or closed, it is a binary variable 

to which Boolean algebra mEcy" be applied. 4 A closed path will be re:-, 

presented by 1, an open pa.th by 0,. The plus (+) sign will indicate 

parallel paths; the times sign ( •) will be used for series paths,. In..,. 

put informat1Qn will be assumed to be i,n the form of grounding e>r m-

4c. E .. Shannon, ifiA Symbol:!@ .A.m\lyai$1 of :Re;Lqtil ana. SWi:t,~h,~ 
Cir~\tl. i;$198 • 



grounding input leads connected directly to the input releey"s. As 

seen in :figure 1, primary rela.ys are externally ~ntrolled, seeondary 

relecy-s are intern.ally controlled. Simply because primary relays are 

externally controlled does not insure that they will always operate 

as prescribed. 

Sta~T:ype Seguenc~ 12i_agra.m. 

A sequential switching eircu.it is one in which t.he otttput is de-­

pendent on the sequence of inputs as well as the combination of inputs. 

The circuit must be able to remember what has happened in the pa.st, 

digest this with what is happening at the present and decide what is 

to happen in the future. 

At the present time, no pra.etieal system exists whereby we can 

designate sequential circuits by mathematics alone; therefore refer-

enee is made quite frequently to charts or diagrams. One such diagram 

is the state-type sequence diagram.5 

Consider the following Example l. Two wires bring in information 

in the following manner. Wire Bis grotlllded with recurring pulses. If 

wire A is grounded at the end of a pulse on Band lasts until the end 

of the succeeding pulse, there is to be an output dt1ring the third 

pulse on :s. See figure 2. 
1 2 

A 

B 

X 

y 

z . 

3 

' ' 

-

4 5 6 

. 
• 

I . 
I ' 

---~--F_i ... r;--'l.n"_e_&::. Sequen.~e Diagram :for Example 1. 

5w. Keister, A. E. Ritchie, ands. Washburn 9 ~ Design g/.,. SwitelP 
in,,K Circuits,. p. 133. ,- - , _ 



This circuit has identical input intervals on each side of the 

output; therefore two secondary rel~s will be required.6 These were 

selected as shown in figure 2. The X, Y, and Z circuits are f!!b.own in 

figure 3. 

_re.0-b--y--Z 

~a-b'J-x 

-b LT_ra--b 
-::- x-Cau--bi , 

~a-;i-· Y 

-4- Lw_s-· X 
:: y~-b 

Figure 3. Circuit for Example l. 

Notice that this solution is not peculiar to this problem. For 

one thing, the resulting action is not dependent on the first pulse 

of Boron anything prior to interval three, as far as that goes. This 

may or mEcy" not be critical. but as the problem was originally stated it 

most probably would be. Also, the inputs have to come either from a 

human operator or from some previous switching circuit, and both of 

these a.re capable of making mistakes. The solution, not being peeul-

iar, might work for some other sequence of A and B. If such a sequence 

ca.n be found, then the solution mS¥ be of little practical value. One 

such sequence is shown in figure 4. 

This particular sequence was chosen to illustrate two things: 

(1) that to find a partieula.r peculiar solution. to a sequential switch= 

6 .Ibid. , p. 159. 



and (2) that race conditions a.re hazardous and sometimes lethal. 

l 2 4 
A 

J3 

X I 

I . 
y . ~ 

' ~ • 

z I 

Figure 4. Alternate Sequence Diagram for Example 1. 

The race condition is indicated by the circle in interval three of 

figure 4. Rela;;,r Y is operated in interval two by the eombinati.on ab. 

At the end of in.ter·val two p .B :releases, which would release Y, since Y 

is held by (:x: + anb). l':Iowever, relay X 01'.>erates in interval three by 

the combination ab 1 • Therefore, if X operates before Y is released, Y 

will remain operated, and an ilwalid output will occur. 

Hui'fman I s Index 

Fundamentally, race conditions exist becat1se of' the finite in.te1-

val between the instant a relay coil is connected to its source and 

the instant its con tacts are operated. Digesting time might be an. a.p--

propriate phrase~ Since this time does exist, notice of it must be 

posted in the mathematic.a section. 

