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"A professor can never better distinguish himself 
than by encouraging a clever pupil, 
for the true discoverers are among them, 
as comets amongst the stars." 
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ABOUT YOUR lOGIC TRAINING AID 

Th [J()(ltl' Tran 11 g Aid tea dtt•elop((/ jol·/ahotaf,ry upc,.;m« nla
l logt en trsc by tile W1 tern 1:.'/l'cfrir. r.md tnfr. Engincuin!l 

Tra 1 g Cotcr 1n Winston-:'alcm. N01·tlr Co1·oli1ta. Buau:.;c nf itx xirJ· 
fi a t alt 1Jl the practical application oj mat/1( mafiral/y dair·cd 
r 1 t , a 1 m tal quantity of the Train:ng Aid.~ har·c been prO<I!Icell 

fnr d tnb ti ' to collcg mzd tmit·rrsitics. 

1 (orn ation it tl1is booklet i.~ designed to git·c xtudentx a ba.<~is 

1 k 11 req urcd fnr dcr1IO]Iing lo!Jic circllit.-;. Crrcrtitry thw~ de!'cl
,pcd t ay b wmd into the /,ofJic Traininq A id fo1· detenninaf i011 of 

{i1 al re ltll.s. 
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THE LOGIC OF RELAY CIRCUITS 

A <'lfl'Ull dl•s•sml'l' in discus..-<in~ the acti f . • . . . 
as "t~ll." "rcml·mbt.>r .. "k " d .. on?. a •elay CirCuit Will often use such word~ 

· now, an choose · words wh' h red 
rataonal mental actions and wt express with s • . . IC are app I normally to 
performed Ill automatic switchin~ sv~tems T~rpn~•.ng accuracy the nature of actions 
mdepcndl•nt thinking on the part of.the un;ts be :c IOns, ho~ever, are not a result of 
l'(':;ponse to control sijZnals. The designer h~ ~n~y~ ~~~i~~att~e nat~e of automatic 
detennined what shall hi! done for each one and built into the •coonnstw l•ch mhay .occur, 
mC'ans for · · h · . ' ro mec amsms a 
"k · . .. ·hn?COI.t111ZII11( t e situations and reacting accordingly. The machine then 
. llO\\s "' at t~ do for a dl:fimte set of circumstances and is a ble to a nalyze a combina

ll?n of prl'CO~Cl'l\'l'd cond1t10~s a~d produce for each condition a result which a rees 
\\1th the pn'Cist> pattt•rn of log1c la1d out by the designer. g 

, Thl' ways in_ wh1.ch :omplex relay circui_ts such ~ t hose of telephone swi tching sys
t~ms P<'~form lo~cal actions cannot be explamed eas1ly, without considerable discussion 
of 1l'Chmcal deta1ls of lh(' .systems in which they a re used. However, a general discussion 
of a ~ew ~undamcntal ld('as with simple exa mples will illustrate that the design of these 
C1rcu1t~ Is basically _a pr~ess of constructing a relay analogy of a cha in of logical 
rea...anmg 111 wh1ch b1t..'l of mformation are received and correlated a nd suitable actions 
taken. 

Contact Networks 

A pa1r of matmg contacts for making or breaking an electric circuit which will be 
called .simply a contact, is basically a 2-valued device. At any given time it is either 
oJ>('n o r cloS£•d. In this respect a contact corresponds to an "open or shut" proposition 
in logic which can be demonstrated under given conditions to be either false or true. 
A 2-terminal network of contacts is similar to a single contact in that it is either open or 
clo:;ed for any giv<•n ~t of conditions. By 2-terminal network is meant a network con
sisting of individual contacts connected together in a configuration which provides but 
two t•ntry point.-;. Such networks connected in a circuit wi th a battery can control the 
actions of relays in a complex control circuit. A 2-terminal network corresponds to a 
proposition whose truth or falsity depends on the truth or f~sity of a ~u~~r of indi
v1dual propositions, the individual propositions correspondmg to the md1v1d~al con
tacts in the network. Tht• development of a contact network to perform a certam fun~
tiou is an l'X!'rcist• in logic of the kind which is used in building up a proof that a certam 
statt•nwnl is trut• 01 false by demonstrating that a number of other s~atements are tr~e 
01 falsP . .Furth<·rmon•, the arrangement of the individual contacts m ~he network IS 

similar to th!• w;1y thl• var1ous statements are related to p rove that the g1ven statement 

is true• or false . 

terminal contact networks correspond to propositions which may sometimes 
be trut: nd at other t imes false arnd not to propositions which are ba.'>ically true. (These 
would prove to be short circuits.) For example, the proposition that "the 5:30 train 
will arrive on time" may be either true or false and will depend on the truth of a number 
of other propositions such as (a) ·'it left the last station on time," and (b ) "the track is 
blocked." The original proposition may be true if proposition (a ) is true and (b) is 
false. The use of a false proposition to prove the truth of another corresponds to the 
use of break contacts on a relay which close a circuit path only when the relay is not 
operated. A relay may control two types of contacts, both makes which close when the 
relay operates and breaks which open when the relay operates. A complete relay may be 
compared to a proposition whic'h is sometimes true (operated) and sometimes false 
(released) and the contacts on th is relay correspond to the use of this proposition in 
proving other proposit ions. A r!llay circuit t hus is a collection of open and closed 
propositions. 

