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FORTWORD

Becauss it présents information of lasting value, tils
thesis revort, which haé had only very limited distribution, i=n
being issued as 2 Project Vhirlwind R-serles repori.

Relizbility of 6peration ie one of the most important
goals of the research being done on the large—-scale electronic
digital computer. Part of this;general prdblem is the-develdpmnnm
of methods of error detection and trouble location. A very ussiul
technique adopted by ProJect Whirlwind is the provision of facilliles
for the-variation of d-c supply voltages to varilous parts of the
compute:, By this means, dynamic and incipient failures can he con-
verted into steady-state faillures, and deteriorating components
removed before they cause errors,

This ﬁo?called mérginal checking‘makes use of specialliy
. designed check probiemsa A method of‘designing such problems foxr

use with the Whiriwind I computer is developed ia this thesie.
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ABSTRACT

This theeis study deacribeé a method of designing
check problems to be used in detecting errors and locating trouble
in a large~scale digital computer. The compuier is systematically
subdivided intco small sections. A study is made to determine the
pathl (channei segments) in these sections along which information
i{s routed, as well as the sourcéa, destinations, and methods of
transmigsion of the information.

One of these method§ is selected for the>routing of each
type of information from one of the sources to one of the destina-
tions of each channel segment. The destination is then examined to
see whether it received the propér information.

This probels. used in conJunction wilth the Project Whirl-
wind method of marginal checking, permites a sequence of instructions
to the computer to be specifled. Limited tests in the Whirlwind I
computer indicate that test sequences designed by this method will

be quite useful.
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ORGANTZATICH

This thoa!é deals witr a very speclelized toric whieh re-uiras
eonriderable background nateriai for 1ts complete trcatment. The firei
three chapters rrovide woat of this raterial while dov-loving erome of -
the bases for the methed presented. In dat#!l, the material ia arrenged
as followe:

Chapter 1 presents the problem of checking digitel comrute @
znd indicates some roseible solutions.

~ Crapter 2 is a.faifly deteiled desgrivtion of the overztion
of WiI. | ' |

Cr:rter 7 diacusses tﬁo nature of follures and their influenas
on checking procedur-g.

cbartér i presente a eystematic arproach to deelgning epscinl
problema % check the oneration of the ermruter,

Chapter 5 gives a number of erarles of the a~»lie: tirngy of
the npproach to checking WWI, ;

Chapter 6 discucsss and eveluntes the ree:'ts of the thesls.

Appendi:yl is a s&ort giide to coding vrepared by the Flsetronic
 Cor~1ter TMvialon of the Servomechanisme Ladoratory, M.I.7.

Appendix II conteins the coded rrogrsms which huve deen developed
bv the methnd described in thie theeis.

Atpendix 17T contzinu>a rFloerory of special termm.ussd in this

theeia,
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1 = IKTRODUCTION

1.1 The Ansomatiec Digitel Cowouter

»

The matomatic digital comvuter is & tool for the eolutiza of
nsamerical protlems. It ig covable of verforming entirely autcematicaily
any desired sequence of arithmetic operstions on siven deta. Trie ig in
distinction to enslogue comutation where the dats is handled ss phyclcal
guantitiee in a system obeying rhyiical lawe having the eame form as the
operations involved (see Fig. 1). It also has the abilit to choose amony
several slternate computing routingtvon the basis of ite own calculsatiions.

' A wide vuriety of rroblems can be selved throﬁgh the ure of the agtcnatia
él ftal cnrruter‘bacanuo of the great flexibility imrlied in these viro-
pertiel.13‘ The high calculatine evesd which is characterintic of ths
automatic digltel corru£er, makes it rerticularly valuable Becau@e of the
great. number of rrotlems whose solution by more oustomery meane, though
rossitle in princirle, ia 1mpoasible‘§n a practical senses becaunce of the
prohiditive amount of time amd lador invelved.

Ae one night suepsct, & rather complicated device ig require!
to accowpliﬁh theso resulite. Por examrle, Whirlwind 1 (WWI), the electroric
digite]l computer under develovment'at the ¥,1.7T. Servomechanisme Latoratoyy,
consists of approximately U500 vacuum tubdes vlus associ:tad components such
as resistors, capacitors, inductors, snd crystal re¢tifier diodes. Cood
comruter denign raquirss that ecch individual compenent be orersted under

10

conditions thot ensure as long a life as posaible. Faverthelees, asch

* Superscripte refer to the numbered bitliography.
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copponent will eventually fail %0 operate ﬁa%iﬁfﬁﬁtnrilyo Wh@ﬁ gacn &
feilure occurs, it is aquite likely, though by no means certain, thei an
error will arrvezr in the cromuted resulte. Such errere, if they renzln
undetected, mey ceure c-nelderable damage. There {2 po lon-er any Jloubt
thet corruters can be mad§ to worky the tablee of functlione caleculzted &
the Harvard Comrutotion Latoratory have ampiy demonstrated thHle faci. Tha

oueection is: how consietently will they rrovide correct reeults? felinle

=

resultes muet de obtained 4if the latent wvalue of the autometic digitzl co

™uter is to be realized in practice.

1.2 ‘."clubilitz
It hae besn estebliched that erronecue results are undesirabdle

tat they are also imevitable, This ie not juet a veculiarity arieing fun
the use of the autometic dl g tal copmuter; other methcds of rroblem soluiion

ere else subject to error. What level of error occurrence ¢an be trlerated?

(3 g

Tefore thig quertion cen be answered quentitatively, o comsiderabls amoun
of ctatﬁtical data must be accumulsied. It will be @difficult to ianterprot
such date on a corpurative basis becaure of the speesd differences anong
various methede. The amount of corpulatior wrich can te done during thca.pe:ri
between errors ruet be taeken into conelderation in some euitatle manner,
Thue far, only qualitetive repsoning hre been arvlied to this wroblem,
Po(vever, one arror ney week has deen mr-génted by a leading suthori i;y‘

as a reasonable geal for a comruter of the cam§ nature aer Yhirlwind 1.

< .
Tries statement wae rade by J. W, Forreeter during & diecuseion of his

talk »t the Farveard Sympoeium on Large-Scale Digite) Calculating Machi evy
on Septehber 13, 1949, The proceedings of this sympesium have not yet
been nublished.
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The fect thai orrors will oscur does mot mean thet we must be
rasignod to accept erromeous resulte. Thers are many methode fov éhs&iiu;
on the valldity of cslculzted resulte (see section 1.} sn¢ refsrences b
and 9). "hen it ig kﬁou;that a particelar result is in errov, it is nevai.ly
possible to remove the sourse of the error and then vrocead to caleulnts
the correct value. Thus, 5y‘using theee methode, the effective reliandlility
of the coputer cen be inoreesed tremendously, although the speed le raduced
sorevhat. Of course, there are & mamber of svrlications ia which time 1le
en irvortant factor sc thet there 18 o time aveiladle for a second sale
culetion under error-free ocnditionoi Such eorlications will rnﬁairn var§
specisl techniques to schieve satisfactory reliablity, dut errer détacti&u
is o--enti#l'ovon then.

It mist be realized that it is cuite irpoesible to detect all
errore, for it is certainly_conceivahle that tﬁo fajluree csn occuf gimile
taneously in such A wvay as to aliify th§ rathed belag useda‘ Tris ig not
to say th:t there is no method for detecting errors caused by two compene
eating, simultanecus failures. It le alvayi poseitle, at leant in principia,
to deviee o2 echeme which will detect aﬁy specified combination of faulis,
Wt in the moet genersl case, additional equivment would be requlred.

Tris additional equipment would give rise to new combinntions of faulte
-wrich could not be detected without further resort to extra equipment.
Tor & given computer, there will alwaye be some ccpbinntionn of faulta
wtich canrot Sn d;tectod without Changing the comruter., It becomez noces
sary to decide uron an adequate degree of error detection. Fere the

economics of the situution i an importent factor. Simce any desired level
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¢f checking cam be pxa%idéﬁ at the coazl of elther money or time, some
balance migt be achieved betwesn conflicting intersste, It eecome %o Do
q!ite gonerslly agreed thxat the prebability of an undetected errer cosureiiz
in & mechine vhich ¢ checked in ell cﬁses of eingle failures ie sufficlonily
low. Feovover, any method which rrovides a check in meny cases of muliinie
faulte ot 1ittle extra cost should be cerefully considered.

Ae mentioned previously ths time required to detect an arror by
a given mathod 1s frequently of vital imvortance in avviications whers tim
is a fector. Thase may be exerrlified by the rrodlem of directing ths flo
of air traffic in accordance with th; gsvecified schedules and the aclunl
positions and velocitias of the alreraft 1nvolvod.13 Tha comruter ip used
to correlate thin‘dat. and supcly the apprppriato 1nstrﬁcziona to the pilens
of the circraft regarding the fligsht paftcrn to be maintsined. When 2hese
instructions cre in error, tﬁe vilote znd the overstor of the control towe:
should be informed immodiately f0 thut srrropriste emergency measures méy
be teken. VTha imnrortance of 1nitcntanqoul,orror dotection ie auite eviden
in t'ie case. Indesd we max even look askance at the feet that 1t in
poseitle for some errors to go undetected. FHowever, we muet remember that
1t 1e qaite possidle for the sircraft iteelf to feil. This is & very
speclal case and the accurecy recuiremente imvosed are far grecter than
woald be encountered in moet ordimsry acrrlicrtions. TEven where the danger
to luman 1ife is nct ec imrediate, speed in error detection 1e quite im-
portent. & crnneiderable smount of erronecus comrutatidn mnight de accumulsiad
before an error is detected. Thio_u111 be wasteful, tat it ie again dif-
ficult to vase other then e qualitative Judgment on the value of ereed in

error detection. In renersl, speed iz ac*ieved ct the coet of equinment
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and additlional equipment i¢ another source of trouble, aaide from thoe
monetary cepects inwlved. It may Ve esald, with 1ittle fear of conira-
: diétion, thot 1t 4e prefersble to wave equirment et ‘s;}:ee cost of time, all
“oather factore being equal.
Once & fallure is known %o exi st, the next ster is to repalr it
Pefore any repairs can be carried out, the faulty component must be locei i,
- Conventional methods of trouble location' in small pleces of equipment m'-c;
completely inadequate for a job of tP_ is ra nitude. Svecilal aufonﬂativ: .
mebhods miet be devised to isolcte the faulty component. It is not aeceo
ary to lociate the spscific componen‘ by thees autcmatic means, dut the
fault should bde isointed to a unit in which conventional techniquee may
be errloyed in a reasonadbly eshort time. A comruter which makes omne arror
' a week cannot be aaﬁ te be very reliable if 11 teokes 8 week t¢ locole
its source. In thst tire, another orror' may hauve occurred :nd another we
of trou*le loc:tien 1s in prosrect. Under such conditions, &ll of the
oper::.ting'ume o_f the corruter would be ktaken ur in trourle logcztion. Th
ureful outrut would be practicslly nil. It does nnt seem unreasonable
f.n exnect that the com-uter rerform useful work duriny at least half the
time it 1s oversting. Tndeed, tris wruld be a rather pror crrputer. On
the other hand, it takes a finite arount of time to meke the actual repel s,
“rperience with Yhirlwind T indicates thot this time i(s of the order of
magnitude of 15 or 20 mimtes, on the aversge. It is pointless to g %0
grect lengthe to develor an automatic imublo locetion scheme which

igolates the fzult within a few aecondo.?o

A verfeoctly : astisfactory
methed would de one w'ich located the faulty component in less thap 0

miputes. This would mean that apvroximately an hour would be required
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- %0 put the machine in opersting condition after en error has besn delectal
Less than 10 of the orersting time of the cououter (asmuming ome srrog
ver wesk) would de loct for tris reason. .

Heretofore the term checking' hns baen aprliied to methode tor
the detection of errors in the crerztion of the entire corruter. When
an error is getoctod by such a method, the faulty compenent ig known to
be somewhere in the comruter. Thue a measure of trouble loeation has
been acrieved, even thoush it ie _o! dubious value. WYWhen an srror iz in-
dicated by a metrod devieced to chookv e relatively emall unit, t)_xe fauley
com:iont is known to oxiet in thut .umt. A large measure of trouble

Joc: tion has been achi‘ovod. ‘There 18 no difference betweon checking

and troudle loc: tion. The distinction ie one of degree rather than kind.

1.3 Prineirles of Checking

Freicelly, the prodlem to be solved by the w: rioue chacklng
methods is that of rroviding a‘auital\le st nderd to compire with the
results obtained from the unit deing checked. The cloice of the ei-o
of the unit to be checked depends on the degree of troudle lecstion Hhai
is desired. It is clew.r thut if no fault erxiste in any of the small unit:
wrich @mrise the comruter, then no fault existe in the entire corruter.
Thue, if a scheme 12 devised to check every small unit of the com-uter,
including =11 their interconnections, then thﬁ cheme checke the entire
corruter. The various wretrode wrich have been mkgeotgxl thues far differ
_ in the flexibility vifh which they may de aprlied units of virying size.

. There are eseentially two different amroaches to the >reblem

of generating a comrarieon standard: bduilt-in checking and programmad
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checking., Additional eaxiimwni’. goners tes trie «tandnrd in built-in
éhec!cf&.ngﬁchemuo In pregramred checking, the cn;mbuter treats the cale
saletion of this etandsrd ae another problem which 4% can solve.  Bailte
in checking perrite hie;hér corruting speeds btut reouires more equipment
than prograw ed checking. More than one tyre of checking 1e frequently
ﬁsed in a cormruter. The ‘amount of e:ch tyre is dictsted by ec,onow-.e
considerations.
1.31 Ruilt-In Checking

Ferhare the most obvious vey of checking 2 unit 1a to rrovide
an identical one to duclicute ;ta f:mction. "The results obtzined by the
jurlicate unit are e ets.ndsrd.with wrich to compere those of the origin:l

urit. & special unit is vrovided to make tris corwparieom. If an error

- 18 detected, it may hi:ve been caucad by & fallure in either unit. I

1e aleo nosaitle (though irprobadle) for the same fallure to occur im

Poth unite -imlt@eoualy, giving a correct check in the vresence of an
error. Thies h e been discussed in section 1.2 sad is not a serious.odb-
Jeotion. 1% is, of ccurse, poscitle to rrovide three or more identical
units tobf.:uard against such deudls failurea‘. HRowaver, none of the aiisti.::g
or rrojected corruters hos incorporated more %hen two esets of identical
equitment because of the cost imnvolved. Checks of Wa trre are known

as multinle checlt:e.,9

Multirle checke are gemerally used for lg'rge unite;
the number of c~mreriecon unite req{xired when a;na.ll uniﬁ are involved
Le felt to be ercessive. | | ‘

% A more efficient uee of checking equimment is achieved by a

comrarison of scre ldentifying choracteristic (or tag) of the setual and
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éxyecte& regulte rather than the resulis themselves. Suvch c¢nocks are
uallad‘tag cheéksx "eaeing out nines” is a iag chock uerd in decimsl
multividication. In somé very epecial casem,-carﬁain:characterﬁstiﬁs_éf
%hé rosult of am overation may e independent of the numbers imvolvad.
It 4= frequently advantarsocus $¢ rrovidoxé'éheck which takes cogniz&ncm
of the situation. An exammle of such & vredetermined chock ie glwven
in scctloh 5.12.6 . A
A more detniled d;squpa!on of btilt-in checkinr may be found
in rnferoﬁca 6.