It has. previously been mentioned that 1 meant a closed path and 0 

meant at'""l. open path. In these terms the following conditions are :pos-

sible for any given rela;r R and its normally open contacts :r. 
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R=O 
relay unenergized, contacts open 

r = O 

R=l 
relay energized, contacts not yet 

r = 0 closed. (unstable) 

R=l 
reley energized, contacts elosed. 

r = l 

R=O 
rell:\Y unenergized, contacts not 

r = 1 yet open. (Mstable) 

Notice that two of the conditions a.re labeled unstable. There-

:fore a rel13iY has four states, two o:f whieh are stable a.nd two of whieh 

are unstable. 

Huffman has introduced a new variable?"'(, .called the transition 

index, which indicates the condition of a rell\'9'. If R and r a.re alike, 

the relay is stable a.nd '( = 0~ l:f R and r a.re unlike, the rel8¥ is 

mstable and '( = 1 •. This is equivalent to saying that 

-( = R + r (mod 2) 
or 

R ='(+ r (mod 2) 

Addition mod 2 m13iY be characterized by giving its addition table. 

That is, 

0 + 0 = O (mod 2) 

0 + l = l + O = l (mod 2) 

l + l = 0 (mod 2) 

7 . D. A. .Huffman. ." !Ib.e Synthelilis of Sequen:Ual Sw~teki,D,g C:.1,rc~tl'' 1 . 

:P• 163 .• 



CRAPTll!B. I I 

!I.WO TECHNI~UES FOR SOLVING SE~UENTIAL SWITCHING CIRCUITS 

Next, reconsider the previous problem step by step• and rearrange 

the state-type diagram. In this new a.rra.n.gement, ea.ch row will. corre~ 

:pond to an interval in the state-type diagram. Since ea.ch interval of 

time in the incoming sequence is to be discreet, encircle the number 

designating that interval or row. The complete reasoning for this will 

be explained shortly. Across the top will be placed the :f"ou.r possible 

combinations of inputs to designate four columns @f the resulting diar­

gram. See figure 5. 

~ 00 10 11 01 

© 
® 

® 
© 

® 
@ 

Figure 5. Incomplete flow table for Exa..\'!lple l. 

Each of these circled entries represents an input condition and, 

regardless o:f" the complexity of the circuit~ must be a stable circuit 

condition. ,This means that the transition index for each and f:Wery 

relay must be O for these combinations. 

If the circuit is to be stable in ea.eh circled entry a~ mentioned 



.ahcive, a change in the input will be required in order to mak:e a..v eil.""" 

em.t changes. .A eh.an.gs in the w;put eo:rresponds te a horizontal move 

in the diagram of figure 5. A.Geordingly. the following ru.les m~ be 

statea..,.8 

l. Ea.ch eireled en try in a re,w of a. flow table indicates 

a stable circuit CQndition, and no further (ilianges will occ'tlr 

unless the inpu,t state is modifiedo 

2. Ea.eh @ircled ©ireuit condition within a row of a 

flow table ea.n lead to any ~ther eireuit eonditien in the 

same row • 

. To move :from entry 1 to entry 2 requ.ires a horizontal movement 

from column 00 tc e~lumn 01, and then a. vertieal movement from row on~ 

to i"O"il' two. Since coltllll.11 01 rew one immediately' leads to stable entry 

,,: ()0 10 11 01 

000 GJ 2 

010 3 ® 
110 ® 4 

100 5 G) 

101 . (i) 6 
-

001' l © 

Figure 6. Flow Table for Example l. 

If the requirement is made that eae",h Mange in input co111.di tions 

has a. peetilia:r internal or seeonda'ey' rela;r <allange, ea.ch uneircled entr;v 

will be an ,msta'ble state. ·!l!b.is means that at lea.st one relay must 

8IbU., P• 173. 



cient that one and only one relay be u.n.sta'ble at a.rcy- given time. I:f two 

rel~s a.re simuJ.taneously unstable a ra.ee condition will res'Ult. ~ as-

sure that one and only one relay be unstable at a. given time requires an 

individual second.a.ry rela;y combination for each rew. 