Requirements for relay circuits are usually stated on a cause and effect basis; that is 
when "such and such" events ha]ppen in a certain way, certain effects will be produced. 
If a clear logical statement of t he relations between certain causes and the desired 
effects can be made, it is usually- a simple matter t.o construct a circui t of relays con
trolled by contact networks whiich is a na logous to the logical statement and conse
quently produces the desired resul ts. Fla ws in the logical reasoning will produce con·e
sponding flaws in the circuit leading to inoperative conditions. Also restrictive conditions 
such as apparatus limitations may not always permit us to use the simplest straight
forward solution. 

The causes, constitu ting the· input or control conditions for a relay circuit must 
result, directly or indirec tly, in the closure (or opening) of an electrical contact suitable 
for operating a relay. Thus the control conditions may be: the manual operation of a 
push button; the closure of a con tact by the mechanical motion of some instrument or 

!!..o-!41- ~· I OUT 
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A AND B, OR C A ANDr B OR A AND C A OR 8 OR C. AND D OR, E AND f 

F'i{Jiu·e 1. Ci1·cuit net wo!·ks as ,,/atrmcllls of conditions for rlo.'li11{1 a path. 
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mach_ine; th_e in_::~ertion of a plug into a jack; or the closure of relay contacts in oth 
a..--socmted CirCUits. er 

H the purpose of a _relay circuit is merely to recognize the simultaneous occurrence 
of seve~~ control cond1t1ons and produce some output condition when this combination 
of conditions occurs, the correspondence between a statement of conditions and a relay 
contact network IS very close. For example, if a lamp is to be lighted when two push 
button contac~, A and B, are both operated at the same time the statement of condi
tl~ns fo~ hght1~g the lam~ is "A is operated and B is operated." The circuit path ob
viOusly 1s a senes connectiOn of make contacts. On the other hand, if the conditions are 
that the lamp s~all light if "A is operated or B is operated," the circuit consists of a 
parallel connectiOn of make contacts A and B. In the foregoing statements the words 
"and" and "or" have been italicized. These conjunctions in a careful statement of condi
tions for closing a circuit indicate whether a paralleled or series arrangement of the 
contact~ is to be used, and indicating a series connection while or indicates a paralleled 
connectiOn. 

The same process may be applied to more elaborate statements. The path which is 
closed when "A and Bare operated, or C is operated" is the series parallel arrangement. 
of Figure l(A) while the circuit which is closed when "A is operated and B or C is 
operated" is shown in Figure 1 (B). A still more elaborate example is shown in Figure 

IM OUT 

A AND NOT - I , 01 , NOT- A AND I 

Fi{IIITf' 2. u.•(' nf brrnk Nmlacts. 

HC) where the path is closed when "A is closed or: B or C, and; D or, E and Fare 
closed." The punctuation of the statement may become quite complica~ed bu_t t~e 
above examples show that an accurate analysis of the requirements for closmg a c1rc~1t 
will indicate directly a series parallel arrangement of the contact network. The pomt 
is not that a verbal statement of conditions for closing a circuit path is necPssary or 
desirable but that the mental processes required in constructing and punctuatmg such a 
statement are the same as those required in designing the network. Note that the or 

. d' t' g a parallel connection is not a mutually exclusive term. A parallel connection 
m 1ca m · · h' h · I d h "A B both losed " of two contacts A and B is a c1rC:U1t w 1c IS c ose w en or or are c . 

It is important that statements of cir~u.it conditions mean ~reci_><ely what is intended 
For example, consider a statement descnbmg the control of c1rcu1t paths X and Y by 

tacts on relays A and B, "When A operates, path X 1s closed but when both A and 
~o:perate only path Y is closed." This does not sp~ifi~lly state the co~ditions for 
closing path X. What is meant is that X closes when A 1s operated and B IS not oper-
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Figw·e9. Simplification b:y restatement. 
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atcd." When it is necessary to ~.tate that a relay is not operated or some condition is 
not present in order to describe a control condition the use of a break contact is implied. 
Another example is a statement such as "the path is closed when either A or B is 
operated" where the or is mutually exclusive and the circuit is open when both A and B 
are operated. A more exact statement of these conditions is, "A operated and B not 
operated, or A not operated and B operated." The circuit is shown in Figure 2 where 
transfer contact arrangements are used. 

After a little study it becomes evident that the sketch of a network of contacts cor
responds to a concise statement •Df conditions for opening or closing a circuit path. The 
most concise statement of a set olf conditions or, in other words, the contact network pro
ducing the desired results with the least number of contacts, is often reached only after 
:oeveral trials and restatements of the conditions. As a simple example, the circuit which 
IS closed when "A is operated and B is not operated, or, A is operated and C is operated," 
as shown in Figure 3(A), may be: restated as a circuit which is closed when "A is oper
ated and: B is not operated, or C is operated." Since the element A is mentioned only 
once, a smgle A contact is sufficient as shown in Figure 3(B). 