1.37 Program od Chocking

The process by which’a protlem ie rteted in o form suitable fo:
solution br 2 cormuter i# called vrogram ing. Thun, thouve cheeking melha i
which treat the generation of a'compariion stendard ae & pfoblem to be
solved by the comuter (re referred to as vrogresmed checking. There are
twe arrroaches poseidle to prograxréd checking: mathema tical checke and
teet checking. | : :

¥r.themetical checks ere dused on gome identity satliefled by the
résults of & calcenlation, Chseking procedufea beed on these ldentities
aré arplicadle to ell corruters for they ave eécont!ally enothar groue
of problems wrich are within the problem-sclving capsbilities of disitsl
comruters. There are cnrt#in tvres of 1dent1t$aaivhicb are encointered
8o freque- tly thot name- rave been asel med tr the checking rroceduras
vhich are based upon their use. Kowever, thers is undoubledly a group
of miscellanecus ralationshivs wvhich held in erecinl casee thet cennot

he fitted into mich a clarsificastion. These mioce*lanéaus teckni ques
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depend largely on the alertnese and incemulty of the progrsmrer and

cannot be discussed heres

The firet of these schemses is known a8 repéét checkiag, vherein

the solution of a rroblem is repeated a specified rumter of times and
btoth (or more) sets of resulis ars corparod.9 In identidy checking,’
two (or more) ecuivelent methematicel proceduree sre used to obtaln two
(or more) sets of reeulte for cnrparison.g With some rroblems, é rather
good check may bo‘obtaiuad by revereing the procese of problem soluiirn
and finding the given initial data groin the allee2d  wolution, yielding
vh#t is known as inverse dhncking.e In samvrle checking, the solutioa
to a general clare of prodleme is odtained for s special éaee in wrich

the answer is k-own; the correct solutirn indicates that the commutar g

rrobably capatle of selving thie gepersl clase of ?roblomo.s It is possi :l

to exarine the eclutione of probleme which :re known to lesd to continuou:

(a}
functions for contimuity, thue giving rise to smoothnese checking.”
On the whoele, mathemdtical checks are epplicadble %o large

groups of units and hence are no¢ particularly ueeful in troudble loca-

tion. They vary in effectiveness with the tyres of fallures that exist,

tut they zare quite useful for en overall check om a speci‘ie problebro  §7
is not necesrery to know that the whole com uter is workinz to be renson-

adly sﬁre that the results ere correct. Mathamaiicnl'checkt are discuses !

more fully in reference 6. ‘
In test checking, the resilte obtained from tho solution of
enecially desisned rrotlems ar~ corvered with the known snswere. Tache

niques for desirnins such problems hove not yet been Tully developed.
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By ' 2,06 2,5
Most of the work im this field has been of wn exploratory m.tls.rm?""" L

Thq goveral aﬁpr@achei wrich heve been suggested are appiiceble only
under very restriéted copditions, The moet severe shortecming of wome

o€ these &s thet they maké uae of single functions in sequances whgeh
cannot be pérformed by.thc cormater. FRach overation thst tbe commuber
rerforme consints of & predetermined sequence of such functions;'the TEO-
grerver may chocse the seaquence of omerctions srditrarily, but he cunnot
do e0 with the functions. Some of the a prosches which do not suffex
from this shortcoming may de quite uaoful'in gpecific cages, but they
.lack‘ﬁonefalltyo Trig theels ropreaenti an attemet to dovelo a syslemal o
armwroach (fo: use with WI) which is generally aprlicablé to the detign
of such nrohlemo.‘ The reaulting vroblems will be refarred te ns teat
BeqUeNces. ‘

| To some aziént, rrogramming {e i1l an art in which emariencav
end ingenaity are valuable assets. Systematic ev roaches to pvogrsmﬁing
h:ve been proposed which are quite good, but a completely satisfactory

method has not yet been found.lh’ls’??’23

In many cases; much more affi.
clent programe ray be obtalned rore eneily by rethéda other than e liter |
aplication of the general method. Tris weuld seem $0 imrly that a 8yS-

. temalic metrod of test cﬁecking is not necesearily the bent method in a
rpecific case. Indeed, this theeis contains exﬁmples in which depertures
from the aenvral'metﬁod have been made 1u the intsreate of sirplicity and
efficlency. In short, the prorosed ﬁethod is oniy to be used wvhere sinplor

metrode are rot irmediately obvious.
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1.4 Organization of Tris Thesis

4 large smount of detailed informaticnm abo:t the comvuter (¥y]
is raqﬁired %o thoroughly esxvlain meny éf the exraplee of thie thesie.
The paper weuld become quite unvieldy if o11 thin detoll were includedo
Mach 6!’ the information found in eome of the references hes tharefore
besn omittod.l?'le'lg Powevar, in order to meke this rener reasona®ly
galf-gontzined, 2 crneiderable amount of material hre been included. Th

vrocedure followed in this reepect hes been to give fairly detriled
ex~lanatione of the basic eluienh, followed bty eryapmles to ifllustrate
the manner in which more corplex do.tzlxilq‘_‘_ can b¢ exrlained in terme of
the bzsic elerents. The same procedure has teem followed in expleining
the exarmles of toet s@quence deaign.

\ ¥ony new terme snd concepts which are in etandard usage 2%
Project '-ihir‘ivind are defined in reference 15. “very effort has be‘en.
made %o define sich terms when they are firet gnad.' As 2 matter of
convenience, additional special terme huve been adopted for eome of the
concepte aririns in checking. These are defined when they are intro-
duced and have bheen collected fdr ea.o:'rvrotoronce in Arpendix ITI. Seme,
tut rot all, of thece terms heve come into etandard usage at Project

Whirlvind and elrewhere.
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2.1 Machine Units

Whirlwind I (and, indeed, ev.nri corruter) wey b?y thought of 2a
being divided into four rmain functional unite: the wendry (or,ntcrage),
the control, the srithrmetic elem~nt, and the inmt-outrut device (see
.F‘ig. 2). .The memory storee the mumerical data required for the eoluti-n
of rrobleme, s well & the instructions (coded inte mwerical form) which
govern the actunl etepe of probler solutiom. The comtrol interprets the
fnstructions znd rrovides the rmachine with the slgmz.ls neaded to perfors
then. The aritrmetic element actnalij performs cortain elementary erigh-
metic orerations (sddition, subtraction, shifting, multiplic:tion, and
divieion) whenever the control a}nppllm the anvropricte commend signale.
The input-output device ig the lihk betwren the mechine snd the outeide
vorlds 1¢ vrovides the m-chine with raw data and recelvee the comuted
ree1lte. It in frequently used to suvrcvlement the remory by eomiect.ing
e lerge-capaelty externsl memory (huving a slowsr overatine speed) to
the mrehine. | '

Two diffvereni devices a-e used for the internal menory of WWl,
Theee are tha flipeflovr snd the electrostatic .storage tudbe, The flipe
flor is di~cussed in section 2.111. Thedectrostatic storage tude ig
a cathode-ray trre tube in which the mmbers are stored ss charged epote
on & dieleslric surfuce. The final model of t'is tuba ie expected to
hove o cepazity equivalent to 10210 ﬂlp—ﬁopo. the eeving a coneideradble
smeunt of srace. Its sveod of oreration is somewhat slower t!’:n.n that of

the flip=flop, but it is faster than ragnetic ta~e or drum memorfies. The
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control cont: dms a asourde of Tulees wrich are routed o the resel of the
cormutry in accordanca with the rettinge of Pl.ectrunfc awitehes. Flipe
flovs rre uced to manivulate the mmbers in the nﬂ;ﬁhnlze‘i.ic elamant. A
prent diveraity of external equirment may be comrected to the comruice
by meens of the inruteoutrut elemsnt. TFhotograrhic film is expacted to
be the main external <tiorage medium, but %t will te possidle ic use
ra-netic tare -8 well. 1¢ ie oxpoqted that ccnvefaion devices will De
provided e0 thi.t anslogue 1nfomr'_t;ion may a}.ao be rendled.

?.11 The Pasic Features

Witk f-v or&ent‘iona 5 thno’i d=sic stagas are used throughous
the cor uter; the flir-flon, the gute tude, z-nd the electronic witéh.;
0f couree, wpl"ﬂeu are nrovided whore needed to obteln aprroprista
sifnal or irpedance levele. The flineflgp iv essantiuvlly o mewory device.
The rute tube 12 & seneing device, usually employed to éanse the erpnlente
of = flir=flor. T'e sectronic switch ig whut $ts name immlice: .a mﬁi-
positioi\ ewiteh which orer-tes at high sreeds.

?.111 The Flir-Fiop

The flip=‘10p iz 2 blestable cirenit crnsieting of two wncuum
tudes w0 in?;roon'eqt»d th:t, at any time, ome is fully ernducting end
the other is corpletely cut off (see Fig. 3). The plate votential of t.ho‘
cut o“f tude ia "hirh" (nearly esousl to the rlate suprly volteps), while
th't of the crndueting tube is “low" (cﬁn-siderably less than the rlate
eum*lx volta o, -thn difference deing the dror ian the plate lord resictor).
If tube A (see Tig. ?) s cut nrf; the potential at 'he O‘outm-n e 'high,

th:ut at the 1 out-ut is low, =nd wa & y thit the flip-flon cortains O,
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or is cloired. If tube 2 12 cut off, the O cutrut is low, the 1 outrut
is Yigh, and we say thrt the flipr-flop eontaine 1, or ia s=t., By
uﬁ*lylne e vositive pulre at an appropriate point in fhe civenit (ths
trigeer in:ut), 'tho flir-flor may be rude to ewitch 4% rtate, i.e., 1f
1%t fomrerly cont-ined 0, it will now centain 1, or 1f it formerly contain: |
1, it will now contsnin 0. Thias action 1 referred to 20 trigsering or
cortlementing. There are two additional 1nrhtu wriek require negative
rulsae. On- is the clear in-ut, which puts the flic=flo- in the clear
eonpltion regnrdlese of its condition before the pil=e was anrliod. The
ctrer i the eset in~ut, wrich ou'e t-he fliveflop in the set condition
re;rrdlegs of ite rrevious content. The fli--flop is cften reprerented
eyrbolically by a rectengle h:iving three imrut Iines :nd tw- outrut lines,
as 1s zleo shewn in Fige 3, 5nd 1s abbrevicted FF. “nch “F in WWI ie

des‘gnated by a syetem mumber.

?2.112 The C.ia Tube

The grte tube ie a coincidence device: it vrovides an outrug
if, : nd only if, two signuls occur aimltamuol‘y. fts basic slement
ie usually a pentode, with one #isnzl being aprlied to the control grid,
the other, to the su-rreseor grid (eee Fig. 4), These two gride are bisacd
sufficiently to mainteain the tube cut off even when full siemnl is a.ppnqz
te one (tut cnly one) of them. &s mentioned atove, 1ts ~rinci-al use is
in .éensing the content of o flir=flop. If it im d eired to know 1f the
flir-flor e nteine 1, we weraly conrect the 1 outvu't to the suonreescr
of the pgi:te tudbe throuch o suitetle crupling circuit. T};lc counl ing cire
cuit rmet crenpe the dec level of fhe outvut but miert precerve the Jictin -

tion botwoen the two possiltle volt:pe levels (roe section 2.113). If the
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1 ride is higsh, the surnrr ssor rotential will te broupht sbove cut-off,
and there will be an out-ut tules when the control grid fs nulsed.. The
o: te iasnid to De omen. If the 1 eide is low, ths suprressor will remain
delow cut-off, :nd no oi1trut ir obtained when the contr§1 grid 1a puleed.
The pate is seid to be closed. Time, the preeence of n rulece on the oute
put 1ine at the tire ¢f sensing ‘ndicates that the {lireflop eon- ains 1,
while the abeence of a rilee &t t ¢ time indicates thut it conbuins O.
The gate tube is reprosented iyﬁbolically by s squure Earlns wo in ut
lines and one outrut lime, as showa in Fig. 4, +nd is abbreviatid as CT.
Yach CT 41 Wil s deeipgn.ted by a l&stem mmber,

2.113 Pestorution

Since the flir-flov»mﬁy.romain in one voeition indefinitely,
ita outrut takéu on the chrrreteriotices of a dec signnl, Rathor thar
use de¢ coavling circiite, the schere of peridocially corplemenling =ma
recorrlementing the flip-flops wan adooted to verrit the use of 1ec
coulins circuite, T is echeme is called restoration snd the vul ee vhicl
ava ugrd to cor-.plenexit and rrcomplerent the flive{lotve are celled r_‘wstore:f»
mile £, The reetorer=pulese occur in paire with sn intervel of 1 .eec.
between “hem. These reatorer-rul-e rairs are repesi~d at a fixed intervel
(except_during tre orerat‘on of electrostatic storige) of 16 urec. 'etween
the first pulces of successive pairs (the reetorer interval). The miroly
of nilecs to the com uter is suupreesed during the in erval occupied by
the re-torereral-e paivrs, Qo that operations are not-carried out viile
the flir=flo s contzin the cér’!plem»ntu of the mumbere they are suppoee?

to hold.
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2,114 The Blectronic Switeh

The slectronic switch caures only cne of ?n gate tubes to bo

. oven, deperding om the contente of n flipeflovs (sce Fir. 5, drawn for '
n=2). Plate current for the flir-flop tubes ruet puer through the ;‘.ﬂmes
natrix and all but one of the resictors (R1,R2,R3, aund R4), 1f, for sx-
arnle, the right hrnd tub-s of bdoth fliv-flOpa gho :14 be conduetivg,
current will be drewn through %2, F3, :md RU. No current will flew throug
b33 § becauné 1t is con act~d only to the leftehand tudee. Thus the uprer
line will be at 2 positive potontiai yith reepeet to the others ond the
Frte tule conrected to 1t will te ope.n, wrile all others will be clossd.
Sinﬂarly._b difforen_t lias will be placed at a positive potentisl with
resrect to the otherr for enck di“ferent enrmbinntion of f'peflo crntenbs.
‘n altern- te forrm of elesetronic switch, u?*n.g g 'e tu'es rather then »

diode metrix, is frequently used,

2,12 Simple Combinations of lasic Staees
There a @ many nossitle weys of cnﬁbi ning the bestc stares to
obtiuin devices eapable of rerforming the functions required in a computing
nechine,  To 1llustr te these possill itirs, some of the rore com ounly
epcountersd comdinati ne will be discussed below. The svmbole used in
the varicus dlsgrame are exrvleined in Fi-, 6,
2.121 The Binzry Flip-Flor "egister

A eollaction of n flin=flors 1s essenticlly a mmdry device cap-
able of etoring an medi~it dinsry mambey. Ry ‘pemmntly essigning each‘
!lir-f‘lon to o particulzr digit celumn of the mrher, the soe-cailed

M ry f1ip-flor regicter in obtained. Three digit columme of s tynical
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reginter, the Aeregister (AR}, are shown in Fig. 7. Three sots of grts
tubee ave rrovided eo th:t the mamber in the register nmay be examined,

two aete on the 1 side, one set on the O elde. A pulta applied to ofe

of the cate on the 1 side will cause t>e mumber erntoineé in the A=-regiater
to arrear on the out - ut lines of that set. One eset 1¢ ured to tranafer

tte nunmber in the A-regizter to the Accumletor (0705, when the a+d line

in mlaed); while the other set trunafers this mumber to the "tus® (GI02,
wvhen the re:d-out line is pulsed). The bus may be connected to any of several
units. The set on the 0 eide is ungd to obtain the 'nlmuo@lgneut“

of the nmimber (obtained by rerluciné each 0 by 1 nnd each 1 by 0, oee

A vendix I) for use in sudtruction (OTOY, when the subdtract line ie pulaed).
The rend-in gnte tubes (GI01) serve as switchee through which the tua

my be con' ected to the 1n-.ut of the A-rogh'tar whan & gating elifnsl i
ny'plicd; It might be remarked th-t the flin=f10'8 areocirted with the
electronic switch in reality form @ binary register,

2.172 The Srifting "erieter

A regicter in which rrovieion hae besn rade to shift ite cone
tents either to the left or to thy right 1s celled a e+ifting regiater.
Three di'git columne of o ty-ical erifting rséietpt, the B—regi.etnr (RR),
ere shown in Fir, £, The facility to sMift the content of each dlait
colucn one dirit column to the 1aft is provided by TOL end CTO5. The
faoility for s'ifting risht i vrovided by GT06 emd CT07. The mechenism
of srifting is quite simple. Consider stift left. If a particular algit
column contuins 1, a pulse will arrear on the out-ut of CTO! when the

e*1ft loft 1ine 1e pulered. Aftnr 2 81ight delay, the flip.flor of the
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diglt column to the laft will be eot Ly this pulre. I the digit column
had.‘ contzined 0, & pulee would 'ave been obtained on the output of ¢'05
(inetecd of GTCH) whieh would cleap ﬁhe.flip»“‘lm. to the lef$. H@zx--:ﬁ-;-%.
ths content of the criginsl diglt celﬁmn would a-reer in the ngxt digdd
column on the left. Triw rrocers is carried on simmltanecusly fox:* 211
digit columne, with nome sreclal c-nventions adopted to handle the
columne ~t each end of the regicter.