Assigning Second.ap{ Rel~. 

an S - dimensional. cube~ a closed sequence line that returns to the or:t-

gin with the last move. A elosed sequence line of length L is an:- pai.lh 

which. starting at a given vertex of the cu.be, goes threugh L vertiees 

of the cube subject to the eonditions: (l) no vertex ef the cube is 

entered by the line more than once, (2) the line travels only aJ.ong 

edges of the cube, and (3) the two-· e11.ds coineide,. Th.is assigmnent can 

be done in any table having an even n'!lI!lber of r.ows. The number o.f see-. 

ondary relays (S) required m~ be determined by the fellowing rule. 

In· a table of n rows, S seeonda.?'y rela.vs will be re-

quired such that 

For e:x:a."!Iple, if' a table has seven rows, ·three secondary rela.rs 

will be required s.inee 

However, seven is au uneven number and a. elosed sequence line ea.n­
$ 

not have length seven. ln this ca.se one row w'llld be added, Sine~ a 
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oncla.:ey' rel8tf'S will be required.. 

2 3 
2 <sq 

that the eombination 111 was a:voided.. A;f'ter all eight possible types 

oi' sequence lines had 'been tried& and no one l.ine showed .an advantage, 

it was decided to avoid. having all seeond.ary ~la.y-s on in 911"3' pat"t of 

the sequen.ee, thereby redu.Ging ptwer contl)l'mllptS,~n. Of l;llourse, when the 
s 

table has n = 2 r~ws this is not p~~iible. 

Si.nee, as previou\$ly mentioned, eaeh tmeircled entry is an 'tUlstable 

state, there mu.st be one and only cne '( = l oorreS',P()nding to e~ 'IIf.F 

circled entry. The mderlined entries in f igcre 7 ciorrespond to the 'l.m.-

circled e:n.t;rie:s in figu.re s ... The 01,000 entey in :fig'O.?'e 6 is an '!m,­

eircled two, which indicates au tu!.Stable state that will change to ei~ 

eled two or 01,0lOo 

V: 00 10 11 01 

000 000 000 000 010 

010 000 100 000 000 

110 000 000 010 000 

100 OOl 000 000 000 

101 000 000 000 100 

001 OOJ. 000 000 000 
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combination is 01,010 whiltllh is the eireled entry two and the eireuit is 

again stable. 

If the solution is to be pe@Uliar, only the uneireled entries in 

by making all blank sp&etis stable CJOnditions and the con.tJ:>;olliE.g eombinao» 

tions for an error rel~. ihM all entries in the "t' table will be zero 

with the exception of one 'C' = l in ea.eh entry preceding ea.ch interval 

of the O:J:"igi.naJ. p~plem., 

! Table 

!he S tabla is to show in e~tly what eombina.tions ea.eh seeonda.ey 

reley- is to opera.ta. Sin©.is 

"( = :a + r (rood. 2) 
or 

R :"{ + r 6ood 2) 

ea.eh entry in the S table ean be found by adding eyelieally mod two ea.ch 

entry in the '( table w:i:th the seeond.a.'ry rel~ state fer the same row., 

For e:x:ample, in :f'ig'rJ:t'e 7 the 01,000 entry is 010. Adding 000 a.n.d 010 

eyelieally mod two gives 010, and this then is the 01,000 entry in. the 

S table. 

After having eompleted the S table in the el:)(!)ve manne.r, the unused 

if desired.. This will usually simplify the cireuitry fer the secon~ 

tory in. the error eireui try, as will 'be seen later. !eb.ey a.1:'e net s~ 



:: 00 10 11 01 

000 000 · 000 000 010 

010 010 110 010 010 

110 110 110 100 110 

100 101_ 100 100 lOO 

101 101 101 101 OQl 

001 000 001 001 001 

011 - DON• T CARE 
111 

Z"" E Table 

Several times in this a.rtiele reference has been made to errors 

and peet!l.iar solutions.. ln many design problems it is essential that 

these be taken into account.. This article is intended to show a. tecllni-

that this system will eJ;w~s reqUire additional releys. although general-

on the rela;ys, but a proiblem will be presented later in this article 

Since any combination of pr:ima:r.y and se~ondal"'Y rel~s represented 

by the blatl.k: spaces in figore 6 are unwanted {:lOnditiens, the error .re­

lq should operate when and if they oceur. Thus an E is placed in ea.ch 

space corresponding to the blank: or error ~ondi ti©n~ of :f'igare s. !his 
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seconda:ey' rel~is oce'Ul:', the error relq r:moul.o. ope;i:,ate.. Thus the 
s 

Z ... l!I table will al.ways have n r.: 2 rows. 