7 



The practicing circuit designer seldom makes actual verbal or written stntt•mcnt.q of 
circuit conditions, but sketches the circuits themselves as the most direct wav of ex· 
pressing the requirements or conditions of a circuit. Often the ori~inal circuit ~ontwn 
many superfluous contacts, the important point at this stage being to insufl' that the 
various contact nt>tworks art> closed for all required conditions and not closed for nnv 
conditions likely to produce unde:;irable reactions. ~ext come; the procl"'-' of simplifl· 
cation, an elementary t•xample of which was shown in Figures 3 A and 3(B). All of this 
requires considerable attention to detail and logical analy,-is. The de:<i![m·r mtt-t ko~·p 
in mind the positions of all relays of the circuit at any given time, and must \'isualiw 
the reactions which take place when a contact network closes to opcratt• a rl'lay wh~ 
contacts in turn open or clo~ to cause other relay::; to act, causing still furthl•r Mlrtion.s. 
An experienced dt>signer often conceives his original circuit network in th1·ir f<imphlio~l 
forms. After a certain amount of practice, intuition for the construction and simphficn· 
lion of contact networks dt•velops from the repeated application of IQ!lic to prohlt•ms 
of cause and effect. 

The algebra of logic, or 8oolean algebra, has been applil><l to problt•nb of l'nntal'l 
network configurations. This is a 2-valut•d algebra which cll'als with prOJX>Sillons an 
logic which are either ta·ue or false. Since a contact also is 2-valul'<l. th•· thl·on•m oft ha~ 
algebra concerning the combination or sevt>ral propositions into a sinllll' proposttaon 
also apply to the combination of contact.~ into a single 2-terminal nl•twork. \\'ho•n :1 
network which meets n•quiremL•nt.<; has been de,·ised from a study of tht• eondataon or u 
problem, this algebra can often be Ust'<l to grl•at advantalle in s1mphfymg tho• nt•twork 
and eliminating superfluous t•IL•ments. 

A different t.YPl' of n·asoning often l••ads more dirt>etly to tht• do 'll'ell form of a con
tact network. This is, thinking in terms of open rircutl.'- or corL,iclcnnK th~: conchlaon 
which must open a circuit path, r;1thcr than thO."t' which clo,..,• at, and olcsagnmg n net· 
work to ~atisfy tht":>t' Opt•n circuit conditions. Thi,. can be charactenu'(l ns negaU\ • 
rea'<oning. For example, considt•r a network on the contacb of t\\O rt•la> , \ und B. 

Ill 

Ti Oi.!.,OUT ...-...~ _ ___.-+== 
I A I EQUIYALEIIT Of 4A 

I ll 
IIECATIYE Of 41 

I Cl 

h "A d B .11 ... 1·hlt•'l"'<l or A as. op<>ratl'(l and 8 b released, or. . • b Josed w en an • • ' • ·~ • • . . . 
whach must e c • ed .. The network corrcspondmg to thas statt•menlts shown Ill FaRurc 
:\and 8 a~ ~perat a~alvsis oft he conditions shows that the path is clo~·d for three ~f 
4(.\). Howl'\ er, an' b. · . . whl'ch \ ·tnd B m·n stand orwratt•d or rell'ased, and b .. 'ble corn mallons m ' • ' · . . · 1 
the four J>0""

1 
. 1 .. --' d B ·1" O""l"lh'<l This analYsis p;1ves us the CllUI\'a cnt I . hen ~ 1s re ea.~ an ·' , .. • . ·. . · . k 

oJ.l(·n on) w ·. 4 B h · h . open only on thts condttton and consast~ of a m.1 e drcuit :<hown Ill Ftgure ( . w IC Is • 
cont:tct on A in parallel w1th a break on B. 

· h d't· n "A rl'lu·t"od •tnd B OJWI'.Itt•d." Tht• CirCUit closed for this ~ con~1der t e con 1 10 " . .,. • . ,. h' · 
• •

0
"' a b~eak on A in l-.l'rtes with a makt• on B 1s shown m F 1gurc 4((' . T ts carcuat, 

ronduton, h f F'. e 4(8 ) is clost'<l 'lnd clost•d wht•n 418 as open. The two ~(C) ' s Of~.'ll when t at 0 lS(Uf · · ' · ·--' f . 
'I! •• id to be "neRati\'eli" of each otht•r. ~:ith••r o1w or tht• otht•r 1s clo:<eu .or an) 

rarruab ar~rsa d.t. n. butthcy are nt•vea both closl'd at tht• same timl'. C'ompann~~: the 
"''''11 "'to con 

1 10 
s · k t •·· th other 

" . • · L'' 4(Bl. nd (C') we see that wh<.>rt' o1w cont:uns ma e con ac ... ., e . 
rtrrult" of r tp;ure a ' . · b . . · .. 11 1 connection 111 · . break contacts and a sencs connectaon an OIW <•eo m<·~ .1 J>.lt .1 e . 
contaahns I t . out to ..... 't "<.'n<.'l"ll rult• that the "twgatav<•' of any s••nes parallel 2-tho• ot .,r. t urns "" ' " • . . b k t l' r 0 

· 1 t 0 k of co11t·1ct~ c·1n br conslruct<•d by substttulang n•a con ac s r tt·rrntna nc w r ' ·• ' · 

IIETWOU IIECATIVE 

IIETWOU IIEt:ATIYE 

Era,lpl~s "' llt'lll'tnks trllrllht ;, llf'!/flfil'f'/1, 

makt• contact..-; and vice ver.:;a, :~nd inlerchanscinp; senes and parallel connections. Two 
exam pit-s are shown in Figure 5, Obviously a circuit can bl• constructed directly from a 
stm~:mcnt of conditions for 0p4~ning a path by changansc ml'aninp;~ of and and or to 
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ALUM CIRCUIT UTWOIII 
I AI 
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AlUM CIRCUIT WIRI•C DIACUM 
Il l 

F'rgUTI li Jl/nrm rirrurl. 

oftt•n lewls rncm• din-clly to simplified circuit arrangements. I t may be used as a check 
on crrcuit arrangt•ment.o; obtairwd by direct reasoning and the ability to readily co~str~ct 
thc• rll'scatiw of any scrvt•n circuit is a convenient tool in developing relay control crrcurts. 