7.12% The Binary Adder.

'All erithmetic nrocesses in ¥WI c-e performed ze a combination
of atditions vnd erifts. The devico; which performs the additicns in W9l
is ¢ 1led the Accumulztor (eee Fig.3). The Ascummlstor (AC) 1 capebdle
of o numter of overations other than sddition, bat we will onl,vbdhcum
it c=a 8 b nary adder. Consider only rmi in the éolumn labeled .C15
{partial sum) and YFO2 in the colummn lcdeled ACIY (earry). Only CTCG
of iC15 (partlal sum) wnd CTY2 of ACIY (carry) ore pf‘ intereat, TFirst

1+t ae ev:mine the bim.r:( addition table: -

0 0 i 1
+0 +1 0 . 4
"0 oy ) i%?

Assume thret o numrer 1s alreedy in AC and thit the mumber e-nt: ined in
AR 1a to be sdded to 1t. Cnly eme dlgit columm will he discusesd (AC15);
the same procers tekes plice sirultaneously in each digit oclumm. When
the a d e:#to' tabes o‘f‘ AR are tTulred, the mumdber will ar eo.r on the lines
lubeled "from AR". Assume AC15 (TFO1) contains O initinlly. If the
| manber being nd@od inf i2 0, no pul-e will avpear ot the in-ut (“from AR")
no change occure snd ¥FO1 contimee ¢~ ¢ n'éain 0, as it e ould, If the

mndber being udded wis 1, = palee srrvearing at the irrut will be apilied
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to 0706, tut it will find GTO6 closed. After o a‘ll;;ﬁt_ delay, the Tlse
x;in be ap-lied to the trigger inrut of FFO1 cousing it to chine its
content to 1. Thue the correct result ie aleo obtaﬁnefi_ for thie cags.
Now arsume thet ACIS (FY01) contained 1 initially. 17 the rumber beling
added in is 0, no chan-e occure; FFO1l conimies to contzin 1, ae 1t should.
If the mirter being added in 1s 1, the pulme will find (06 open and will
proceed to cet FFO? of AClU. After o sligﬁt delay, the pulee will urigper
¥901 of .C15 to 0.. Tris, egain 12 the ebrroct result, {i.2., the sum 1e
Dy with 1 to carry. The cgrry-ia subsequently added in tc the next

digit column by applying o pulre to the carry lime. This uses GTI2 %o
sense the carry flip-flor (F¥02). 7"1a second zddition ray nleo reeult
in a curry, wricr would r;!o-uro erother carry nules, and 0 On, However,
2 bo!or-tar metrod ras been devieed which requires only ome earfy pialea,
The met:od utilizes CTO% and is eallod the righ-sveed carry. It will

not be discussed furthn.r.

2.124 The ¥ nary Counter

The binary counter is jurt yhat ite nnme implies: &t counts
the nurber of pulres sprlisd to its i;zrut, indicetes tris number in the
binary sye-em end supplies, if desired, an outrut pulee when its capacity
fe ovecerded, the gounter deing returned to O when t*ie occurs. A ty ical
binary counter, the Program Counter (PC), h-ving a raximum capacity of
20u8, e oho;m in Fig. 10, Aeeuming acck ivr-flop ie initially cla,-.r.'
‘wo irrut pulees miet br srrlied to any flip-flor in order to obtain
en outvut ~ulce from the arsocizted 0T05. Thue, two outrut pulees are
reniired from PCO in order to obtzin an outrut rulee from PC5. T'is,

{n turn, requires four rulees from PC7, which in turm, reguires aight .
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palees from PCE, ele. he capacity of the coumter is inorensed by a f-olow
of Swo for eregh f“lip«fibp atese. The mugher of pulses the counter hus

roceived 1o indiceted rt any time by the contents of the flip-~flops, FO1H
piving the 2° diglt, PCI4, the ot digit, eto.,vith 'Pcé giving the 2'°
digit.. It is possitle to rreset this counter eo that the overflew pulee
is odtaiced zfter any rredetemm!ned ramber of ,mlaoa' (less than Z204E,

of courss). .

2.125 The Time-Pulss Distridutor

1t 18 frequently necessury to perform geversl aifferent el erone-
tury steps in broper time sequance in order to build ur a mo:e eomplex
oreration, Thug, if we h.ve a fapply of timing pulses, we want the first
one to go to cne vt of the cor-uter, the recond nne to another nerrt,
the third one to stil] another, ete. The timeerulae distributor sccervliches
tiie ecnversion fror a time dietriution to = time cnd ﬂpécn distritution-
It 18 & combinrtion of & dinrry crunter and an eleotroric switeh (see
Flge. 11). The ouf-ut lin-.c‘a:-e. selected in a~cordance with the contents
of tre counter, The inrut mls;a, '1n addition to rerforming the cranting,
emerges on the selected line. Zhere iu no need for the overfliow .pul'iﬁe
in ¢ is _t,'me of operation 82 th:t no rrovision hus been made for i%.
2.1% The System | | |
a acpewhnt more deteiled dlock dlagrem of WW! am enra in Fip, 17,
The intercornections emong the various units are erown in detall., A
16-31g1t bionry mnber will be reforred to ts a word. A word mey ro-
precent an inetruction or on :etual numerienl valus. Words are trensfarred

from one part of the tyqf-am to another via a set of 16 cables w'ich rre
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cenrected %o the unite via gute tutes. &1l digits are bronsferved shimle
tanecusly (parallel digit transriesion) with a eeparate csble being ro-
cu“.l red for such., A word is tranemitted to the s from r particular unlt
by rileing its rend-out gote tules. A word which ie on the tus will be
traneritted to any unlt whose read-in gute tubas are oren. Another vet
of 16 cables (the "check tus®) is provided as 2 multirlo check on the
tue, By a suit‘ahié arrangement of the timing, it ie possidle 2o chesk
crrel eradly move them the condition o th~ e, The other connsations,
wricr tranemit pulres that cantrol the verformance of the verirus stevs
of th- orarcztions, ere made directliy. Such pulses cvre called corrande.

2.131 Centrnl Contyol

Cantral control eonfrine mort of the uni‘hl which :re usecd %o
interpret the inetructions for the solution of a vroblem (eee Fig. 13).
It aleo contnine a source of rulees w-ich eventually become cormands.
The mastey clock surplies these milces in varlous forms. The basic wulee
‘roirce is the pulse senerator v?dch suppl ies high-frequency clock ruleea
(HFCP) at a 2 me. r:te ond lovwefrequency clock rulses (LFCF) at a 1 me.
rate. The ‘froqumcy di_vidor is used in conjunction with the restorer-
pulse gencrator (RF0) to generate the reetorer vtulses. Clockepilee control
{CC) deterrines which pulses will be supplied to the remainder of the
cnw()uter during such times zg rertoration and the operztion of an nuxie
1i:ry control. The synchronizer provides single pulses at the control
of a varh dutton. The hulk of the operations nre carried out by the
timo—puléqa which arrear on succeceive lines at intoﬁah of 1 veeg.
(the inﬁeran ie longer during rretoration and the overation of an asuxiliary

control). The-e pulres are provided by the time=rulee distributer (7ED)
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(ese eerction 2.125). The program counter (FC) is the device which containg
the location of th- next lmstruction to ‘e performed. The control wwitieh
(CS) deterrines which oreration 18 to ‘e performed by ‘energizing tha

ap ropri:te line of the control matrix (CM). Tach lime of the comnbrol
matrix opens certain gute tubes (contrel pulee out-ut units). Hach of
there gote tubes is sensed on & certain time vulee (in cove cases, on

two time ralree). The tulees w-ich emerge from thecs gate tubes are the
commands. Thas by zetting the control awiteh to a ziven position, the
sequenc~ of comrends required tg varform the orercti-n determinaed by

thut porition fe obtained., A diffe::ent ssquence of comrands irs obtiired
ty chinging the contentrs of the control switch. The rrogram regi-ter
(') 1o a2 tuffer re~i-ter which serves two different purporee, %o Lo
duscussed in sections 2,137 und 2.71. Stor:re selection control wiil

be dlecusred in eecticn 2.137.

?.122 Teet Storare

rart of the m'cm(wy of 'WI conelet of 5§ flip-flom regi-ters and.
27 tor-lemswtich regieters (ench cavable of holding o word). Thsee re-
siatere are known us te-t storage (7S). The 5 'ﬂ.ir-nop regieteore may
receive and transrit words, tut the é'l toggle-ewiteh reglicters can only
trene 1t words. A switch rust be menually operated im order %o chunre
the conten s of a togzle-swltch register. The reristers of tect wtorunn‘

_are numb-red from O %o 31; the munter sssigned to a vertioulsr regiater

is called the address of the veginter. The flipeflor re;irters may be
eseisned to ony desired address bylcbanging ‘h cables, A 37.position
switch called the test storsre switer (TSS) determinee the regleter %o

wrich the reetine hao acceab. If the corr:nd storare recd-out i¢ piven,
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the word rwill be read ocut of the starage regieter whoge addraar COrraendnds
%o the rumber contained in the atorese switeh. The command :ﬁ&*ﬁi’.ﬁ&.‘iﬁmﬁﬁ‘é&}.ﬂ:i
w11l rerd & word into the regleter whoee address iz in the etorsge aswiteh
{(4f 1t hav.ena to bde a topzle=switch regleter, the ra A-ar.f procese o.mnod
tcke place).

2.137 Arithmetic lement

The arithnetic olaﬁent (AE) 1@ shown in Fig. ]’i.' The nﬁmb@-rs
are mani?ulnted in the Aeregicter, the B-register, snd the accumila o,
wrich have been discussed in nestiones 2.121, 2.172, :md 2.173, respectively.
¥any of the arithmetic operations require a longer sequence of conmauds.
than c:n be provided with the eight time-pulses available from centr:l
eohtrol. “he rrrainder of the aritimetic element (vith thr axception
of erecialeszdd memory and ov;rnow, ei/n control, snd divide errav).ﬁe
usnd as an auxllinry control to vrovide these corrands. Cpne of the
commande vrovided by the control matrix on sﬁch overstions i sfog clocic,
vhich ie cent to clockepulae coatral and stops the supnrly of vuleses o
thg tire-pul-e distributor. At the seawe time a cormand i eent %o
2rd thmetdc control which v-mits it to corrmence orer:tirn., =ither L¥CF
of HFCP (depending on the operaticn) are used to carry cut these arithe
metic opersticns. Yhen the operution is complete, an endecarry nules
which paml.ts the ume-puluéc to resure is sent to clock-pulee control
by ‘rithretic control.

Certain coﬁvanticn- hive been sdopted regnrding mmber re-
orecentution. These are exrlained in Arvendixr ‘!. The use of the "nines=
corrlerent" to represent a negative number ncahs thet the negative -y

of a rositive mamber y is actunlly repreeented by ?-y—?.ls in trie rochine.
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‘Tris ie perfectly all right for addltlon snd subbtraction ae Iuw' if anie
:round carry is provided. Srif¢ing mpultinlicstion, and divislom sre
anite complicated for negative mmbders if the "ninesecorplement® ia
nerde The eign control has been vrovided eo that these operstions san
© ba carrried out for the positive msgnitudes of the mumbers involved
and the pvrover ei:n affixed Yo the reeult dy complemonting esch digit.
Spoc}ial-add memory and overflov ie r:econary" if the corputer
is to huve the facility of using two words to represent o doubl e~length
number. The a-dition of the less sigsnificont halves of two numbers
rcpresontéd in t'ie fanhion.may rroduce a carry into the leset eirnifi-
cant di7it of the o_ﬁh;-r half of the eum. The evecialendd memory cnd
overflov ie uesed to remamber such a carry. An addition of twe ef né,‘é@»—
length numbers which results {n such a carry resns thut the coyacity of
the cerruter has been exceeded. VWhen such a slfuction eccurs, the V
s';oaclnl-’add\rmry and overflow will sarrly ?m «1arm eiemal which can
be us~d ir pto~ the cmmtnﬂon}at that voint anc provide ecme indica-
tion to the o-erator. A aim;lar éimutloq can occur in the divide dpcra-»
tion if the dividend is greater thap the @ wisor. The divide erroy

is used to provide an indication of thie eitustion.

2.138  In ut-Cutrut Slement

A Vdock disgram of $he inrut-out-ut element iz shown in Fig. 16.

ords ere traneforred between the inwout regirter ond the exterﬁal equip-

'ment on corrende surplied by the external enuirment. Yhen such a tranafer
18 to teke rl ce, the corvand stor clock ie sent to clock-»ﬁxlga control.

“ren the trenefer is com-leted, an in-out control end-crrry rulee iz sent
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‘éo elock-pulce contrel 0 perrit the time~pulees to resups. A pather

corplicated sy<tem in provided to vermit the corruter to opepate at the
'z‘.zme.time as the external oquirment. The corparison regleter ie used &g
& btailt-in check on the oporation of the inwout mgh'mr. Its oreration

will be descridbed in seetion 5.12.

2.135 Rallt-In Checking

1¢ wan mentioned in section 2.13 that the check bus ha§ been
rrovided to check om the transfer, of vorde vis the bus. The chack re-
ghter is used to cormvare ths wvorde trapsmitted by both duses. When o
word is trausfqrréd from unit A to uni¢ B via the bur, 1% i» nleo trope- .
ferred fyom unit 4 to the tripser inru‘e of the check 'reg‘isur via the
check bue. If the check reginter was eriginally clear, 1% w2 recelvs
the word th ¢ wre tranaferred. Some tgmo Tater, ﬂ_m word received by
unit I is traneferr~d %0 the trigier in-uts of the check repicoter vin
‘the bus. No provision is rade for curries. If the two vords arve the
saney the check.mglster will contain 0. The gote %ubes on the 1 siden
of the flip~:lops are s~nsed., If eny of tho flip-flors containe 1, ex
out'ut -iles ia gbtainad, THis outyut pilee i‘s sent to the alarm in-
dicator and 18 aleo uerad teo afop the suvply of pulers o thov comrutef
(with the exceﬁt!on of reatorer-rulees and the pulres required for electre.-
etatic storage). The alarm indicetor provides visual ard sural indica=
tion qf the discrepaney. Alsrm pulere rav nléo be oblained from other
parts of the cor—uter, such ug (he divide orror, t;ha in-out élemnnt,
and the ﬁpecial-add nemery and overflow. ]

2,136 Tert Jomtrol

The owargtio.n' of the comuter ia eonirolied by & mmbor: of

push buttons loc:ted in tee¢ control. Witk theee push buttons and scme
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S0rgle gwliches, ii iz poeeible %0 soi ur any initial conditisms thal

- may be pequired to operate the comvuter. A oingle step of the problen
cen hs nerformed using another tush buttom. Teael squivment is pvovldnd
tc cet uv some sregisl nnex“ai-ine: conditiors that have been foamd uesful
for testing purvosss.