;: 00 10 ll 01 

000 I E 

010 E :m 

110 E :m 

100 E E 

101 E E 

001 ':m :m z 

011 E E E E 

lll E E E E 

In this parti©ula.1." problem, an output was desired only in :i,n,tel""" 

val six. Therefore the Z entry will be the Bingle combination 01,001. 

If e' eont~ts are inserted in series with the Z network, output 

will be obtained cnly if there have been n.@ erro.rs. 

From the S a:nd Z = E t.ables to the final eireui.try is but a ma.tter 

of synthesizing eombinatiGnal eireuit!elc, Foll~wing is one solution, not, 

however, the only one as any~rie f amilar with combinational eireui ts will 

realize. 



----7···------

~b-----v1--

---1--- :x--i-----------

b v---y' i----a' .. --

/ 
... b'-v'--%--

·_r..--..... , e•-· -a.'---b--·,4---.x*···--·· yl ---

-• 
.----'a------

1----bi---1 

I 'X 

+l,_· __ a---,---~-a-• =-b-•~-"-'----
--v 

-. 

-= . 

---at-__;___. 

---v'---' --x 
·--- a•--b--,rL .. _ --Y'--------

a.1----'b1---- v----v• 

Figure 10. Altemate Circuit fo:r Example l. 

14 



15 

.AJ.ternative tq Huf'f~an° a,~©-±..! 

Although many problems 1n sequential swit~hing circuits ai~a ~o 

Hu.f:f'msn states that any :flt0w table with n rows cau be des.igned 

which uses e:xaetly ZS0 + l secondary rel~rs, where S0 is ·the least in­

teger that satie:fies the condition 

In other words, a:f'ter :possible merging, a condensed flo·w table w·lth n 

rows may not satisfy the require:me11~';s neiit'less~ to mak:e each :re,.,set9 con:,,, 

neeted with log2 n s@condary rel~s.. !:f this is so, it can still ·oe 

synthesized with 2S0 + l secondary relay's.. :By the proeedti.?'e o:f' th.ii 

article any p1·oblem :m.ey' 'be solved with S + l secondary rel~s, where S 

is such that 

should be used. Clauti(l)n must be obse:c:-ved in minimizing rel~., though, 

since it is po:ssi:ble that in so doing a m~h greater number of springs 
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CRA.PT.i:R II I 

COMP.AlUSON OF EBROR-DmTECTING AND HUFFMAN TEOBN.IQ,UES 

Methods Comparison 
10 

Huffman describes and nea:tly solves a problem o£ remembering., 

For comparison of methods, the problem will 'be presented, solved by 

this author's procedure and COll?J?a:red with Huffman• s. 

The circuit of Example 2 to be synt~esized has two output leads, 

each somewhat under the dire~t control of its respective input. Sta.t":b­

ing from coadition one (:for which neither of the inputs and neither 

of the outputs a.re grotmded) grounding of the .A. input grounds the z1 

output; gromding of the :B input gt>Ounds the z2 cutput. But sim'lll tan.­

eous grounding o:f' beth .A. and :B res'lll. ts in no ground at the output. In 

the latter case, no po.ssibility of a.:n. output ground exists ttntil the 

eircuit is rettt.rned. to condition one by the UXJ.grO'tmding of both input 

leads. 

In ease a grett;p.d on the z1 outpu.t lead was originally obtained it 

will remain until such time a.s it is :removisd by the SJ!>Pea.rance of a 

ground signal en the :B input cnly. S1mila.:rl:,, in case a. g:ro'llnd on the 

z2 output lea.d was originally iobta:lned, it will remain until s'flcll time 

as it is removed by an a.ppea.ra.nce ,o! a ground en t.he A input only., 

Since this is a. selecting sequential problem, i.e., one which 

gives an output depending tg;)(l)II. whie.h sequence the input follows, a see-

ond.a.'ry rel~ is added across the top of the flow table. !l'he addition 
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of a. secondary rela;r on top gives a. po.ssi'ble horizontal mevem.ent :f'~m 

an unstable state. 