Example 1 

1\ow ll•t us c·on ,1dc·r a 1;unplc• probl t•m in logic to illustrate how a conla~t. network 
analogy may I If• c·on lrucU•d, choosrng a problem which is obviously one of !ogre and noL 

· 1 · ·ts In this it will be seen that in order to develop the circuit the logic electrrca crrcur . . . ... . · 
1 

· h 
. be letely reasoned th.rough. When thrs l0g1c has ut~n mcorporate< m t e 

must comp d "11 d 1" h · h · "t th circuit then "knows" the correct answers an WJ e 1ver t em Wlt out 
crrcur • e · · r h 11 k " If t d bb " error. The problem is a simplified vers1on o t e we nown wo , goa , an ea age 

~~= . 
A farmer has entrusted the care of a goat, a wolf, an~ a _quantity of cabbages to a 
l · telligent hired man. These items may be kept rn erther of two barns. If t he 

not- oo-m . . h"l h h" If . 
t · left alone with the cabbages rt wrll eat the cabbages, w 1 e t e goat 1m,;e Is goa IS • • . • . 

b·ect to being devoured by the wolf rf the hrred man rs not present to mtervene. 
su J h. h" h · · f k .,.., The farmer desires a device to check on the 1red man w ·~ rs to com11st o . eys n , 
G, c, and M, representing the wolf, goal, cabbages, a_nd h1red man, re,;~ctrvely. By 
observing the contents of one of the barns and opera:mg the_ correspo~drng keys, t he 
farmer is to be warned by t he lighting of a red lamp rf the hrred man rs not properly 
fulfilling his duties. 

Figure 7. Check cir~uit. 

For a logical analysis of t he problem, first consider the situation in a particular barn 
under observation. If t he hired man is not present and the goat is pre,;ent with the wolf 
or the cabbages, trouble will occur in that barn. A more conci~ statement is "~I absent 
and G present and, W or C prE.'SI>nt." Items ab:;ent from one b~1rn must be present in 
the other so that a similar statemc>nt concerning rtems not observed deserib..>s conditions 
for trouble in the other barn. T he statement rs ":\1 pre:;ent und G ab:;ent and, W or C 
absent" Networks can be constl"ucled from these statl.'ments, "present" indicating a 
make contact and "absent" a break. Since lroublt.> wrll occur rf one or the other of these 
statements is true the t wo networks must be placed in parallt>l. This is shown in Figure 
?(A) where a bar over a designation indicate~; a brl.'ak contact. Thl' \.'quivalent schematic 
~s sh~wn in Figure 6(B). Wit h this deviCt' it is lll'('\.'ssary only that a Pt't""Son be ablt> to 
rdenttfy the items in one or t he barns. No analysrs or l'Wn knowledge of the habits or 
wolves ~r goats is required . T he c:onhwt rwtwork han ng bl'l.'l1 dt'wlopt>d to cotTt>spond 
to a logrcal framework will exa mine input conditions to produce answl.'rs according to 
this logic. 

ll 



:-\o'' suppo" that tht farnwr, aft!'r usin~r the fort•going dt>vicc for ~Om!' tnnl' and 
losmg n qu.mtll\ of cahh.t~t's dut• to a burned-out warning lamp, l"l'QUl'st~ that a gtl'l'l\ 
l.unp .tlso lxo prm ult~ltn mdtcalt• as a cht-ck that condition:; are satisfactorv Thus, tht• 
rr'<i lamp \\'Ill hght \\ hPn tht' hirt·d man 1s in trouble, and the l!'l"l>en lamp wlwn tht• 
1t uatwn 1:s und!'r t•nnttol. For this circmt we may simply con~truct lht> tWJ."(ativt• of 

h,S.!urc tl \ \\ 1thout ftu tht•r ,\ll;th sis of t ht• probll'm. The resultinJ."( ndwork 1s shown 111 
hi!UI"\: i \ w lm·h 1s th•• twgatiw of Fil"!\11\' 6fA). An exJll•rit>ncl"<< dt>slj:(ller will combml' 
a nd n:•.m.lllgl' tlw C"omph•te t'lll'Uil for both lamps in the l'QUivalent form shown 111 

F1gun: !'-.. \\ e lean> to t lw n •adt·r tlw dt'slgn of a suitabl"' carrymg cast' for the dPvict>. 

M- tillED MAll 
e- COAT 
W- WOlf 
C- CUUCES 

f ' rg trt • r 1' 'tl rt llJf r ,JI Innltii/Oiarmandl"h,,rkorfious. 