?.137 Electrostotic Stor: re

The tulk of the memory of W1 will be proviisd by elestro-
astatic stor~re tudes (:ST). It is ultirately expect~-d to have a cana-
city of POUR worde. It is comon!o:}t to think of clectrastatic storare
(=3) as beihg made ur of regirters i*.aving addrese~s renging from 0 %o
2047. Stor: re selection control deterrines whether 7S or TS i to be
uged. If toth ere ue-d simultaneocusly, the addreaecs from 0 to 31 mush
te arsipned to 75 while the .addrcanlaa from 72 to 2047 must be aceisned
to S, Tre Trogram rerieter i¢ usred 2o a buffer between ©S and the rest
of the comuter. Yhen & vord ie tranesferred to “S 1t ie sctunlly transe
ferred to the program rerieter. A subeequent com-and -§ write will step

- the suprly of ¢time~pulces -n_«! restorer-milces and will atort electrosintia
etor: ge control (£SC). The word fm P will be traneferred to the posie
tion in S corresvonding tec the addrose eont:ined {n the XS decoder (uSM)
(1t $e eimi)-r in function to TSS, but 1t ie not a switch) under the
ecntrol of “°C. After t‘#i? tronefer has bsen chrpletod,nn ESC ende
cerry ie sent to CFC w-ich will perrit the supply of time-rulces and

restorer-rileea to te resumed.

2.2 PMachine Cyecle
The rerial of time re~uired to fi1l the ecunter of the TID
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vhen etarting from the clear condition will be referred tc¢ -s the wachine
cycle. During thie period, the corpu'er performe one oreyvation ond nroe
paves to perform the next overution.

?.”1 Frogram Timing

The reriea of cormznds neceseary %o eneble the corruter to pro-
ceed from one operation te the mert is kncwn s vrogrem timing (eee Tig. 10).
Yor convenience, a separate line of the control metirix is used W gute
open the vroper cormands. Nr»arly:all of th~ o-eration lipre are conrected
to the nrogram ﬂming line. Those wvhich a'e not conrected %o this line,
are neverthelers connected in trose ;ato tudbee which provide the commands
encential to sequencing. Pfogrum timing vrovidee rome additional communde
wrich vyl,‘.'l’e corron to ne: rly all operrtions (theece additional commands de
not interfers with any of the oversticns which do not remiire them). Ve
will diecues only th-t vortion of program timing which is essentizl to
esequencing. Sore of tha cor-:nde zre concerned with checking the tranafer:
by use ;f the check regletrr.

On time-pulce ? (ﬂ‘P?).the conrende PC read out a:nd‘ SS recd in
are riven. Foth TSS and “SD vil) receive the addrers cont:ined im IC,
hut SSC will deterrine whether TS or “S is ured. In order for the read
in to rive the co'-eet result, otk ISE and FSD mumt be clear, Thris will
have been accormlished by the cor und SS clear on TP1. On TPU, the word
centiined at the addrrsa specified by I'C ig transferred to FR, TH.s
tranefer is dirgct if 43S {s uned, but requires the comrand I'P ;-ead in
1f 7S 1 used. TPU nlso clesrs CS nfter & 1/? usec. delay. Tris enorglzes

the 1ine w'ich controle the ri overation. T'is operation does not huve



program timing, tat the corpands w ich ocear op TIPS of the pf overation
ure an essential part of prograr timing, The commande PR read out,
08 read in, end S8 read in are given on TPH of pi. Th{s resulite im (3
being @et ur ¢~ pepform the overation spscifed at the zddress wiich wes
contained in PC at "P2. At the same time, 85 is =et ur so th:it the correct
operand wil) be available from stors 6. The comrands necesssry to perform
the particaar operution are obtained etarting with TP6. Imeeruch ae CS
wil)l not be chonged until 'm%- of the next ractine cycle, it is pogeiils
to uce Il to TFh for obtalning.thesélcva;nia, Op TP7 of progrun timing,
the'addrhco crntrlned.in PC 1e lncreb;ed by 1 by the comrand add to PC.
Thae, on tke next rm:chine cycle, tha inetruction contained 2t t'ie new
eddreee will be performod.

Tlexibility in the crcice of addrerser for muccerrive orders
4n vrovided by a speci:l oveation, subnrogrm (sp). The sp orerstion
chan es the contents of P'C to the mumber specified in ite address section.
‘An additional eperation, conditionnl prognwmw(gg} wrich maee such & change
con’iticnal urom the ei.-n of the mumter cont.ined in AC (11 the number
is negutive, the chion» is made; if rositive, it is not chgnﬁad), per-ite
the m chine to choose its own computing routine on the baels of the resalts
of some corrutation.

2.7? Oreration Timing

The 'ﬂ}ien of comrmunde which ere conrerned with cetuslly corrylag
out the o-erztion sprecif'ied b) the particular setting of C3 is called
oneration timing. As an exarvle, oper:uticn timing forigg_will be ai scussed .

The addreee contaoined in PC at TP7, indicating the regicter containing
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the inztruction which would ordinarily follow, is transferred to AR,
vhe~e it ie available for further uee, if desired. Thus, AR 1e cleared

on TP6. On TPE, the covmande PC rezd out and AR read in trensfer trie

address $o AY, On TF8 1./? ('l‘Pf. delayed by 1/2 Lisec.), IC Ls cleared.
The addreae specified in the sp instruction ie etill conteined in FR
(it wae there at TPU of rrogrem timing). Hence, on TPl, the corrands
PR rei:d out ¢nd FC read in trunefer the desired address te "'C. Tris
addrese will be read out of FC to ":"3 on TP?, thus the nervt inatruction

vill be obtained from ths eddress epecified in the ep inatruction.

?.3 FProgramring snd Coding

The term rrogramming is used in a gener:1 sénee %0 indicate
the nregeae by w ich a 3>roblo§\ ie rrevared for colution by the commuter.
Coding 18 a ruch more srecific terr referring to th- etep in wrich the
rroblem is etsted in terms of operations whrich the com uter performs.
"hen a problem hzs been put in thie form, it is reférred to as a coded
program. ‘¢ ghsll be rainly conéerned vwith coding in this theeis. 4 more
detailed discussion of coding for WWI may be found im reference 16, A
corviet sumrary of the basiec informstion hus been included in this thesis
a8 Aprvendix I, | A

‘ ?.%1 Somenclzture

‘@ huve previously defined the term word ss o 16-digit dinsry
mmber, If the word i: interpreted oe sn instruction, the firet (left-
‘hand) % digite are the coded reprecant:tion of the operation to be pere

formed. There zre 32 onerctions roeeciltle with trie cenvantion. In
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moed caeer, the last 12 diglite {ndicate the address of the orevrand.
“hen TS ie¢ used, only %he last § digits specify the addrese. When (he
speration code specifias a shift, the lret 5 digit- Andicales £%8 suicnt,
For convenlence in writing codes, tweelettier abbreviciions have basn
sdopted for e:ch overaiion {e.g., sp, cp, ri, ce, etc.). Asnother cone
venient notation ie "C(x), which indicates the addreers of the re-ister
containing x. The e:mhol CR (y) 4indicates the caniente of the register
wroge address is y. Thua, the combineti~n of eymbeles ca "C(x) represcnts
an instruction which will transfer the contente of ths slorsge regictey
conteining x to the accumﬁlntor. Of'couroa, it ¢ neceseary to azelgn
e svecific addrese to the regicter conteining x defora the instructicm
cen te used in the commuter. If x were put In regle'er 21, this inmstrue-
tien wuld be written ca 1. In the rac-ine, thie vo 1d aferr as
1000000000011111 (10000 is the code for ca).

The comuter dlstinguishes between a word used ne an instruc-
tion und & word used as a number on the dasie of the time in the nrch{na
cycle at which this nunter is traneferred from a;or:nec if 1t fe tronse
ferred on TPY und TP5 (via the program register), 1% will be treated :=s
an instruction. At gny.othar time, it will l'e tre.ted e a numbar. Thus
it ie poseible ¢o mapipu1~te an‘inltruction ae ttoupgh it were o mumber.
Indeed, it ir 2 very com on Tractice to do juet thet in progresming (200,
for exsrple, referenca 3). .

?.32 The Operations

lhe operations which h ve been accepted for pormanent ure in

Wil are listed in A~pendix I. A bdrief derccription of e:ch ie includeéd
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there. In gddition, thers are a mmber of orerations which hove been
tenpororily wired inte the contyol metrix. Theecs operaticne are disiine
fuished by & twoelotter code in which the firet letter iz g. Une of
the-e, ge (check), will be ueed very frequently im this thesls. 1t
corperee the centente of the storage regieter indicated ix; i¢e addresns
with the»contomo of the accumulator. The corvurison is carried ouf
in the check register in 2 ranner very siriler to checking of the bus
transfera (gee section 2.135). An elarm is obtained 1f the words do not
egree. T-ourh ge is only & témsorary onaration at precent, it seems

very likely th:t ii will te mede & permanent ope-ation.
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3 - DISCUSSICE OF FAILUFRS

3.1 Closeificaltion of Fallures

Tech stage in the computer must verform cé%ﬁain clearly delined
functions. Its ability %o verform these functicne devends on.mamy'f&cu
tors. These factoras generally vary with time in an irreguiar fashion.

The statue of all there foctore at a rerticular instant will determine
vhether the gtase can perform one of its functione at thot instam%n A
failure need not be rrecent at sll times. Fowever, if it is net vrecen”
during a checking process it will'pnt be detected. Thus, the nature of

the factors ceusing falluree ond the degree to which they can be conirellied
exert an imreortant influence on the rroccee of error de%ect!cn.ll It ¢
helrful te clasaify falluree'according to a scheme w'ich indicates thig

influence.

1,11 Stendy-State Teiluree

An irreversidle chanre in one or rore factors w'ich renders &
gtr-e Dvrmanentlylincapable of verforming a function is c-lled a sterdy-
etate failure.ll The etepe will consistently yield the seme incorrest
resronre st every arrlicrtion of the eiensl. A tyrical exemrle i an
open cable; it can never tranesmit a pulee. However, it must not be cor-
_cludod that & fmrmanent-failura of a cnmpénent is necescarily é stéa@y—
sta%é faillure of the ertare. If a resirtor used to temminute &'cabla
rlould become oven, a‘disxorted ﬁulsa vaveform'uuuld recult, Vhether ¢his

will cense & failure depende on severzl other factors which ne~d rof always

be unfavorable.
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2,12 Tymermie Failuresn

Closely akin to the steady~stete frilure, though somewhat mors
subtle in 1ts effect, in the dynamic fa*lum.m The dletirguiehing fzcior
is thut it avpears only con certain aprlicatlnnsxvf the elgnel. It may de
¢thrt e courling condencer will charge elightly evvry time 1t pasaes =
rulee, If there is not sufficient time for it to dilscrerge between suc-
cessive puls~s, the churge will contipue to btuild ;c. The amrlitude of the
outrut puleee will decrease as the charg; oh the cenlenser increaeen. “ven-
tuzlly the outrut oulee will be teo smell to drive tis next stage. This
effect is referred to re PRF«aensitiéity (pul@e-r«petuidnfrequenoy) and
is an exarrle of a dynamic fallure. Tle oren terminativg reaiator'rnferreﬁ
to in section 2.11 might be a dyneric feilure or it micht not be a failure
et all. another intereating examvle of o dynsmic failure Mnd in the
orerztion of WWI (after coneiderzble offort) wee the result of "ringing"
on a d-¢ power sur-ly line. The vnrious mprly linee have besn orovided
with LC=filtere to prevent the coupling of puls~s betwsen cifc\ltau The
current surges wrich accorvany the ewitching of vacuum tubes coige the
filter’clrcuits‘to oscillate or *ring® with a fairly smell emrliiide. It
g0 harpened that the timins of n Droblem was euch that 3 the fourth tire
a particulsar pulee occurred coincided witr the penk of tihie oscl) . ien.
This was bdarely sufficient to interfere with eorfect onerition; indiwd
an error did not always occur on this pulre. This failury wae not diws to
& defeotive component; it was & deeign weeknees which, ix 81) fairnecw,

the desisner could not have been expected to enticipate.



-3 Inelrient Teiluves

Some factors change In 5 eonsimous faehion. For ammrle
the catrade emleeicn of a $ube Aenas to desra-sze yradé&ilg as it agea.
“wentually, the chamnea will hive rmgr'émﬁd to a _ﬁpan% whore correct
overztion iq.no lonser roseitle and a strady-stste failurs wi?.Z erlist.
Tefore thia roind i rernched, the averation of the stage bﬁdonas nore
-eensitive to othey frators. An incivient failura fe anld to axiatxri-
Sl1izht v: rictione in some feotors would aot canse any faiilures in = =tape
vitheut an ‘ncivient failure, bdut tgnse varisntione would cauves failires
when an incivient feilura ie vresent. Aging effecte are found in sil
ccrﬂonentﬁ, ﬁnt ore more prvnonnéed in tubes and crystael ?ectifierﬂu

.14 Interrittent Fallures
Trecue tly o atece wil' be chnormal y sensitive te : factor

wrich fluctuntes in a;randon fagshion. Tiie sgnsitivity {2 not the ra-
sult of a progreeeive deterioretion ne is the sensitivity eﬁ:i bited by an
'inqirient failoure, but s moe br leae conntently pressat. The bish con-
tact resictance vregent in e poorly scldered joint right be & csues of such
sensitivity. The failure will arrear ot irremlarly epaced intervple.
Sugh a failurs 1s called an ‘nterrdttent fallure.> It ts quite sipilay

to the incipient fuilure in ar-earance, but not in cnure.

2.15 Reproducible Tailures

Another tyve.of- fallure wrich is mani “ected =t 1lrregalarly
spraced intervale 1e ths renroducidle fallure. Ite im-ediate cause iw

an external dieturdance of some sort: mechanical vibrntions, presence
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of r-f radiation, and the liie, Cf course, there must be some other
“ezetor w'ich makee the elage esnsitive to thsee Al sturbantes, Mt it napy
overste ?ery patisfociorily ae long as the dieturbazw'.an-is- not proseni,
Py artificially causing mich disturbances, revreducible failures may ‘e&
nade to occur vhenever desired, and hence take on the characteristice of
steady-atata fallures.

3,16 Random Failures

$%11) another failure arpearing at irregularly saced intervals
is thé random failnro.s It does not reouire an sbnormally seneitive etage
for its oceurrence. It generally resulte from &n unususl combipation of
unfaverzdl e conditions among the fectors which are subject to veriation.
It mey be due to en exceptionnlly large variation of one sach fector,
€.Zspy & TOWOr line transient fer esrxcesding the normel lim te. Although
there {8 alwaye a cause for suach & fauux"a., it remains unknown o the

orerator.

3¢? Checking Considerations

2,91 Influence of Various Tyree of Failures

Test chocking may Ye ré(ra.rdad ae an exrerimental procedure faor
deterrining the ability of the cemruter t- function vroperly. If the
ebility should cfumge_ during the cource of the exreriment, it decomes
aifficalt, 1f not irpossitle, to interpret the resulte in terme of the
c'cmditirnlof the comruter. It is quite poassible to odbtain the correct
golution to a rroblem evern though dynaric, incirient, intermiitent, Te=
vroducible, and randém fuilufes are rrecent. In short; teet checking ie

aprlicable %o only steady-state failurea.u In deaigning test sequences,
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no conalderation need be given to any faillures wrich zare net esesatislily

steady-state failures., However, it hae been noted that dynamic, frcivie
snd reproducible failures s,:;e very closely related ts etecdy-state failuiwg,
if cuprlementary reans can be found te convert the:é tyres of fallures Inils
gtendy-state feilures during the performance o0f the teat sequences, teeh
checking may be used for their detocﬁun. Of course, if z2n intermittent
or random frilu-e skculd occur at an oprortune time, 1%, tee, would be dlo-
covered by test checkings. However, rathematical checks are such rora ef-

fective in dealing with irregularly espaced failures.