fxooo 100 101 111 110 010 011 001 

0 (!) a,,. 9 @ E 6H @ G) FLOW 

l @ @ @ @ © 5'R' ® E TABLE 

0 00 01 01 00 00 10 00 00 
~ 

l 00 00 00 00 00 10 00 00 

0 00 Ol 11 10 00 10 10 10 
s 

1 01 01 11 11 f)l ll 11 11 

0 0 Z1 0 z2 E z2 Z2 Z2 
I Z-E 

l z, z, 0 0 z, 0 0 I 
' 

Th'lll!l, as seen in :f'igo:re ll, the two input seqtlBn~es ma.r be dis­

tinguished by the rela.r X, one being with X, the other without. 

From the S and Z .., E tables the :f'ollowing eireui t eq'tla.tions mq 

be derived. 

f (l) I!;: ab' + "3' 

f (J) = a.tb +x 

f (ZJ! ~ x1 ( a;y' + b';r + ab' ) 

f cz,; :a: :r• ( b :x + a• "b + a• x ) 

f (E) = ab~yt + a.'1.i'-q 

Fi.gwt>e 12. Circuit Eq'l/la.tions for Example 2. 

The resuJ.ting ei:rcuits ~ easil:, be drawn; and will be left fer 

the reader. 

In general, then, seleeting seq~tial circuits maw b,e designed 

by the .above proeed'll."f'e with the addition of seecndarT rel~s across 



the top of the f'!IOlw tabl1c1. The number ir;f :'!:'el~~ to be :plooed t1po:n ti,t® 

top depends 'tf{lc.u1 the number of sequen©~s t€) 'b~ di!Sltinguish.ed. Que ad.di= 

ti<>nal rela.r on top will di~tingUitlh between two in;put sequ~ces, two 

will distingaiah between :fom>0 :three will distinguish between eight, 

etc. 

In Huffman's solution of this problem three secondar;r rel~s were 

required. His now table is as shown in figure 13. 

~ 06 01 10 11 

000 © 2 3 10 

001 © ® 9 © 
010 ® a © ® 
011 

100 1 @ ® @ 

101 9 

110 8 

111 

Figure 13. Htd'fmu.• s Flew table for Example 2. 

There are several pc.H:Jsibilities of er?'@rsi in this flow table. If 

originally a. ground on z1 was obtained by input 1.0, and. then the in= 

put changes to ll~ the ciu.t:put is ti(') remain as Zi• :But if the circiui­

t?7 of relq Y were to have a. fa.uJ.t ca:a.sing '3' to beeeme 1, the rel.aw 

conditions ch~ge te 11,011. T.b.iS!l is a bla.nk entry in the flow table, 

and can only lead to blank tm.tries. In praetiee an extra :rela.Y to re= 

set the eireui.t would p~babl7 be requi:ired. But this m))\'ll..d, ra.is@ to 

:f'o'lll." the number fJJf :rela,ys required~ where the erroi-deteeting met~d. 

only requires three. Admittedly this iii an. ideal prrc&blem fer the 
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error-detecting method beli:la.'llse :fewer relays a.re req·lli~ed whicll ii the 

exception a.nd net the rUle. An example will be shown later .where the 

erro:t""'detectin.g method requires m.cire equipment than Huffman• s method.. 

The preceding problem was labeled by Hu:f'f'ma.n. as a 11non-idea.l 11 

. 11 
situation. · The following problem, Example 3. wa.s labeled a.s an 

llideaJ." situation.12 

This circuit is to b.ave two inputs and four outputs. The input 

restrictions are sueh that only one input lead mS¥ be grounded a.t .a 

time, a.."l.d. such that neither input lead m~ be grounded unless both ar.e 

f:irst ungrounded.. This li9.tter restriietion prohibits the transition$ 

in input state from 01 to 10 and vice versa. This ~ or may :not be 

a strict re.striction but if it i~ 9 some warning system should be pro-, 

vided sho~d this condition oGcur. 

Of the four output leads, one and only one is te be grounded at 

a time. With the second input 'Ullgrcundedn each grounding . of the first 

input le:,ad is to advance the position of the output ground 'by one step. 

See :figure 14. 