A SIMI'U IIIDCE CI I CUIT 
I A I 

I lfJ trc 'I /11 "'11', ut·niiH, 

SUIES- I'UAllH EQUIVALENT 
I l l 

h A Peels of Contact Networks furl er s 

Th h m·1nd seems to function mo,;t oftl'n in an "and-or," or·. t·nt'S-jJarnllel type e uman · · . 
· . d 11 networks developed dirl•c·tly hy pr<>Ct•,.,..;;;e;; rfp,cnhetl before are of t he reasomng, an a . · k • d . 11 1 t\'"" B,. usinJt bndge-t)'Jll' configuratrons, a c·ontact networ ma) e-scn~-para e · ,..~. ' · · I I d · ·be . t of conditions much more conCisPI)' than 1t may J<.! state< Ill wor "or even 

scn a se I f h . I h · h bo t This can be shown bv the examp t· o t t· two Je.a ou,.. WIVe:< w ose thoug t a u · · . . · 
b d may not take a canoe ride with the otht·r w1ft• exct·pt 1f ttccompamt>d by a 

hus an s k · · 1 ----• b h The conditions for a coOuple to ta l' a can()(• tnp arc conc1,.,e y exprt"'-"""-' y 
\~~r~nr~ugh the bridge network of F1gurc !l A) w.ht•n• _w I and \\'2 represent the t wo 
P H 1 ~nd H2 their respective husbands and ( dcslgnat<•,.. the chaperon. WIVCS, u 

A bridge-type network is one which has ?ne or mo~e cross branch~s between par~.l1el 
branches. Figure 9(A) is an example of the s1mplest bndge, and a senes-parallel equiVa
lent is shown in Figure 9(B) where it is ncce~ary to duplicate a number of the con
tacts. The conditions for closing t h is bridge network consistmg or five contacts cannot 
be described adequately by mentioning each contact only once. A circuit network 
developed to satisfy given requirements ol'iginates usually as a series parallel arrange
ment. There seems to be no general method for converting a given series-parallel net
work to a bridge network, or even determining that an equivalent bridge network is 
possible. Bridge networks with their resulting saving in contacts are developed usually 
by inspection and trial, followed by a careful check that the bridge is opened and 
closed under all the conditions of the original problem. 

A given number of relays or switches ,n, may stand opt•n or elo,..,'<l in 2n P<>-"'>'lble 
combinations. That is, a single relay may ~ l'lther operatt•d or rl'lt•ast><l, two ''l'lay:<, ~-\ 
and B may stand in four combination~. namely, both rl'lt•a,.t'<l, A operatt'(l. B operated, 
or both operated. Three relays give e1ght combinations and t•ach additional relay 
doubles the number of combination~. A circuit path can lx• dt•wlOJ>l'<l for rach of these 
combinations which is closed only wht•n this combination oct·urs and opt>n during all 
others. In fact, a network can be de\'t•IOJ)l'<l which is clost'(l for any st.'t of combinations 
and open for all others. In the p1·oblcm of the rarnwr tht•n· ;u·t• 16 ways in which the 
wolf, goat, cabbages, and man can bt.• plact'<l 111 and out or tht• barn and tht> circuit for 
the red lamp is closed for six of theSl' combinations. A routirw nwthod for con,.tructing 
a network closed for any set of c·ombinallons (lf J.!ivt•n rdays is to first l'Onstruct the 
path for each individual combination. Eat•h or tlwst• t•onsists of ·' sl•rit·s chain of ont• 
contact on each relay, the contact. bt•ing a mak1• Ol' a bn•aJ... dt'pt•ntlinJ,t on whether the 
relay it operated or released in that t•ombination. Tlw final IWtwork ma\' ne obtaint>d 
by placing all of the individual chmns rn pamlll'l and simplifyin~ th1• n•sul.tinft rwtwork. 

A surprisingly largt' numbt•r o,f distilll'tly dtll'l•n•nt paths ma) lw t•onstrm•tt•d on thl' 
contacts or a ft>w relays. C'onsicll'l' Uw (';IS(' or tWO n·lays whtdl 111;1) stand rn for dlfTt>t't'nt 
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CIRCUITS 

A 8 

0 * u--
~ 

3 
t r-~ 

4 0 * b.-
~ 

~ 
t ~ 

6 ! * I 6 
l ~ lr] 

a ~ 
t UJ 

9 --<>-{= + • 0 

10 

CIICUIT ClOSED 
FOI COMIIUTIOII OF 

IEUYS OPEUTED • • • IIOIIE OlllY AIID OlllY 

• 
I 

X 

X X 

X 

l 

l IIIDICATES ClOSED 
- IIIDICAHS OPEII 

X 

Fir1un Jn. Th1 lr11 difftrrlll rircuil., on the contact.~ of tzco 1·tlay8. 

combinations. The four combinations may be designated as either open or closed in 16 
ways, and 16 corresponding circuits developed. Of these, one is an open circui t, one is a 
closed circuit, four require contacts on only one relay, and the remaining ten require 
contacts on both relays and are all different. These are shown in Figure 10. For three 
relay, the number of distinctly different arrangements is 218, which indicate how rapidly 
the complexity of a relay circuit arrangement may increase as the number of relays 
increases. 

THE BOOLEAN ALGEBRA OF 0 AND 1 

The Boolean Algebra of 0 and 1 is a mat~ematical system composed of these two 
elements. These two elements a~e not the ordmary ~ and l of our num_ber system, but, 
in many respects, they ~~ave_ JUSt the same. In th1s system, there w!ll 1x: two opera
tions: addition and mult1phcat•on. Hence, one knows how to add and multiply the two 
elements. The variables will be denoted by~, Y, Z, W, etc. One must remember that 
this system is quite simple because these vanables can assume only the values 0 and 1. 