3.22 COperationasl Rffecte of Failures

GCenera’y npeak"hz, a fellure in o atae csures it to 10:@ its
ability to nerform a certain functinn., The problem of designing a checking
aequence may be stated in terms of thau\mnctionn; the checking eoquencn‘
miet recuire each stare to verform 21 such functions. One of the firel
tagkes, therefore, ig to determine these ‘unctione for esach of the elementory
etagee. It ie not neceseary to crnsider esch cormonent Failure for thig
rurcose, :8 will brerme avarent when it ie done in sectioms %2.221 to
3,200, AL

‘hen it 18 desired to use s prodlenm for routle locstion, a mora
detriled knov‘.ledge of the crerations]l effects of the fallures 18 reciired.
The actusl roiponse' of the faulty eta-e rust be known. Tiis s an im-
portant procticel distinetion between checking and trouble location.

It would perhape be well to restate this in the fore of the questions

which the deelrner miet ask in esch care:
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Checking: ‘“het must the zaté.ge dot

Trouble Location: Vhat will the stage dot
Seme of the answers in tyniczl cases ara given balew.

3.221 Amplifiere

The function of an ahnlifier is to provide ar ocutrut of the prope:
arrlitude to drive the succeeding stages when the an-roprinte fnput elgnal
is annlied. The outrut amplitude ray.lio erong & wide ranse of values
when o faulty component ie rrecant. The rarticular amolitude level which
ir obtrined will either be capadle of;driving o succeeding bl-stadble stage
or i; will not be capahle of driving it. Since the cutmt will ultimately
be arrlied to a blestable gtage, it may be said that the arvlifier will
not ruprly any cutput rulece if a feilure existe. This doee rot mean that
the actuzl amrlitude is zero, but thut it might just as well be zero =a
for as its of f ct on the sverction of the comuter ir concerned. If the
outrut ie capabdle of driving the succeading stase, no failure Qriatah

It is, of course, vossible to obtein an cut ut when no invut
signal is aprlied. However, there e nolway of v;edicting the relation
of the times of occurrence of such spuaricus pulass to the timing of
comruter orverztione. Thus, failuree of tris tvre are eseentially inter-
mittent and need nct be crnsidered. As edditi~nal justificetion for die-
regerding them, it ='ould be roted thct such fallur:-e are extremely rare
in wvell-designed armlifiers.

To summerize trie diacuseion, the two cuestions of 3.27 will
be enswered. An amlifier stere mucet provide an outrut whenever the cppro-

rriate =ignal is evrlied t~ the inrut. 1f 2 feilu-e erists;, no outprut
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will be oblained when & sligoal is aprlied te the fnut. The extrems
aimplicity of thece conclusions tends to belittle their jmoortance. Oete
tainly they are intuitively obvious, tu? they suet be cleerly reslized in
designing test segusncee. Hote thst the fallure of the arplifier may be
due a large number of causes (opsn filament,oven plote load resistor,
grid-to-cathndn short, ete.), all of wrich exhibit the same symptom.

2,222 (ate Tubee

The g:te tube can feil in threa ways:

1. An ontrut pulse s obtgined wit!out coincident !nrutau‘

2. Mo out~ut ™ulee ir obdtained for crincident inmats.

2, An outrut pulce is ceupled back te an imut line.
. Case 3 43 erxtremaly rare 1f care hee besn siven %o the laycut. Furthers
roré, it {e corrietely rermlese if the in-ut line i¢ driven by an ampli-
fler, se i often true. Tris casc will therefore not be c-nsidered in
trie thesies. Cace 2 is ni1ite mospitle znd ?ortunaﬁoiy, ie amennble to
~easy apslysie. Two possibilitiéﬁ must‘he'conaiderad undsr cage 1: the
output pulce e obtained without any inout or it ie obdteined with only
one in-ut. The former poseibility reprecants an oscillialory condltion ‘
which is extrem01y~unllkely. I¢ 1t should exis%, it weuld be extremely
difficult %o determine the times when a apuricug puipe would ocour. It
“would take on the characteristice of an intermittent fallure, o thit 4t
.need rot be cohn!derad. The letter poseibility ales may resnlt in spuviou:
pule-s et indetermins:e tirea, kach, araip; need rot be crneidered.
However, in the umal avrlicetion of the gats tube, & elgnel ies avnlied te

one invut to determine whether the cther in-ut ie energived ot that time,
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It 9 quite poseible that the gate tube will provide an cutpui vules wiek
‘ever this seneling simmal i aprlied, even though the other imrut le ani
energlized. Trie is a stralghtforwaré maaifectation anﬁ will be coneldered.
To surrarize, it will bde asssumed that éo the fallure of a gate tube can
exhibdit only two roseible effects:

1. It will never provide en outvut when a seneing sipgnal is

arrlied.
2. It will elvways provide en outmut when a senaing slemsl 1o

arvliied.

2.203 Tip-Flops

of three inruts and to retain such informetion indefinitely. A faully
comnonent may caugze it to develor a wreferred rosition, 1.e., &% will not
rennin in the other porition indefinitely, though it will remein in the
preferred vosition for any desired period of time, Once acain an indetere
minute time fecltor arvears in ﬁﬂa consideration of the affscts of fallures:
the rericd of time a flip-flop can hold the non-preferred information
refore reverting to 1ts preferred state, If this period ia lonrer than
the time it is required to hrld the non-preferred information, this
veakneass will not h-ve an adverse effect on i{ts overation. The longeal
lntérvai between reetorer-pulee peire is the maximur amcunt of time that

¢ flip-flon would be req.ired to hold o;e sta'e. However, for rcasons
wirich ére not fully uvnderstood, flir-flore have been obeerved to revert

to the vreferred position even thourh reetorer rulres are used. Some

assumptions maet de node regarding the effrets of fallures of thie tyra
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- on comrutar operation when 3o Creuble locetion is consifdored.  Neveprthols
the checking requirements can be clesrly siated:

1. It rmzt recelve and retain o C vie the 3&&:? inrut

s It must receive end retain 2 1 via the cet invud

¥, It muet recelve nnd retaln & C vie the trigper lrcut

o It ma=t receive and retnin a 1 via the trigyer inrut.

2,924 Restorer Fulses

The 108s of reatorer pulees in some rert of the ccrmuter ia
another type of fatlure which does not lend 1teel? to a sirple analysle.
If the contents of the flir-flope afe changed et sufficiently frequent
intervals, the cherge cn ths counling condensers will probadly be paln-
teined, #o thst correct operation will contime. However, this ia w0t
likely: Vhen a {lip=-fleop remains in the same rosition long enowgh, the
suprreseor of ite sensing gate tube will arsume the potentisl of the poiant
to which it ie returned. Those g:te tubes in which the sucpressor ore
returned to ground will ‘e open, regcrdlere of the condition of the filip-
flop s, Xoast gate tutes are desifned thie wry. Trose gate tudeg in which
the surpreesor are returned to =15 volte will Ye closed, regérdless of
ths e~nditiom of the fliv-flore. Pead-in gate tabes are -snerally of
t*is tvpe. The seme esymptors will, of ccurse, arvear 1f s flin=flon is
not‘caparle of resvonding to s eignal at the trigger imput, for it ia v
‘equivalsnt to the loss of the restorer-pulse supvly to that flip-flop.
iffectively, theee failuree may de interpreted aslflip-fIOp feilures in
which: : ‘

1. The flip-flop arperrs to contein 0 and 1 simltenecuely.

. The fliv-flor avpears to contzin neither O nor 1.
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Pecense rostorer puires play such 2 vitel role in the orersbion of the
comruter, §t may be well to include eowe Duilt-in device to indicate the
loss of resterers at 2cme oriticad roiant (er rointe).: Thie subjoot

cannot be dlscuseed any further in this paner.

3.3 larginel Checkinz

A very usefal technioue adopted by Froject Vhirlwind 4e the
rrovision of facilities ‘for the voriation of dec gup 1y vqitnges to worions
vorts of the computer. The variation of theee voltoges 18 s powerful
ad.juhct to other checiting procedures. Uynaric and incivient fallures
can be converted into stesdy-otete failures through i4e uwse. It helps
ginolify the problam( of trrutle locau_on, The poesiti]l ity of removing
a deteriorating componsnt before it ceuses a faillure in comuter orerstion
iz enhanced by trie voltepe-vuriation scheme.

A veriehle-voltore ereneratof e rrovided which may be vli-ced in
gories with a mumter of the‘d-c‘ surTriy linee. FKach of thece linee minplics
a rather limited rumber of stages. 4 telephone dial may be used 1@ aclont
the 1ine on. whick the voltuge is to be varied. Manual coatrol of the ‘
verlation is availabtle 'wi.bhiu the 1imi¢ imposed ty the renerstor charace
teristice. In addition, there is yrovieion for mio_matic:ally awl tehing
the gnnera.tof into e:ch 1ine in eequence and cauring the volta.r.e %o he
varied within rredetermined iimite before gwitching to the next line.
These limits may, cnd generally wili; be different for each lin;a; It 1s
voseible to both incre:re 2nd dec:eﬁs& the voltsge. Sincé only 2 limited
naatar of stecee ig affected by a sinsle voltam—vn'rmtiox; lind, a

consideratle degree of troutle loczation mey be affected through {te use.
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For examrle, 4if a2 incipient f.ilure‘ander normal vﬁl&nga 1a cnavarted
to a steady-atate failure Dy Vfryihg the voltege on & particular ilne,
the trrudle ie aesnoci:ted with one of the stare eupﬁgied bty thot line.

In penreral, there i & cert:in maximom telerance (both voeitive
end negative) in the suovrly voltages of each ;kara,v“ich ie determinsd
by its desien. A tolerance will be acsocinted with each supnly 1line.
T?in tolerance is some function of the t~le~rancgs of the individual «tague
surrlied by it. Theece tolpranéas are called ma.fginsa ihen & stase 8
orerated very close to iite margin, it becomes much more sensitive to
fluctuations in the factore wrich éﬁnee failareg. In particuluy, dynamic
«nd incipient fouiluree show ur much rore cleurly. DNecrecsing the screen
surrly voltsge on an aring pentode tends %n accentu:rie the dscre#se in
cuth de erission. The rlute current decrease in a normal tube may be
sufficient to caure o stendy-stnte failugp with a merzin of -0 volte;
for an eging tute, the rargin et wiich o stendy-satate fallure s reors
may be only =15 volts.

' “hese facilities rar be used to mespure the margin on erch
line by v rying the voltare to the point ~t which a failure occure. Fy
receuring the sectus) margine =t regulur intervals, c-neiderable informa-
tion ia obtained resarding the effects of aging on the overation of the
ceruter. Vhen margins become unduly low, it is time to revl:ce the
o“fendins c-rmronent. Siki'led p~rsonrwel contend that tha trende of tris
date often fniic:te the faulty component quite accur: tely. Lhey heve
rroved their contention on a ﬁnnber of occasions. This rrocedure of
checking the marging hne given rise to the term marginal checking to

refer tc the uce of the voltage-veorintion fucilitiee for any purvose.
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I{ is meaninzlens to quote the marpsin svallable om a glven
vnltzae;variatton 14ine without.spaciﬂying the conditions nnder wrich {4
wag measured. No failure woald be obltained at any Véitﬂgﬁ if the stepes
survlied by thet lime were not in ure. One standard eat of comditicns
{9 thé énmplgmonting of all flip-flops 2t a fixed rate, determined by
an external vulse scurce. This is used only for the marginal checkiig
of the fliv=flove. By odbserving the indicator lighte, the rargln at
which each flip-flop fails to corplem-nt can be mensursd. This techrdque
has proven quite effective. Ko equivilent technisue has been develeyed
for other tynee of stares. It 1a necessary %o desién nroblams which
utilize the etare undergoing voltigsee-y rintion. Mue~ atudy muet be
&iven to the coordinstion of margina) checking with te2t checking.

The fuet that rarginnl checking rey te uesed to nrediet the (gw
rminent occurence of 2 faflure e-recte th:t it rev 2lso te ured to tree
iiet thit no failures will occur for sore definite veriod of t'me (thra
prediction interval) if the va}gin is grroater than soma predetormined
ve'ue. There is not yet eufficient evidence to Justify this.conclusion,
at it doea ereem plousidle. Of couree, t'is ¢ nclueion ccald only arly
te atendye-atste, dynarie, and incicieht fafluree, Ty vroviding some
epparatus to rroduce suitadle external dieturdbancee, 1% might be 1or-
erible to ertend trie reasoning to reproducible fallures. If the exi¢w
tence of a reasonably long predictiorn interval can te demonstrcted con=
clueively, testechecking procedures would be considerstly rore attrective.
An overall check problem could be perfoimad at regular intervals (cope-

whut sherter than the vrrediction interval) while esmchk surrly lime was
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varied through the rangs requaired for the vrrrdiction to bte valdld. If
the probler indiented that no fu!lurae wvere precent, it may be concludal
that probiems zolvad durine the remainder of the vrediction interval

ore error-free, provided that.eome mathematical checke zre includoed to
guard against interrittent and randomr failures. If the prediction
interval were long cerpared io the time required to verform the check
problem;, the loes of tire inherent in testechecking procedures wonld

become nagligible.

3.4 surmary

Tect-checking procedurees are only effective aepinet sieady-state
failures, However, by uee of sup-lementary means, wany failures may be
eonverted inte  etendy-sti}e fallures, Thoss which ccmnot be converted
are sufficientl:; random to be detected by rathematicsl checks. For
par~oe-a af io-t sequence design, it mey te assumed th:t only steadys
state foilurer need be detgcted. Te ure & sequence for trouble locatien,
it is necescary to cdetermine the resulte wHich will bs obtained 1n the

~ Dresencs of 211 poseitle foulte. Zach fault 48 mcoumed to be manif@st@d
in a clecrly defined manner, although this 48 by no reans accurite. Those
f:ults which d0 not exhibit clenrly defined effecte are snerally suffi-
clently rare to justify thair'bo!ng neglected. Furthermors, 17 esuch &
pecul oy ci.ee arices, analyeis on the basis of thego asrumriione should
lead to c-ntredictions, thus indicuating that a specinl cace ie¢ involved.
However, these arsumptions do not alirin:te the need for further stucy
end clgaeification of corcuter fajlures., Ferhars such atudy rmay lead &

o more setisfactory treatment of tert checking.
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D = PRINCIVLSS OF TEST SKOUYHC?E DESIGH

sy

.1 Objectives

Yetrods of improving the reliabilidty of comrgtimg n chinary
will be in demsnd as long as there 1s a need for computers. AL praeseat,
the demsnd for sueh methods is quite promounced. The rain emphasgin {e
towarde develdping techniques wrich glive uszeful reeuits as eodn a8 POE=
sible, even thourch they le: ve semething te be deeired. More elegant and
affective metkod; will de required in time, but the irmportant thing ie
to keep the computer overating with » minimum of laborious.raintenance.
Trouble-locatiod techni~uss are of ﬁsre imredinte interest than checke
on the over:ll remultr, The ultim:te roal is twofold:

1. to ohtrin = compact, overall test rroblem, coordinated with
marginel checking, wrich will indicete thrt every otspe of the compuber
ie working rreverly (borring the inevitatle exceptione) ~nd will continue
to work rroperly for the prediction imnterval.

¢« to obtein a collecticn of tect recuences which may be ured
(prodably in conjunction with rarrinal checking) to lecate the source of
any failure wrich i1s precent with as 1ittle ambipuity 2s rosreidle.

Trie theris ia mainly concarned with the mecond of theee goale.
However, it is felt thut some insight into the desriem of c«n overall check
rrobler can be geined by atudying'tho‘chocklng of emall unite. In aﬁditicu,
the reesulte éf such & study can aleo bte srrlied to troudle location. Thme,
thg rain objective of thig thesis ie the develovment of o systematic method
of desirning tect senuences for checking relatively amall_ﬁnite in coore

dination with merginzl checking. A second:ry objeotive {8 to dlecover
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those limitations of teet checking which might require the uge of othor

checkins rrocedures.