Adds One I 1 
A 2 

Input 3 
~ds B 4 

Switching 
Subtn s One 

I 

.Circuit ' 

Removal o:f the input greund is to have no effect tipon the output .. 

For example, if initially both input leads are ungrounded and the n~ 

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

llThid.. _, p. 280. 

l2lbid;.' p. 276. 



lead is to rem.ove the ground from the n:umber 2 output lead ead i.m"."' 

press the grotind 'instead. upon the .number 3 output lea4,. Subsequent r&-
, 

mov.al of the :tn:put groud is to have no further effect on the output. 

The grounding of the second input lead. on the ot;her h.au,d, .is to 

make the position of the output ground retreat )y one step. 

Since this is a selecting sequential circuit with twe possible 

input seqtiSnces, one secon<'iary relq will 'be needed ~ross the top ct 

the now table. See figure 15 •. 

u 
000 100 101 111 011 010 110 001 

000 (3 lOE 10,.~ :m E 84 E lm 
100 11 E ~ :m lil ~ E 2v: 

llO ~ 113 113 E I 51 E 2!: 
010 22 E @.; ll .E ©. E 33 

011 ~ 124 12A. E E 6~ E 33 

lll 3 
3 

E @4 I I ~ li1 44 

101 ~ 9 
l 

9 
1 

:m E '13 m 44 

001 44, E ~ E I ~ I 1,,.J 

1 Jigtnoe 15. Error-Detecting Flow Table for Example 3. 

If output lead :m:amber l is g:r.cmded at condition. one, a change in 

input state :to 10 will move to col'llllm 100 in the flew table where an ur 

stable ten is entered whieh causes .a meve to an.other ten, circled or 'l:01-

ei:reled. .in either the same column or the same row and adjacent to i.t. 

For the ten in eolunm 100, the n.e:x:t move would be te eclumn 101, whe~e 

an.ether ustallle ten is entered. This ten then will c~use a. ver.tic&L 

move to the next row. Notice that the secenda'l!'Y' rel~s a.re again as­

signed so t;b.a:t they wotll.d .form a closed sequence line on u. S-d.imen-- . 

sien.aJ. etib a. 
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by o:ne, so con.di tion ten must be a grettnd en output lead n~ber 2 •. 

The s'Uhsequent removal of the ground on input A will change the top 

rela.v state from 101 to 001, then to 000. This was not to affect the 

output, so entry two in eolumn 000 will retain the ground on output 

lead n'lmtber 2. Should the input then change to 01, the top rel~ 

state will be 010 where an unstable five is entered. !his causes a. 

change vertically to column 010 row 100. 

Each change in input state to 01 is to retreat the output ground 

by one step so eondition five m.ust represent a grotm.d on output lead 

nW!l'ber l. 

If the input changes from 01 to 10 or viee versa., the top rela;r 

state will change from 100 to 010, or from 101 to 011, or the rever.se 

of these two. !l!h.ere a.t"e no stable entries in the 100 eol'tlmn so a 

ehange from 100 to 010 will not happen unless it ·goes throngh the E 

entry first. 'Likewise any one of the unwanted iehanges will rest!l t in 

passing throtigh an E en.tx,y or stopping in one. 

The'(' and S tables were derived in the usual manner wit.h. the top 

seeond.a.'ry rel~ being listed first. Th.us the ent:ey- l 000 in the "'"C 

table means that the top or X seeonda.ry rel8i9" is in an unstable condi­

tion and a horizontal move will resuJ. t. See figure 16. on page 22 .. 

From the S and Z - E tables, :figures 17 and 18 on pages 22 a."ld 23, 
13 

the £inal circuit may be designed by means well established. · 

One possible solution is given by the algebraic e:x;pressi0ns .show. 

in f ig'ure 19 on page 23. 