Our postulates, or assumptions, an!: 

1.0·0 = 0 

2. 1 + 1 = 1 

3. 1. 1 = 1 

4. 0 + 0 = 0 

5. 1 • 0 = 0.1 = 0 

6. 0 + 1 = 1 + 0 = 

Only one of the above postulates would give anyone any trouble in our everyday 
arithmetic. Please note that no interpretation has been placed on the two elements. 
We will do this in the application of our system later on. We will now prove some 
theorems without any interpretatit::m on our elements or operations so that we may 
use these theorems in any situation in which our postulates hold true. The proofs will 
be by exhaustion in most cases. 

Theorem 1 o: X + Y -= Y + X 

Theorem 1 b: X • Y = Y • X 

Proof of Theorem 1. 

X y X -1-Y Y + X X y y • X 
0 0 

.. 
() 0 0 0 

0 
0 0 

0 0 0 



Theorem 2o (X-< Y) ~ Z X + (Y+ ZI 

Theorem 2b 
Proof of Theo,.m 2 . 

(X · Y) • Z X • (Y • Z) 

X y z (X+ YI IY+ ZI (X+ YI+Z X+(Y+ Z) X. y y .z (X· Y • Z) 

0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 

0 0 0 

0 0 0 0 0 0 

0 0 0 0 

0 0 0 

Theorem 3o X· Y + X · Z = X · (Y+ ZI 

Theorem 3b (X+Y) • (X+ ZI = X+ Y • Z 
Proof of Theorem 3 . 

X y z X·Y X · Z y. Z X· Y + X· Z X(Y+ ZI X+ Y X+ Z Y • Z IX+YHX+Zl 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 

0 0 0 

X • (Y • Z) 

0 

0 

0 

0 

0 

0 

0 

X+ Y • Z 

0 

0 

0 

Proof of Theorem 4. 

Proof of Theorem 5. 

X 

0 

0 

y 

0 

Theort·m Ao X + X • X 

Theorem Ab X • X • X 

X X+ X X· X 

0 0 0 

Thec1rem So X + X • Y • X 

Thec1rem Sb. X • (X + YJ • X 

X • y 

0 

0 

X + X·Y 

0 

0 

X + Y X • IX + Y) 

0 0 

0 

0 0 

A m•y. concl'Pl y, j(l bt· intm<lul'\.'<1 110\\ l:alli.'<l :X X means not X Hen~. f 
thl· \'ahll' I. thl•n X h:t.'< thl• \'nlul' tl, or, 1f X h: the\ .llue 0, then X h the' lue l 

T 

Theoretn 6 lXI X. 

Proof of Theorem 6. 

X 
.,.. 
{ X) 

0 0 

0 



Theorem 7o: (X + Y) =X . Y 

Theorem 7b: lx=-Yi = X + Y 

Proof of Theorem 7. 

X y 

0 0 

0 

0 

X + Y x y IX+Yl 

0 

0 0 

0 0 

0 0 0 

Theorem So: X + X = 1 

Theorem Sb: X • X = 0 

Proof of Theorem 8. 

X X·X X + X 

0 0 

0 0 

x . v 

0 

0 

0 

X. y {x:--r) 

0 

j 
0 

0 

0 

Theorem 9o: 0 + X - X 

Theorem 9b: l • X ~ X 

Proof of Theorem 9 . 

X 

0 

O+X 

0 

X 

0 

The-orem l Oa: 1 + X = I 

The-orem I Ob: 0 • X = 0 

Proof of Theorem 10. 

X I+X O •X 

0 0 

0 

X + Y 

' • 
0 

The-orem 11o: X (X+ Y) - X Y 

The•:>rem 11 b: X + (X Y) - X + Y 

Proof of Theorem 11 . 

X y x x+Y XIX+Yl X • y X·Y X+X y X +Y 

0 0 0 0 0 0 0 

0 0 0 

0 0 0 0 0 0 

0 0 

The proof of theorem 11 will now be given by using previous theorem. This is the 
method that one usually follows in mathematics. 

Proof of Theorem 11 a . 

X • (x + Y) = X • X + X Y by theorem 3o 

=O+X · Y by theorem 8b 

= X • y by theorem 9a 

Proof of Theorem 11 b. 

X + (X • Y) = X + Y • X l!>y theorem I b 

=(X + Y) • (X + X) by theorem 3b 

= (X + Y) 11 by theorem Sa 

= (X+Y) by theorem 1 b and 9b 
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Theorem 12o: (X + Y) • (X + Z) • (Y + Z) = (X + Y) • (X + Z) 
Theorem 13o: (X + Y) • (X + Z) • X • Z + X • Y 

Theorem 12b: X • Y +X • Z + Y • z = X • Y + X • z Theorem 13b: (X • Y) + (X • Z) - (X + Z) • (X + Y) 

Proof of The orem 12a. Proof of Theore m 13a. 

X y z x X + Y X + ZY + Z (X + Y) • (X + Z) (X + Y) • (X + Z) • (Y + Z) X y z x X + Y X+Z X • Z X·Y (X + Y) • (X + Z) X·Z + X· Y 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 

0 I 1 0 0 

0 0 

I 
0 

I 
0 0 0 0 0 0 0 0 0 0 0 0 

0 0 
1 I 

0 I 
0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 

Proof of Theorem 12b. Proof of Theorem 13b. 

X y z x X. y x. z y • z X·Y + X·Z X·Y + X·Z + Y . z X y z x X • y x. z X+Z X + Y (X • Y) + (X • Z) (X + Z) • (X + Y) 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 
0 0 0 

0 0 
0 0 

'? I 



Proof of theorem 13o by using previous theorems. 