L. History
%, 1. Rlumenthal ~nd G. C. Foberg were the first men to atudy

the ~roblem of test saquence deesisn in dota11.5 They were concerned
with locating certain tyres of stendy-state failuree in the Mive-Digit
Multirlier, the vrrototyve of the Arithmetic %lement of Whirlwind I. They
conesidered only eingle feilures wrich :«re enuivalent %o the removal of
gome vacuum tudbe. The rrocedure they adorted is ouite stiraightforward.
It corsists, o.;ontial?y, of tatuleting the functional abilities loet
uven the remeval of ercﬁ tube. OCenerally, this tabulation will supgrest
& secuence which will deteot the vrerence of the failure. For exartrle,
rur—ore thit a varticular fuflure would render a flip=flop regirter in.
capntle of receiving a2 1 in digit column 15. The eequenc~ for checking
for thie frilure is almo~t self-evident. TFead = word w'ich conteine {
in digit column 15 i{nto the regiester. Fead the word recelvcd by thie
resinrter to a cormerison unit (such ae the chegck regiter). Compara the
wvord in the corparison unit with the werd orig‘nally resd into the reaisttr;
If they agree, then the particular failure does mot eriet (every other
vart of the corpi'er ic workine proverly tocouse of the rinrle falill as-
sumption). If they do not agree, then the failuro'oxists. However,
these men utilized esequences of comnaido rather than orerations, thus
geversly limiting thre practica1~anp11ca¥ivity of their results,

G. C. Sumner recognized thr.t inforration ie routed along certuin
clearly defined chanrels in many tyrical computers unit:?i He concrived

of & metrod of troutle location anslogoue to the conventionsl rrocedure
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of sigpal tracing. The tent sequence would eet ur the unit so thei She
isﬁgrmazion would be routed along & pardiculor chennel, surrly informmae
tion tc the infuﬁ of the channel, and check that the F@pwoprieﬁﬁ i nformes
tion npféared af the cutput. He desiened a few erequerces {using c&mﬁamdéi

te 1llustrate the procedure, assuming only eingle failurce.

4,2 Froroeed Procedure

The computer will te su'divided into extremely small eegtions.

A rethod will then de develored for desirning o teet sequence in check
an& one section, assuming thnt =211 other sections are working properly.
Vedificstion of thr vrocedure to include multiple foulte will be cone
ridered. The ure of the sequcnces for trruble locztion will be discussed.

he71 .Subdlv¥sion of the Computer
A section coneicte of 411 etages whrich are sup lied by a sincle
volt: ge-variztion line. This nu‘division of the corruter aut-mstically
coordinctes the tert sequences with rarginal checking. Of course, mos$
strres require rore than one d;e volt:e suprly, and it freguently hap:-ens
that the same aeotibn correyponde to seversl woltagee-varization lines.

- True, there zre less sections thun there a'r voltsre-variation lines, and
one test sequence can be ured with eeverzl voltage-variation lines. This
re hed of subdivieion alsc helps cre:te a firmer foundrtion for the single
funlt ascurntion. It is more 1ikely that a foilure will oceur in o
cection undergoing veltire-voriation than in one whoere eurrly voltipe ie
norral, particularly i{f the periodic checking eschem: discussed in section

3.2 (in connection with the prediction interval) is used.
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4,22 The Channel Concept

The pieture of ¢leurly defined chonnels of ‘nformatics flow
conceived by Sumner (see section 14.?) may be re:dily seneralired to i{r-
clude the entire cemruter. Information arriving ot tke inputeouiuuh
element is routed te astorsge. Trom 9torage ii ray fa tfannmit%ed to the
arit*metic element, wher- it msy te combined with other informetion to
form the desired information. It ie then routed to the in~ut-output
element via storage and made available to the overstor. Another poeseible
char pel takeé the informetion from storuge tobcontrol, wher~ 1t may be
ured to manipulate other inforﬁation'in the ecomuter. The vathe teaced
out in thil_var ¢can bacome very crmrliex, esvecislly ainc& the informae
tion frequently undergoes transformation snd mry frequently be used %o

determine its own route. Meny channale may coincide for several stages,

Theee corrlicatirns maie Sumner's ides of aut-matic sipmal trceing unienaile

R el

vhen arrlied to the wrole com-uter. The rracticel difficilties imvolved

e

b,

are very rearly insurmountable..

However, it i3 very useful to consider a regment of & chennaj.
Eesentially, Sumner crnsidered those sepgrments which were within each ef
the ty ical uinits thet he treatedf Eéch of trose eegmentp cruld con-
ceivatly be ghzred by rany different chmmnels, ﬁlumenthal znd Hoberg
also considered channel segwents, although they ray not hzve been aware

- of it. Treir sefgments ccnsisﬁed of single vacuum tutss. The charrnel
gocrentes to be consldered in this thesis will be t oee which are within
e ¢iven section. A channel s~gment will be defined as = rortion of a
¢t nnet! whrichk ie d£c1ud§d_w£thln é given section and includes all»ata:es
in that section wrich «re vrrt of the ch:nnel. In specisl coses, thie

definition may reduce to thnt of Surner or that of Plumenthal and Hoberg,
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1¢ is rot necessary to irace out the entire chonnel in crder %o
describe e ot chonnel eegment. A channel segment way be deseribed
wit*out any knowledge c¢f the complete ch nnsl or chennels of whieh i1 is
e part. It §i9 only necescary to exarine a diagram of & section, chooae
e stage which receives inforrmetion frowm sources vholli outside that seg-
tion, and proceed to trace the flow of information from thies atoge %o all
stez~p until a stere ie found which is ocuteide the section. Theve may
be many slternate prthe for the flow of inferrmstion. Rach of these lg
another ch:.rnal segrent. To find ?ll'channel segnente belonging 6o o
fiven rection, all such rathe must dbe traced out, starting with each
stire which receives informoti-n from sources vholly outsido_the rogiion,
T+ia rrocess may seer very ladorious, tut in many creee it is real'y
cuite eirrle. “very altarnztive r-ute encrintered in tracing out theee

- nr.ths sould te carefully noted down in order to avoid overlooking one
of the vaths. -

4,327 Uce of The Channel Concert

Once & tabulat;on of all the chunnel regments of & 7ivgm saction
hes been mado, it ie a comruratively simple matter to deeien a tecd
sequerce for sach of them. ‘'Jhen there are sevcral chramnel segments
sharing the same stz.e (or sta-es) 1t ie ;u!ficiont to check one of the
chanrel segments in order to check the etese. The cholce may bte nudas
erbiterily. VFowever, it ia frequently desiruble to cleck all channel
segments, if only for the greater arsurance it rrovidee. The sources
and destinnﬁ!ona of the inforrztion transmitted by ench chunnel sagment

ghculd be tubuluted too, as srould te the corrand pul seg which control
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the trana- iasion of tris informatﬁon. It ie then only necegssry ¢ chogsa
one of the soarces (1 there i3 only one source, no cheice exista), nas
of the destinationa, 2nd one of the asequences of com-ande for Lranprl Glng
the infornation from this ecurce te t*is dbstinpt!nm, Any cHNVon&;ﬁg
method of supplying the scurce with the {nformetion :nd examining the
destination may de used. 4ll ctoicee of thie nature may be mede guite
arbltrarily 4f there are.nlt@rnnte possibilities. If thera is but cne
voasibility, then that {2 the way 4t ruet de drne. Tt is rometimen
rorsitle to hnka‘choices in such a way as to economize on the srcunt of
storare required. These pointe :gould becore cleer when scme exam leg

are conelderad. '

There is one voint th.t requirés eveciel attsntion. TFrequently,
the inforrnticn euprrlied b z crennel eesment to ite d@szinatﬁcn ig used
tc manipul:te scme mumters in an crithmetic ~rocess. 1In e~re caser, 1%

- may harren thu:t the correct rosuit will be obtained sven tiough the vroper
informsticrn ie not nupwlied. 'Thenevn; such & ctannel megmrent ie teing
checied, care murt de t: ken to te sure thet the numders telng manir latcd
donot lend to one of theee srecial cases.

L,34 Multinle Faulte

The teet sequences wrich heve been odtained on the asmumniion
that allbferta of the computer (other than the crannal segment being
considered) are working propverly, may not aprrly under Ie;a ra-tricted
conditione. In many cacee, it ie rossitle to design other teat sequences
w*ich afe useful when mult%ﬁle fgults are nresent, Rowevor,.it 1e etili

negegeary to make scme assumr‘ion regirding the crmdinztiome of fanlis
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%o be cenelidered. It is aleo convenient to 1imlé consideratlon tc s
small unit w-ich mey consist of severa) eeotions. The concept of =
chanrel s~gmont muet be broademed te include elt stares of the chesnel
which cre in any of thece sections, Tria 1s veiy neurly the eame tyvo
of crhannel segment thut Surner us d.

The procedure requir s that c:reful sttention be given to the
order in which the chznnel segments are checked. Firet, all single-
stage chapnol segrente atould be cheriked. Then, desi:m tert sequencss
for all two-stsve crannel segmants vhlch_shd?e stages ulready checked,
«nd 80 on. Of course, it is qiite péésible thut there sre mlti-atare
erunnel regments coneicting of reveral staoges that caniot be cheiksd
indepéndently. If such a situartion axietla, then the whole chemnel eopg-
ment murt de tr-oated as trough it wiere a single etere.

I7 it ir desired to exrand a. tect reguence to include more =ec-
t'ons thun were considered in ite ori-inal deelgn, it is usually necesvury
to etart al) over ond deasign & cormletely new sequence. The additions)
atnres which come into concliderztion ~enerally cnangp'ﬁm’componitfon of
the ¢ nnel regrents g0 th~t the orig’hal sequence.ia oot aprlicable.

In particular, the one-stace channsel segments of the swsller unit may be-
cone nulti-staro ckannel segments. This feature of the a~vroach is eome-
wvhat of a disadvantars becaunse it requires that such analynii migt be
carried cut every time a larger unit is ceneidered. However, in lieu

of » better arrroach, this disadvantar~e murt be tolerated.
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4,35  Trouble Location

Tho teet gequences desipgned for checking f;he repions chinnal
eogmonts ray be ussd in troudle loestion. It ‘._*m only  aecessary o infale
@mine the voint ir thoe sequance at which an alarm i¢ obipined in ovddr 10
diecover the faulty channel eegment. The tyre of information wrich wEs
not traneritted ia detemined‘by apalyeing the contents of the various
flire=flope. fihase two siﬁepa usually reduece the mumbder of vessible jocae
tiones of the failurs %o a; reagnnable va'lue. Manual $goublie=locetion
taehﬁiquen may then ha used. |

A greuter degrw of &rouhlf: locetion con te cobdtained when az;

: mmhef of c!zannei s-'@;mema share ‘he same slnges (aeé 'B'QF;; 1?)° It fe
nocessary o ure a tead sequence to check ezch channel sesment. A

: nimber of poesibiliti=e may be elimin: Led by eoneidering the resulds ohe
teinad for esch aeq!xf*ném Refarring to lp. 17 snd sesuming oniy mng:’lé

fatlures, the following pattera of roesulte will be obialned:

Defective Crannel Channel Channel Chennal

Stice Segmant Sepment Segment  Segment.
\ £1 ge #3 - 2
& Alorm Corrf.fcst &iém Alpry
1 Alarm Alarn ' Alarm Coyrrot
g : Alarm Alarm . Corpeet  Alnrn
D ﬁ.l‘a,rm : Alaren Alam Alarw

Actually, 1% le 0ot neceseery to vrrform the test sequrnce for channel

eogment #1 Tecauce the slarm will alvays be obtained. T ‘e indicates
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a real difference botween thecking an& trouble location. ¥For chacking,
it vould be sufficient to perform the tert sequance desipgned for chonnnld
.segment ¥l. If no slsrp iz obtained, then 21}l four sfares are overatling
correctly. If «n alarp {e 6btained, the other three teet sequenses muy

be ueed to 1lasolats the fallure.

'\
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5. « EXAMELES 0% DESICK YOG DURY
5 . 2 )

4,0 Simngle Fuult Sequences -

Severil tert soquenemas have deen deelsned t check tyudcel
sectiona of the enrprtier. It is zarumed that ev-ry channel cegment,
other th'.n the one beins checked, ie over:ting correcily (i1.e., only o
s;ngle fail't eviectg). Cenelderation of ~torers hag been oritted be-
crure the chennel serrents crnalet of a prohiditively large mumbor of
ate-er, Srecinl techniaues will rrodbrdly be more e:iftatle for chacking
etor ra. A deelrn for en entire section *as nleso been curried oud in
‘he hore that 1t wruld voint ‘he way to the deedrn of (eet sagu-nees
for larper sections.

' 5.11 Aritimetic Control Flip-Flevs

Tert egaquence demirn ies rrobubly meet eimrly illustroted in
arith-etiec controel lﬁecauge 1t conel-ts mainly of disjunet chunrel seg-
rente ¢ nt: . ining few sta;es., Aritimetic control has been df swuaﬁ in
cgction 2,177 where & bloex dizgram (¥ip, 14) hns been included. The
section defined by volt:pe-virintion lime 79 wil' be coneidered. “hia-
ceotion ia identiccl wiih the one defined by velt:re-voriation line £0.

The following stuger ara in t'ie section:

FF0L,01 {sisn control)
FF206.01 " ' (radtiply)
FF307.01; ¥FIN7.07 {erift)
TFANB.01; FPINE.02; FY20E,03; YFINE.0 {divide)
YFIN0,01; TFI00,07 : {eprcicl=acd)
vF10.013 YFR10.0P (roint off)

The c*snnel segmentr, together wihkl the sources ond destinctions of the
: i
informution ¢nd the sourcee of the corr-nde, will now be descrided in



O
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detril., These deecrirtions will be followad bty - diseuceion of She
deat-n ¢ the teet peguences,

5.111 Channel Segment 1 - Sigm Conmtzol '

Only one atere is invglved, Pf‘}oh.Ol. I$ way recaive informa-
tion vin ite trigecr intut from iteslf (acouming & 8light delay in Syranse
mireion), :nd the sisn digits of AR and AC. 1% sunvlies inforratioa to
aC cnd iteelf, The corrumd AR_sien check (which occure on pi, mh, and d7,
see Fig. 18) 'is're-vuired to obtain the info:r tion from AF. The corrand

AC sirn check (wrich occurs om mr, rh, dv, 81, sr, #nd sf, see Fig. 1)

transrits the inforrztioa from 4C. Inforr tion for iteslf fe traneritted

vnd received on the cor-and product airm (which occurs on mr, mh, dv, 81,

sr, ' nd_sf, see Fi,. 18) which cles tronerite the infer atiom to (.
Coralder the rbility of t 1s ch-nnel eecrent tc hindle the

infe-r tion 1. Acsume th-t 1t '2s been decided te surrly this {nformaiion
from AR. The more euaily accersidble detinsticn fe .-xc.‘. Either nr, wh,

or dv may be uerd to transrit the information, Sunvﬁse Br is croeen

(dv is a somewhnt rore corrlicrted oreretion). The opevend miet be o
. negetive murder, say - 1/2. Thas ve mact opder rr °C{-1/2). Some number
met have rrevieusly bo@n iﬁ aC, rnd, in order for. the information i

o re ¢p fmf«errad on the ‘cor~snd vroduct elem, it sbould rave been poei-
tive, say +1/2. Trie con e put in AC by the instruction ca (PC(1/2).

The resulting rroduet is, of course, ~1/B. Thus the teet eoquaﬁce hee
_beer. develored: . 4

ca RC(1/2)

nr RC(-1/2)
ae RC(=1/4)
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Care tmet be teken t0 Ye sure that the correct answer ie not obisined 1If
the cronnel segment faile to supply the proper informztinm. In this
problem it 19 gaite arvarent thot tﬁ@ reeul e of the splti~llestlion would
te +1/4 1f the proper infrrmation vere not surrlied, so that the cresk

ie indoed‘valid. Fote that only the sisns of the operandg are instrurental
in producing the desirsd inform: tiong ;heir nepnitudee may he chosen
ervitrarily. The particular mateore givon were chosen becanee of thelr
sin:le reprecent:tion in bYinery poto:icn.

ic check ite ability to trenemit the informetion O, the I@qU@ﬂCc.
of instructions:

' ca vC(1/9)
mr RC(1/2)
ae FC(1/4)
rey Ye used. If the informntion 0 were not transmitted, then the informe-
tton 1 would be tranemitted. The result would be =1/U eo thit the creck
ie valid.