13w. Keister, A.. E,.. Ritchie, and s., Wa.sh'b'tll"li, ~ Desiga of Switcl.1-­
~ Cireuitrt, ohs. 5 and. 6. 
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'tl. 
000 100 101 .lll 011 010 110 001 

000 0 000 l 000 0 100 0 000 0 000 0 001 0 000 l 000 

100 0 100 0 000 0 000 0 000 0 000 0 000 0 000 0 010 

110 0 000 l 000 0 100 0 000 0 000 0 00.0 0 000 1 000 

010 0 100 0 000 0 000 0 000 0 000 0 000 0 000 0 001 

011 0 000 l 000 0100 0 000 0 000 0 001 0 000 l 000 
' 

111 O 100 0 000 0 000 0 000 0 000 0 000 0 000 0 010 

101 0 000 l 000 0 100 0 000 0 000 0 010 0 000 l 000 

001 0100 0 000 0 000 0 000, 0 000 0 000 0 000 0 001 

~u 000 100 101 lll 011 010 110 001 

000 0 000 l 000 l 100 l 000 1 000 0 001 0 000 0 000 

100 0 000 O 1:.00 l 100 1100 l 100 0 100 0 100 l 110 

110 0 110 l 110 1 010 1110 1110 0 100 0 110 0 llO 

010 0 110 0 010 l 010 l 010 1 010 0 010 0 010 l 011 

011 0 011 l 011 l 111 l 011 1 011 0 010 0 Oll 0 Oll 

111 0 011 1111 l 111 l 111 l 111 0 111 0 111 l 101 

101 0 101 1101 1 001 l 101 l 101 0 111 0 101 0101 

001 0 101 0 001. l 001 l 001 1 001. 0 001 0 001 l 000 

Figttre 17. S Table :for E:Jtample 3. 
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000 100 101 111 011 010 110 001 

000 l 2 2 E E 4 E l 

100 l :m 2 E E l :m 2 

11.0 2 3 3 E E l E 2 

010 2 E 3 E l1l 2 E 3 

011 3 4 4 E E. .2 E 3 

111 3 E 4 I E 3 :m 4 

101 4 l 1 E I 3 E 4 " 

.. ' 

001 4 E 1 E E 4 E 1 
·, 

Figu.re 18~ Z - E t.allle for Example 3. 

f ( E ) = b ( a. + u ) + au' [' v ( r y' + :xy ) + v• ( :xy' + x!f y ) J 
:f ( Z ) =b'x[:'83' ( u+v) + a1 ( u1y 1 +uv )J+ a.•bu.lvyt l , . , 

:f ( Z ) ~ b'y' /:uv ( a• + x• ) + a.'u.':x: + a:v'x'J + a.'bu'v'x 2 1 

:f ( z3 ) =b'xLa.'y ( v1 + u' ) + y1 (av+ uv• )J + a'butvy 

f ( z4 ) = 'b1y £a• :x1 ( v + u1 ) + x ( a.vi + uv )J + a.•bu.:•v•:x:• 

f ( u ) = u r a + b + y ( :x:' v1 + XV' ) + y' ( v' :x: + v~ ) J 
+ ab' ["y ( :x:v1 + v:x:1 ) + y' ( v' x.' + vx )J 

;f ( V ) = v ( b + au' + at u ) + b' ['y ( aux + at ut xi ) 

+ yt ( a.ur + a,t u1 x)J 

f ( X ) = x [-a + a'y ( b + u' + v• ) + a'y' ( b' + u + v• )J 
+ :x' a.t v ( bu' + 1:1° u ) 

::f ·.( Y ) ;: y {: u ( a + b + v + :x: ) + u' ( a + b • + v + :x:• ) J 
+ y' v• a' ( b 1 :x: + b:x:1 ) 

Figure 19. Clircuit E.qua,ti.ons :for Example 3. 



CHAPTER IV 

:BEVIEW OF ERROR-D.liR'.EOTING TECEUQ,UE 

Pu:rpos,t. 

For some sequential eire'tlits the existence of races or the possi­

b.ility of errors eau not 'be tolerated.. Thi.s article describes a method 

for synthesizing circuits in such a ma:n.ner that races can not exist. 

and if a.n error is made, it is easily dateeted. 

This method will usually entail the use of more equipment than is 

necessary to get just a solution. It then becomes the enginee1•• s pre­

rogative as to whieh method is the mo~t advantageous. 

Proeedure .. 

1. From the given information, dete1"mine the number of discreet 

time intervals and ~ange them in the proper sequential order_ 

2. Form a flow table with one column for each possible eombinao--

tion of input leads. 