(X + Y) (X + Z) - (X + Y)X + (X + Y)Z by theorem 3o 

- X (X+ Y) + Z(X + Y) by theorem 1b 

- (X X + X • Y) + Z(X + Y) by theorem 3o 

- (X • X + X • Y) + Z(X + Y) by theorem 1 b 

- (0 + X • Y) + Z(X + Y) by theorem Sb 

• (X • Y) + Z(X + Y) by theorem 9o 

• X • Y + Z(X + XY) by theorem 1 1 b 

• X Y + (Z • X + Z(X Y)) by theorem 3b 

• X Y + (Z(X Y) + ZX) by theorem 1 o 

• (XY + Z(X Y)) + Z X by theorem 2o 

• (1 (X Y) + Z(X Y)) + Z X by theorem 9b 

- ((X Y) • 1 + (X YIZI + X Z by theorem 1 b 

• (X Y) ( 1 + Z) + X Z by theorem 3o 

• (X Y) • 1 + X Z by theorem 1 Oo 

- X Z + (XY) • 1 by theorem 1o 

• X Z + 1 • (X Y) by theorem 1 b 

• X Z + X Y by theorem 9b 

We will now place a physical interpretation on our abstract mathemlltical system. 
Suppose we say that X, Y, z. W, etc. are electrical switches. Suppose we interpret the 
"0" above as the switch being open and the "1" above as the switch being closed, or on. 
Now we have to interpret the + and the • in our system. By X+ Y, or switch 1 + 
switch 2, we mean that the switches are in parallel. By X • Y, or switch 1 • switch 2. 
we mean that the switches are in series. Hence we have: 

---1-Y--
I•Y --{:}-

I+Y 

We will now check to see if our postulates are true with t his interpretation. 

1. Open • open =open 

t• / /_ •• = ..!__/. •• 

2. Closed + Closed = Closed 

.-Q--. = • • 
3. Closed • closed = closed 

•• •• = •• •• 

4. Open + open = open 

~]--· -· --~~-----~· 
5. Closed • open = open • closed = open 

~-------·~· = !____/. _ _ • 

6. Open + closed = closed + open = closed 

= ;;..A ___ ...;I 

W F~~m this we see that all of the postulates are true. Hence, our theorems are true. 
s~te Wt now write down the theorems and under each we will put the equivalent 

ment m this physical system. 



Theorem 1 o X + Y y + X 

= 

Theorem 1 b X • Y Y • X 

·- -l -- · --· ·--l- X - - --=1 

Theorem 2o (X+Yl + Z X (Y+ Zl 

= 

Theorem 2b (X • Y) • Z X • (Y • Z) 

-• - x- y--- z - 1 = •- x--- Y- z---1 

3 . X • y + X • z • X • (Y + Z) 
Theorem o. 

l Jl -Y~ 

l_,_z___r-

Theorem 3b: (X+Y) • (X+Z) X rY • Z 

~-[}{]~ 

Theorem 4o: X + X = X 

= • ·-[~ 

= 

~-c J--_! = =-----· 

l 
I 

Theorem 4b: X • X X 

_a--- l ---- i ---=1 = ·=---- X ___ ..:I 



Th~rem .5o X + X • y • X. 

Th&orem 5b X • (X + Yl X 

• ·-CY 
Thf!Orem 6 (XI X. 

• -I • 

Th&orem 7o (X+ Yl X • Y 

~:~= 

,, 

= 

= 

• = 

• 

• I ---..:1 

I 

I -----!:1 

;.:...• ---- I-- 'Y ----=' 

Theorem 7b: {X7Yl - X -r y 

= 

Theorem So: X + X = I 

• = 

Theorem 8b: X • X = 0 

• - . I ---1-- = • • 

Thf!orem 9o: 0 + X = X 

= • I 



Theorem 9b 1 • X X 

=-·-----·--· = • • 

Theorem 1 Oo: 1 + X 

• • 

Theorem lOb: 0 • X ._ 0 

·-·-- - - l --· = • •• 

Theorem llo: X (X + Y) - X·Y 

-· ·-{]--~ = 
""'·---- l - , _ __ • 

llb. X+ X·Y = X+ Y Theorem · 

= 

Theorem 12o: (X + Y) • (X + Z) (Y + Z) = (X + Y) • (X + Z) 

Theorem 12b: X • Y + x · Z + Y • Z = X • Y + X • Z 

1 - Y~ ·- . J( -- z 
,, -- z 

Theorem 13o: (X + Y) • (X + Z) == X • z + X • Y 

= 
A ~ :- Y l I 

L x- zj 

~a -Hi~ = J:- z~ 
Y- z~- L x __ ,J 
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Theorem 13b X • Y + X • Z (X + Z) • (X + Y) 

~-[-'L!=~~H·~ 
1--zj Lz z 

Now, suppO&' that we have a complicated network of switches, we would hke to 
simplify our circuit. 