There aix ihctructionn.complatply check the abili¢r of trie
erarnel aegveﬁt to verform ite function, asruming that any failure eymptom
wiich may exist wil) exert its effect throughout the tire reouired to
carry out trawe sequencee. RNote thut 4t was not pecessary to uce all of
the inforration sources or destinntions, Indeed it would hove b en ouite
d1fficult to base a check on the ucs of T¥I04.01 ¢s its own source and

destira ion.

5.1172 Channel Segment 2 = Fultirly

Again, only one steie 1s involved, FF106.01. It receives the
inform:.tion 1 from central control via the set in-ut cn the com and multiply

(which occurs on pr and mh, see Fig. 1£). Tt roceives the information 0



Report H"‘j. ?? L t‘){--/ »
via the cla:r inut from the step countrr ende-carry pules, which mey
occur on.mr, mh, ¢v, 21, sr, and af. It may alao receive the informition

£ on ACL te roint off (on_g_& only). The iaforration is tronsmitted

to ™15 only whenever a Figh-frequensy clsck pilre bcéurs.

To check the abilit: of the crarnel segreant to trarsrit the
inform.tinn 1, #11 that is neceerary e to ure either the gg_or nh ﬁpnrm-
tion. The requence: .

" ca *0(1/2)

ar “C(1/2)

" qe 2e(1/h)
doas Juet tris. It is, of couree, one of the sequencee aced for channel
acmont 1 ané h: s brsn ueed a-ain in the inter&gt of asconomy. If the |
informition 0 were traramitted, none ¢f tha atire of the multivlicatica
wo1ld be verforred. Ko ster counter ender-arry would de availalle to
_7;rmit the flow of time valses to resume. The cop uter woild remain in--
active ‘ndefinitely {(“prelonsed stop clock"). ét pre=ent,; no alamm e
siven vhen thie situztion eviste, aittough the 'rerstor can eneily detect}
it by obaérving the indicstor lighte. It hae bein pro-osed th ' en aJ#rm
indie<tion for this condition be tncluded im 1. Tt is llkely thut this
vrovosal will meet with avrproval.

If the chonnel segment cennct trar:rit the Infomration O,
eruricus shifts end additicns in the aritireidc elerent ruld occur ot
2ll times (theugh euch actione are rroper on TP? of mr or mh). '?hnq; the
inet ruction ca FC(1/2) w11l plice 1/2 in AC ind the instruction qec *C(X/2)
ean te used to check that ;t remained there. %iile no definite prediction

can be mde regarding the content of 5C in ¢he rrrrence of the spurious
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actions engendered by the failurs of FF206.01 %o tranari? the infeormction
Ny 1t 19 erfe $o asoume that 4t would not de 1/2 (troupk there a-e times
when 1% -z.vould be 1/2). A rore definite check camot ?a‘a'btain@d.

It is new possible to indicate the savlicit role of the eingle
fe2lt aammption in the deacim of theee s».quehces. The wsequsnce ‘requi red
to check FF30%.01 devends on the correct operation of PF06.01, while
the sequence for chacking TT06.01 depends om the aurrent - peration of
Fr3o4.01. Aesuming only single faulte, both fliveflo-e¢ can:ot foil simul.
tansously. If there 1a 2= failure in ¥¥304.01, FF206.01 will orverate
pron rly to effect the check and v16§ vereta. As it harpene, even {f
loth erould fail ulmultanaouslj, some alemm indica.tibn would be obtained,
but tris 1s Juet = fortunute coincicence. No effort wae rade to obtain
slarm indic:tion in the preeence of r-ltirle fzlte.

5.112 Crannel “egmente 3A and B - S-1f%

lecaure crhannel segment 34, consi-ting of H»SO?..OI, is quite

sinilar to channel segment 3B cenrleting of YP2CT.02, they have been
mdped together. “1th minor ch&n(:u, {e.g., rerlacing rr ond ph by sl
for 3A and er for 3%), the dlecumsion in section 5.117 4a arniicable.

Z¢ tant thit segment 3A ern tmnmit- the 1nfnﬁ:>.t10n 1, the
sequences ‘ '

ca RC(1/L)

sl 1

ae *¢(1/2)
W te used, SImilarly, the sequence:

ca RC(1/2)

sr ) -
ae *C(1/4%)
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may be ased for srgment ¥B, To check th:t both eegments can tranarit
it inform-tion O the ssquences designed for chonnnel segment 2t

ca ¥C(1/2) -'
ge RC(1/2)

is satiefoctory.

Since the choice of the orerande {s arbitrary, the desire %o
use stor e ecopomically dictatoi th:t same snet of numbers be ueed whene
ever rossitble. Tris criterion hire -uided the =election of the omeraunie
in this ooquahce. Further reduction of storage requirements can be
obtainod-by meking ure of the ¢ ntents of nC after the gg.operafion.
Tris 18 a standerd device used in coding. Thke eequences fbr cranrel
esgr~nte 3A snd 3B may thue be reduced %o

ez rc(1/2)

ae RC(1/2)

er 1

ae *C(1/L)

el 1

qe RC(1/2)
T-is saves twve orders. -

5.114  Chennel Sesment U - Mvide

The firet multi-atr;e crarnel eregmeat to be discussed con-
iats of TTINE.01, “TI0E.07, TFICE.01, and TTIOKOb. Several avvarent
diffic1’ ties mar become evident from . study of the block disgram, AS-
terpts $0 anply the crannel concept to the two flip-flops of the divide-
miies distridbutor may moet vith fallure because of the errpilcated menner
in vhick they rre interconnected. Eowever, {f they ~re treated co a
generslized fli-flop stege having three Qtabio etates, the channel

segrent becrmer glearly definmed. Wo rezl diffici'ty is ntro uced by
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the need for infermation to vres through sn externsl sectiom (AC) in

ba'‘ng tren-mitted from the divide-pulece distridutor to FFINE.03. 1% La
only neceseary to choose the operands 8o th:¢ the nv‘rxéprimte informetion
ia sup lied to “F?0E.0%., Ieceouse FF}OG.O} 1§ intended to provide an

clarm vhen an improver diviaion ie performed, to check this function it
ip necearary to cctually order & divieion vhich rearlte in an slarms. The
analyeie of t ie chamnel eomeﬁt becores quite straightforwerd once theae
fow .dlrﬁcul tiee huve been resolved. In fact, 11 inforration fe tronge
ritted clong tris channel by a nquegce'or cor-ands which autom<iczlly
follows the comrnnd divide {ip mormal overaticm).

The division of 1/4 by 1/2 would, of course, cauce the informa.
tion to I\e.tmnsmittod to the "FI0E.01. Tre wruld initiote the trensriesion
Of F1Y tvian of nifonk binn Trce tha Miwidestul e« Sakiitor. The. -
t\rrt!&ﬂ ar onerandg renuire thrit doth divide sere «nd divide one be Pranee
‘mitted to TVICE.0F, However, divide 7ero e 10t trnnmittad. at a time
vhen "F20€.03 centaine 1 - only an fmprover division (more fully discuseed
below) exn rrovide this comditicrn. & nequence for checking this choonel
ee@ept ine | B Ue

ea RC(1/4)
~ dv Re(1/2)
qe 5C(+0)
81l 15
qe vc(1/2)
That t'is 1e n~t & special care in which the corrrc resu't is obtained
trougl the proper 1nforms;tlon ie nct transmitted con only te verified

" by the tediours procoese of mamielly carrying out the eteps of the diviazion

in the rame menner zg the comruter, taking due mote of the vossille frilures.
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Such verification has been made for thies seguence, tut the deteilr are

not vresented here. Some feilures will resilt in a “rrelonged stop

clock® which hos been discusest in section 5.112. These particular
opersnds, crosen for their convenience, are therefore ’sa.tis!‘actory. Had
it proven otherwiee, n trial and error procedure would hsve been necsazary.
The s:-#e secuence that is developed in section 5.112 for checking that
FF206.01 can trensrit the informsticn O may he used to cheeck that F¥I08.2)
can trensrit the infornction O.

At t¥is moint, nrodally the moet nstural chroice for the required
irprop-r divieion ie 1/2 divided by 1/U, 1If FF308.0% ia working pro-
rerly, an alarm should be olLtaimed on the firet ster of tha process,

If no such glarm is obteined, the cor uter will contimue %o orerate on
the manbers in the m'nhnetic element as trough 1t were perféming a
velid divisirn. ‘hen the step counter inifcates that the vrosess is cobw
rlete, AC will contzin 0 in al) digit columne, while F* will cont in 1 in
:11 d1g1t columne. If the ererntion is followed ty sl 15, an overflow will
occur during the rmnd.-off_, resulting in an srithretic check slarm. an
alary vill fn obtalned in both correct 2nd incorrect over:ction. In correet
opemﬁon, 1t will b+ o divide error alarm, while in incorrect oper tion,
it will be an arithretic check alirme The =@ qxcnoé,

oa RC(1/2)

dv RC(1/4)

sl 15
mat de rerformed eevarstely from other aoquénées becruse the corrutar
s be rectarted quite frequently. Trie cituation glvays ariaes when

it i pecesesiry to check a etare derigned tr glve an alarm.



Repert R-177 S e

5.11% Ohannel Sesment 5 - Special-idd

inoth v mlti-stese chanrel sesment consl cta of FF203,01 #ad

¥F09.07 (eee Pig. 19). hile ie i@ poseidle to r;r.al:yze it using the
channel eoncept, n eequene mnay be desisned more directly. Although
¥F309.01 receives information on many oper:tions, including ga FF¥09.02
receives information only on ga. Furthermore, if the eum of the two
waranﬁs involved in & specialeadd is gr-ater than or equal %o +1,
FF309.01 receives the inform tion 1 -nd FF309.07 receives the informa-
tion 0, representing a carry of +2 15 If the sum {s lese then or equil
to =1, YF209.01 receives the inform:tion O £nd F¥309.02 receives the
inforration 1, repro-enting ¢ errry of 2715, heee corries cre trone-
ritted to AC on the com'~nd greciul carry of - subeequent ca, cs, or
_g_p_.. Thus the aequence:

ca P0(1/2)

ea TC(1/2)

ce PC(+0)

ce !?c(llh) -15

ce RC(1/M2""7)
may he ased to check that a carry of +271% in be transmitted.
The eequance:

ea "C{=1/?)

s ~0(-1/?)
oc FC{=0) 1
ea FC(1/4 + 27 %
ae "C(1/4)

may be ueed to check the carry of -9’15. Ag urual, the mumdbers were

chosen for convenientce.

- _
If both flip-flore contoin O, & carry of +0 {e¢ transmitted, while if
‘both flir=flovs contain 1, a cirry of <0 ie traremitted. The correct
result cennot be obtained unless the correct information is surrlied
by tho-ao fliv-flops.
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£,116 Chommel Semment 6 = Point-6of

Two stages, FFI10.01 and FF3110.02, compoea trda chanuel A&
ment., The deelgn detaile ~ay be carried out in a poé?ec%ly gtrel shile
forward ranner. Only the sequences will te glven here!

ea RC(1/2)
qe Re(1/2)
ca =C(1/%)
ef x
ae RC(1/2)
(x represents the sdiress of any convenient register).

5.117 The Commlote Sequence for Arithentic Comtrel F1ir-Flops

The complete sequence for checking volt:pe-vrrintion lines 79
cod f0 te tr be found in Avpendix IT e Test Sequance Mumber 17. The
short senuences have been comdbined in such & way ae to minimine i
arount of etorage required. Addresees have been assigned tc the warious
reicters. The resal ting codéd orogrem can he uerd with teet atorase.
The requance for checking thut a divide error alerm is obtained has
net been inc'uded. : ‘

5.12 Inrut-Outrut flement

The imrut-outrut element (IOF) (res Fig. 15) wae desipgned with
a c-ieiderables amcunt of Mailt-in checking, The comparison reglirter {C0)
s used in a multirle checking echeme to check the fn-ocut regicter (IORW).
There two regieters Are operated in nuoﬁ a way as to give s fairly
thorough check of the external film eanipment,iansuming aingle faultaoIT
A special preaterminaa check 1s used to guord COR againet single faults.

vopsider Fig. 5. After the word tas veen traneferred from the film %o
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103 (the resding process), both TOR and COR shouléd contsin the werd
wrich hus been.‘ regd. Aftar the recording rroceee, bdoth ICR and CO°
etould ¢-ntein the errplement of the word v ich hee been recorded. 1o
cny event, bot! regi.ttnrsr should have the same contents when the film
equipment rrovides e corpletion pul-e. The ™alee will cormend add I0F_to
COR, w'ich will supply the word in IO” to the tri;/er inputs of CON. 1In
~a manner entirely nnal{;goun to the checking of tronsfers discuseed in
section 2.135, this srould leave COR contuining 0 (with the evception

of COR oheck which contains 1). -Tha‘crmletion pulee 1s deleyed 1/2 iasc.
¢nd ueed to senee GTOU of ench diglt columm If ons of these srould rro-
vide an out:ut it will be ap~lied to CTO7 which will te opea (only simgle
feult rorei‘le), #o th-t an {n-out slcrm will) de given. Then, to make
cert in tF-t ecach digit of CCR can contuin 1 (~nd thet COR check can
contrin 0), trie dolay@d coroletion rulee is further delayed by 0.1 irsec.
and used to ccmplemrfnt all fliveflore. 1% is dolayod»anothor 0.3% vaee
end rlied to GTO7 and to o1l OT's O in series. It is epvifed to

CTOT s0o th:t an ineout alarm ie obtained if COR check ccmtoine 1. Sings
the remaining FT's should cont'in 1, the pulee sprifed to CTOY should
eventually be sarrlied to CTOE ond emerge as a contimie operatiouv ™les.
Thr contime operation pulee performe a mmbey of functiome; the one which
ie directly concerned with the checkin; procers s séttlng COR check to
1. If the contimue overstion pulee does not emsrge, COR check will re-
rain in 0 (if it wvere in 1, an slerm weuld hove (lreazdy been odtained).
Thae, cfter an additione) delsy of 1.3 rec., the cormleticn pules {8 used

to eenese GT06, If CCR cont: ins 0, 0T06 will “e open ond en in-out
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slarm is obtained. This came tyve of vredetermine: check ie aleo used
in checking the check‘re.ginter (checkerogicter check).

Test sequences will be designed for the filp-fioms of ICH {(ruking
uee of the facilitles vrovided by COP) and the flireflors of ineout
contrel (I0C). Thers 2o eight volt:ge-variation lines sur-lying the 0
gidee of the flip-flors of I0R (each 1ine surplies two dizdt columns:
nmnd mt&) . Yight rore suprly the 1 sidee of theee filip-flopre. There
» me lines aleo surrly the flir=flers of all the repeitive units (e.g.
fRy IR, aC, ¥C, FR, etc ). One volturemviricti-n line 1(181) mp-lies
the 0 rides of al1 the flip-flo-s of onc (evcept F*410.06 ond FFUL0.07,
which nre no’ etandard ?lip~flope). .The 1 eides of th@n flip-flops are
surplied by voltege-m:z-iatioh line 18?.- The two areciel flir-flops
cre su-v141d by voltageevuriation lines 160 (0 side) and 161 (1 eide).