If' the problem is one of selecting sequenee.s. add the needed 

seeond.a.ry relays on top so that there will be one column for ea.cl:i. possi­

ble combination of these secondary relSiV'S and the primary rel~s. !he 

n.umbe:r of seconds:cy' rel~s needed ooross the top will be determined by 

rela;v on top will disti:ogui~ between two sequences, two between :fo't'Lt':, 

etc. If St represents the number of seeonda:t.7 relaw~ assigned to the 
L+S t 

top. the flew table will have 2 ccltmm.s, where L is th.a nwnbe~ of 

3• Assign the intervals detemined in 1 t~ the flow table so that 

there is one and only one per rortr. CH.:rele ea.eh antl°Y'• In the sele~ting 



entry to aru:rther. .. 

cd.:rcled. 

d.er so that they would :f'oi"'m a c.lo~ea. sequen,~e line on an S - dimens5.on-

have to 'be added to the t&il®• 

6. Label ea.eh tmcH:c,et,pied spac:e wi"bh au E, . indicating ·!;he error 
s 

eircuitcy.. If the table he.s leas tha:i:l 2 r~w1,;1~ the tm.used com.biuationlS 

of i::1econda1.7 :rel<%ftS mu.~t be inCllttded 1.n 'the e:r:,:~r ei.reui.tey, m-:i.lt ma;y !l!}l" 

m.ay not be inGluded as 6B&n• t care1~ eond:it:l.@n~ :i..n. th.e S ~irctdtey. 



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 should indieate an error. 

10. Solve by combinational methods the problem presented by th.e 

S and Z - E tables. 



GHAP!l!ER V 

StHMA'R.Y .A.ND CONCLUSIONS. 

A sequential switching circuit is a. combination. of twc, c:r more 

switches which are either eleetronicaJ.ly, mechauieall;r or manually con.­

·~rolled and operate in a eerlain sequence or order to pro duee some pre­

scribed output a.t any given t:1.m.e. The cb."eui t m11st have some method of 

rememberir..g what has happened in the pa.st. Then the past must be di­

gested with the present, and the eircuit must decide the .f'ut'Ul"e events. 

Several meth~ds exist for sy:athe~izing sequential swite.hing cir= 

cuits with ea.eh method having some advantage 01rer the others. However,, 

t,'lo outstanding disa.dvan..tages exist in every pre·deus known method. 

One is that the solution to a problem in mcist ea.sf.ls :i.s net peeulia-r tc 

that problem. That is, there exist other sequences for which the eir-,, 

emit wo'!!lld work squally well. If this is so the ei.1"euit ean not u.s'DBJ.­

ly indicate whether an error ha.SI been made. These errors couJ.d be 

either internal or external. A.notb.er disadvan:cage of e:xi:sting methods\ 

ie the dif':fie't(l ty in loca:ting rooe conditions and also determining 

whether these races are hazardous or n.ot. Race conditions are caused 

by two or more switclling dev1.ces being energized. .at the same time. A 

race then oeeu.rs 'between switches to ses w.hieh one makeei 01· breaks e.ion­

. tact f ir:st. 

A new method is introd:ueed in this work 'Whiro ga.aranteet the :fol­

lowing three things. 

1. The final seyluti~n will be peciulia:r to ·the problem. 

!L'b.a.t is, it will work for no other sequence~. 

2~ l:f a1'l error is rtu,td.e, either internally or externally, 



a warning ·will be given. 

3. .There are no possible races. 

The method is based on a. mQd1.1.'icatit::>n of the very important flow 

table techniques in·r.rcdu.ced. by D. A.. H'llffm.an. in the Journal of the 

Franklin Insti tu.a, March 1954. In order te eliminate races seeon­

da.ry rel~ combinations a.re assigned to ea.eh row of a primitive :f'low 

table sn.ch. that they would :form a closed sequence line on an S - dimer.t­

sional e'abe, where S is the n:omber of seoonda.ry rel~ys. Error dete~ 

tion is aehieved by entering ,mdesira.'ble eo;mb in.a.tions in a warning eir­

eui t. 

!his method also has its disadvantages. The main one is that it 

usually :requires additional equipment. Whether its advantages out­

weigh its disadvantages depends on the problem restriet:i.ons and the pel°""' 

eent of extra equipment required.. Its advantages are believed to be 

sufficient to warrant investigating by this method any problem that 

a.rises. 
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