• I 

We would first write out the function for the circuit. Hence: 

(XY + Z) + (Xz + Y) (Xv) • liJ + (Xz + Y) by theorem 7o 

(X + Y)(iJ + (X • Z + Y) by theorem 7b 

(X + Y)Z + (Xz + Y) by theorem 6 

z{x + Y) + {X: z + Y) by theorem 1 b 

- (ZX + ZY) + (X Z + Y) by theorem 3o 

({ZX + ZY) + X Z) + Y by theorem 2o 

((ZY + zX) + Xz) + Y by theorem 1 o 

(ZY + (ZX + Xz)) + Y by theorem 2o 

(ZY + (Xz + Xz)) + Y by theorem 1 b 

- (ZY + Xz) + Y by theorem So 

• (Xz + ZY) + Y by theorem 1 o 

Xz + (ZY + Y) by theorem 2o 

XZ + (Y + ZY) by theorem 1 o 

- XZ + (Y + YZ) by theorem 1 b 

Hence we have: 

= ;(z + (Y + Z) by theorem llb 

= ;(z + (Z + Y) by theorem 1 o 

= jxz + Z) + Y by theorem 2o 

= I ZX + Z) X Y by theorem 1 b 

= IZX + 1 Z) + Y by theorem 9b 

tzX + Z • 1) + Y by theorem lb 

Z(X + 1) + Y by theorem 3o 

z · 1 + Y by theorem lOo 

Z + Y by theorem 9b 

Once upon a time a father had a beautiful daughter named "X". The father, the 
daullhter and the mother, nam.ed "Y", were spending the summer on a small island 
camp. Two of "X" 's suitors, ''W" and "Z", accompanied them. "X" 's father is very 
fond of fishing. However he dCies not like for " X" to be with either "W" or "Z", nor 
with both of them, unl~ss "Y" is present. He finds that it requires some thought, 
when he lookl> up from his bo,at and identifies the figures on the beach, to deduce 
w~ether or not "X" is in the lnouse or on the beach with one or both of the suitors 
~lthout _her mother. The probl(!m is to design a "black box" such that the father may 
~OS(> s~tche:; bearing the names of those persons he can see on the beach, and a red 
hRht Will come on any time ")(" and either of her boy friends, oa· both, are either in 
the house or on the beach without the mother being present. Hence we see that the 
father has trouble if any one of the following shows up on the beach: 

Jl 



XZW, XZ, XW, YZ, YW, Y 

Now remembering our notat1on, we may write: 

XY zw 
XY zw 
XY z w 
X YZW 

x vz w 
X YZ w 

Hence, t he following circuit would serve our purpose: 

r---- I --- Y --- 1 --- w 
1---- l --- ' --- l --- i 
1---- I --- ' --- I --- w 

1---- I --- J --- l --- W 

1 --- ' --- I --- w 
'--- I --- ' --- I --- i 

lED 

We would like to ~implify this circuit if po:;sible. Hence, in our algebra, we havt.': 

XY zw + XY zw + XY I w + x YZW + x YZ w ;- x yz w 
xv z 1w + w1 + xv r w + x vzw + x vz 1w + w1 
XY z + XY I w + x vzw + x yz 

- XY (Z + z W) + XY {ZW + Z) 

XY (Z + W) + XY(Z + W) 

Hence we have: 

I - y -------1[ l -.._ __ __, 

·-
,_, -------~c:-~------l ·-

lED 

Th1s will be the circuit that will be built in to the father's black box. Everything was 
fin!.' until one of the suitors slipped in a bumcd out bulb. The next day the father was 
out fishing and he turned on t he switches a nd nothing happened. Everything is all 
r1ght, he thought. But then he looked up and saw only Y and W. Something is wrong! He 
d('eided that he must have a bo:x that would burn green if everything is a ll right and 
rl'<l if there is trouble. How can he do this? We have only to build in t he complimentary 
circuit. Hence: 

(XY(Z + W) + XY(Z + W)) _. 

txv1z + wn . (xv(z + w11 = 

(X + iY1 + (Z + W)) • ((X) + Y + (Z + W) ) = 
ix + v + zw1 1x + v + zw1 

Hence, we have: 

x - X 

r----+-- ' -·--+--~l-- i ---+-------. 

1--i z--w 

~ 1~---' 
By building the ab · · . ove C1rcu1 t.!; m the same box, he has his problem solved. 



Other Westent Electric Educational Aid Progmms 

THE WESTERN ELECTRIC COLLEGE GIFT PROGRAM 

The Western Electric College Gift Program is designed to help strengthen teaching in the 
engineering and physical science disciplines in American colleges and universitie3. Through 
this program, unique in American industry, thousands of pieces of apparatus, equipment and 
machinery no longer needed by the company, are donated annually to schools throughout 
the country. 

College Gift Material is described in the College Gift Material Catalog published and dis
tributed in the spring of each year by the Educational Relations Organization. After requests 
for material have been recieved from participating schools, allocations are made and ship
ments begin. Most Gift Material arrives on campus in time for use during the fall seme3ter. 

ENGINEERING AND SCIENTIFIC PRESENTATIONS 

To further the effective exchange of ideas between the business and academic communities, 
the Western Electric Company has drawn upon its experience as the manufacturing and supply 
unit of the Bell Telephone System to develop a program of scientific and engineering preJenta
tions for use in colleges and universities. The booklet listing this collection of timely technical 
films and lectures is available to college engineering and science professors and student groups. 

COLLEGE SALES PLAN 

The Plan provides non-profit educational and research organizations the opportunity to 
purchase high quality equipment and apparatus at favorable prices on a direct sale basis. 
Requests for quotations and purchase orders may be sent directly to the Educational Rela
tions Organization. 

Requests for further information regarding any of these activities may be addressed to the 
Western Electric Educational Relations Supervisor, 195 Broadway, New York, New York 
10007. 

NOTES 
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