%121 In-Out Regicter

although the disit colurpns are suvrlied by aﬂérv.l volta-ge-varie.t.iah
linee, it ia convonient to treat the entipe re-ister se a single section,
Fereover, ‘t may he treated ae o clﬁannel vespent. The teet requence derign
rukese ues of CfR to obtein an alarm when & failurc exists. Tris technioue
requircs thit at leset one of the Algit colum,; of COR cont:in 1 after

the corvleticr. pulre corrands add TCR to COR when there ie a frilure

in I'R. Ain alorr puise would then be obtained when the delayed comnle-

tien rilee senses OTOM of that digit column. '
"ten a failure occure in one of tﬁe Mivr=flors, 1t i not pos-

¢ible to rredict the behevior of thoss flipeflors to ite left with eny

degree of certainty. This ie largely because the shifting pate tudes
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(0706 and GTOT) are a-¢ coupled to thely flir-flovs. Sho:ld » fliv-Tlop
~verain in one position p@;mnnently, béth gate tudbes would de opén° Thue,
the next flin=flor to the ]etﬁ will lte rulred on both the clesr und ael

{nruts elroet simult-.ne~uely. In all probability, this will cause 1%
to trigrer, but there definitely is doubt 2s to its actual behavior. It
ie also iwportant to pote that the command rnéd s ift aprlies a pulse
to OT10 on the O side of FT410.04. The outrut of the 0T is used to
shift COR. If I0R O ehould tranerit a Tulse on the !bR one out line,

_ ¥F410.04 would be set to 1 snd the contents of COR would mo loncer bs
srifted. Thus, a failure of one of.the fliv=flope of I0R may also eff-~ct
the shifting of COR., The maximum poupibia o rber (and, indeed, the corfemm
rumber) of times thot the contents of CCR will be skifted ia 16, the
mimber of shift rulmes vrovided b the film unit. Tt sbould also bs
peted that COR will be shifted ut least once (a shift pupo is required
to produce o nrulee on the tdn one out 1lime).

To check IOR, it is only necessary to specify yords te be read
from the film. Th-+e words puet be choeen =0 ne to avold the poseidility
of coincidentnl aprecment df the contente of I0R ond COR. ‘e will
diescuea the cheice of these worde Qhen COR {8 rot ehifted the correct
mnber of times senorately from the choice when COR fe shifted corfoctly.
If CCR is shifted o rrectly, it will cortain the correct word. If one
of the flin=flove of IOR alwaye transrits a 1; the word should contain

R 0 in thot digit in order that COR be provided with 0 in that digit

“before the corrrnd add ICR %0 COR. To check every digit colurm of TOR,
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every digit of the word erould be 0. Tras, ope of the words W be read
10 +0. T1f, on the other hond, ome of the flip-flops of I0F alwaye &rans-
mits & 0, the word ehould contain & 1 im that digit cplumn. Hemce, the
word «0 srould also bes read. |
If COR is not shifted the correct mmber of times, COR 15 will

e used to odtain the alarm. Note that COR 15 will sontpinm one of the
firet fiftoo'n digite of the word read, depending cn the number of b ifete.
107 15, on the other hard, will slways erntain the sixteenth digit of the
word read (unlees 4t s the faulty dipgit). Thus, if we read o word in-
which the sixteenth digit is diffbr;nt from the first fifteen, we will
get the deeired alamm {aseaning Inﬁ 15 is not'_ at fault). This gives ua

15

the chotce of ueing slther 277 or <202 for t'is purroee. Wow, suproes
thu; I0% 15 elwaye tranerits 1. I +?'15 is vfsmd, it 1;111 provide CCR 15
with 0 "nd the plarm ia obtauiped. 1If, on the other hemd, IJOR 1§ alwnys
trana-ita O, -5"12 iy provide COR with 1, yielding the alam. Thus,
both words should be used. A 11t8le thrught will show th: ¢t there o
wordea would al+e be ezxtisfactory wvhan the corpeet number of ahifts ia
rerforned, o th:t +0 znd =0 are unnecessary. In faet, any two wor:s
viieh nre the co-rlements 0f e:ch cther will provide the desired check
when ihe coirec‘t rugber of eriftes iz veorformed.

Thas far, If*!-‘ aux‘uiary hag rot been considered. Yt is =2 ruther
r_oeciul caai, for, if 4t hes felled, the cnnt.ént of over;'v digit of 107
te indeterrinste. Fowover, COR would be shifted the roguisite 16 tines

and woul ¢ therefore cort in the vord veing rend. There ia some posaidl-

14ty th-t 10 would niso contoin thie word for every resd overation, hut
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ite probabdbility s quite negligitle. For practical purpos-e, it mey bs
arcumed th: t IOR auxiliary is checked.

5.122 In-Cut Contrel Flip~-Fiops )

In-out control 1e also largsly self-checking, regsrdless of
the words being transferrcd between ntoragé +pd the remote equinment. It
ie considerved as a ringle seetion, although. it is cohposod of two seetion:.
The ~ajor exception to thie statement is provided by = failure in FFI10.0€,
vlich controle the su- 1y of reectorer pilses to the in-out element. I%
ie necoasury ¢t~ ato thaAﬂov of r-atorer mulaeg to ICE dufing the oporae~
tion of the remote ecuirment becauaa.it ie not eynchroni-ed @th the rest
of the cor-uter. T is is the function of TF410.06. If it fails to
etor trie flow, i1t i1e not moeritle to rredict the dehavior of ICK.

In al] rroba™iity, thie eitu:tion will de d-tected, Wt the uncert in
tirme relztions muke it impossitle to corry out any annl-ais. If “FU10.06
neveyr rermite the reestorer “ulecs to flow to fOE, a sinilar 4iff culty
of annlyeie obtoine. Tre loss of rectorer nulres has been dircusced in
seation 7,724,

The analyeie of the remaining portion of 10C is quite straight
forward. However, it lnv-lves a tremendous ar.ountbof detzil which would
no% add very ruch to the understending of the metrod being ured. I‘t
requi ree -a thorough knowledge.of the interactiona of the remote equipment
:nd the ineout elem nt vroper. Theee details h.ve been omitted here.

It turns out :kat only a very simrle sequence is required to check
 ICC. ‘This eequences has been cembined with that renuired for checking

I0R a2nd 1s vrecented below. Cne point worth motinr 1s that sufficiert
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time mst be allotted for the complatition of an re operction in erder ¢

check the ability of FFUI0.04 to transmit 1. The instructions in % and

Ab have been used to odtein o delay of aprroxim%.ely: 120 urec. (with TS)

for thie rurrose.

instructions

AY
A2
A3
Al
45
A6
AT
AR
A9
AlD
A1l
Al2
Al3
Ak
A5

A16

A7
AlE
419
A20
A21

A22

rf

re

K}

ny

ca BY

te
ao

on

rf

d
rd
rd

ca

-

‘i\‘

ca
Qo
ca

ac

ca

({1

re

D

a
1

K2
c?

c3

5

9

c2

8 @

Y

Al

Constant Stofago

WD

BP = 0

3+ 2719
™. 13
m - 27°

Veriadle Storrse

(¥r) 01 (counts delsy - see A% and A

{(¥) co
(FF) €2 etore numb-rs read
(vv) oOb
(r) o5

Tgmote Cauinment

Kl « recorder

K? = reader - film for use with

trie reander should comt:in

blocks of four words separsted
by & distance which pemita the
render to stop before it reache:
the nert bleck. Euch blecic ahou
ocontrine +0, =0, +2-15. and

229 sa it orders
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.13 Step Countep

" The step counter (2C) iz that vart of srithmetic sontrol witech
cr-unis the sumter of rhifte which sre performed in thé arithnetic vide
cesses which require the ure of nritrmetic comtrol (my, mh, dv, sl, sr,
and sf). 1In 8ll these overations (with sf nesrly always an exception),
SC §s the device w"ich rrovides the end-curry rulse which returne conteol
to central control. SC emst be reset (or preset) in ali onerations (ex-
copt sf) sc that the end-carry ia obtained after the p?ma'f medber of
erifts. A bdlock diagram of Sc‘ h s'own in Tig. 20, TMock schemetics,
which skow the individusl stages, ars given in Fig. 21 end F.i‘g. 22,

We will deel,n tect re-uecnses which may be used fa- the eatire step counter,
Thare ore li different voltrre-variation lines which suprly SC,

They :re (stace mumbars refer to the block schemntica):

Line Ro. Application : Stares Affgctg}_
i _ *F soreens (0) ¥F 10, 11, 12, 13, 1, 15
78 FF sereens (1) FF 10, 11, 17, 1%, 14, 15
113 CT screens 6701 (5 digite), 02 (6 digiia)
o4 (5 digite), 05, 307.06, 307.07
199 6T control grids 6ToY (5 digite), 02 {6 dipita)
‘ - ol (5 aigits), 05, 207.06, 307.07
ey . 6T surpreesors 6702 (6 aipive), O4 (5 alpits)
\ ~ | 05, 207.06, 307.07
200 T sunprecsore 6703 (5 airite)
RA control RA V1 (stev comter cutmt, Fig. 72)
o7 T Plates T V205, 05, %05, 505, €05, 705
TA screens R V101, 201, 301, bo1, 501, €01
. (Fiﬂo?:ﬂ
BN sereens ' ¥Dp V102, 202, 307, LoPy %02, 602

(Tlg. °7)
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96 C0 plates ond screems GG V102 (V10?2 catrode)
17 RA platee snd serdens BRA V103, 104, 105, 106, Tol, &0)
8ok, 805

GC plates and sererne OC V101

0T plates or o4 (6 atglts)
RD rlates RD 102, 202, 302, W02, S0P, 6OP
(Fig. 27}
201 TA control M ViO4, 105, 106, TOok, 801, €OL, HKOY
R V101, 201, ¥1, Lo1, 501, €01
(FMig. 22}
1 - TA control RA V102
RD control " N102, 202, 202, Uo7, 507, 60P

(Fig. 2?)

It is clear thet lines 77 und 718 define ths esame seotion. Line
113 defin~e a different section. It ray de ahownveh t the sections de-
' red .by all the othbf 1ines (with some few exceptions) may ba considered
re ~urt of the seotion defined by line 11X, T-ie is cleor for limes 199
and 271. In acddition to CTOl (which is sur-lied by line 113), line 200
supplies buffrr amplifier Fa V1. However, & fallure of B VI will affect
G‘IOé (6 digita), =0 that a test sequence desi-med tc check GT02 will
diecover the precence of thie fallure. Similarly, fl'or lime 97: failure
of the trigrer tudbee (TT) will affect ihe readein rrocese and ie creciced
with 0701, while failures of the baff r amplifiers and bus drivers (D)
:re checked with GT02. The failure of the gte goneretor (C°) surnlied
tv 1ine 96 will be checked with CTOL (see section 6.11). Yith the ex-
ception of B V10%, 104, 105, 106, 70", €01, BOY, and F05, the stapes

found on lines 17, 201, ~nd 1M1 hove been dlscsssed. The failuree of
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BA V104, 105, 106, and 704 will be checked with GT05. The fuilure of

R\ V103 will be checked with GTOl. The fallure of R4 VEOL will afifect
the restorerepules sucrly ond will not be conaldered {vee sestion
2,274}, Thus every atape except PA VBOM nnd 805 will bte checked by the
soquencé designed for 1ina 113. The failure of these buf’er amplif'ien.
will affect the infornotion surrlied to Fr206.01 and ¥T308.01, and will
therefore be checked dy Teet Soqﬁence Mumber 1I. Neverthaless, they
will also be c»nsld.ufad in connection with linee 77 and 7%,

5.131 Step Counter FlireFione

The mét eonvohient channel megment usee all of the flip-flone,
with FF15 transritting informution to FT1h4, TPk traneritting 1t to
F*12, »t¢. Inforr-tion ie murrlied te t'is cr znel eerment by the com-
mand add to SC. The way to check thit all flir-flo s c.r.n't'ramvit both
0 and 1 e to start it from the clear vosition =pn* bave 1% crunt until
ita mrimuni caprcity i exceeded. Thir con only be mce-rvliehsd by
ordering either sl 31 or ar 71. rither of these orar:tions would leave
0 in i4C, the si/n derendine on the sign of the numher that was in oC
befors the sFift orer-tion. Since t'ie is a cze® in w'ich the check
derends on the manirulation of numbers, we miet obrerve the effect on a
fa‘lure on trerce orer.tiona. If one of the flip-flone cannot trenamit
1, the SC end-carry yulere would rever de ohteined, reeilting in 2 "pro-
lonped eto~ clock™, Trias condition is therefore checked. If one of the
flip«“lone cannot %ransrit O, it in &8 t'ough it were dy-rvasred. The
cepncity of the counter is rediuced by a frotor of 7, r0 th:t the end-

carry would be obtnined after 15 g-ifte, If BP were ¢l sy bafore the
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gtart of the shift operation sad 4f gl X1 were ordered, them i would
econtain 0 (wigh ;ppropriate eign) after the 15 shifts regurdless of ite
orig'nal cortente. Thus, gl J1 does not provide the desired checyn
However, 4f AC originally ocnteined 1/2 and sr 31 vere used, BRO would
contoin 1 after 15 erifta. The subsequent round-off would pat 2~13
in AC so th:t this would provldé the dosired.chock. Trhe sequence:

ca FC(1/2)

ie eufficient to check all the flir-flope of SC.
The adl1ity of SC to be ra;et (and preent) deserves some® con-
Qidera:ion. The émnlif!ors wiickr drive the two rerotlilnnn (BA veoh
end B0S) rre cheched Qith nritﬁrotic control while the rrecat line is
driven directly bv a erntrol=pul-e out-ut urit and s“ould be considered
with that aection. KNevertheless, the crystal rectif'er dicd-s which
cqnvnct thege 1lines %o the flireflo~s might fail;, sc thr' a tert aequnncé
atauld be designed %o check the'abiligy of SC to be raeset ond preset.
It wrs felt thit it would be r.dtable to include t is requence with the
oth~r sequence designed for 1ines 77 and 7€, vertielly becruse of the
stortneses of the other requence and paftla1ly becance the abllity of
| tre flip-flo & to receive iﬁformation from there sources ig ﬂff&oted by
voltuge vuriation on thie line. It w-uld be well to ure this requence
wit' the other voltage-viriztion lines affrcting the SC resets nnd preset.
The teet sequence is quife easily desipnod. Firest the preset
wae coneidered. The ailnre of any digit to precot properly would resul$

in the wrong num!er of shifte, rprurdlnss of the numbey specifiad in the
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inetruction (the eingle fanlt aseumption fs e8117 ueed.) Since SC
" 4e rrecet to Olllll‘uuderhomal‘ condi tions,;it would be daaimbie to

hve §¢ erntain 100000. before the precet pulre in ordd'r to chéek ell
d.;gj ts a2t once, Fowever, it is not poseible %o perform sn op-ration
that wold lleave t-ie quantity in SC. The beet we can do is to uee two
sequences; one testing the ebility of *vig 11, 1?; 12, 14, 2nd 15 preset
rroverly, the other testing thie ablility of FFi0. For the firet cééa,
SC is Eade to ¢ ntain 000.000 before vrrecotiing by perforrming the _si‘
or ‘ration with 1/2 originally in AC. For the second cace, sc.ie made
to cortcin lcvcor'i before presetting by rerfo.ming the gg_ operation with
+0 originslly in AC. The preset tekes pleco on the ¢a operation, butA
t'is does not affect volidity of the check ¢n FIl0. The perticuler
mnbert were chosen for ecomomical use of ~torsge. Uhe sequence
follows: :

ca "0(1/2)

ef x-

or 6 -7

aqo Re(2 ")

ca *C(+0)

sf x
ca PC(1/2)

:: 5:(2‘15)
: (x 1e tfxe- ﬁdress of any ccwenient regi-rt.ér)
To check ¢the mltiply snd divile résota. i1t is only mceéoﬁry
to ‘prform a miltinlication and & divieion. The oversnds were crosen for -
economy of ‘the reqd red storage, and th! tedir;us wrocess of determining

the rreults when an 'lncorrect number of shifts is obtained wns carried

out. It wam found th:t there overands ive sutisfuctory. The sequences sr::
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frul tiﬂ v "eseb

ca ®e(2”])
wr ro(27T)
ae RO(2™1™)

Divide Rered

w]lf
on RC(?_i))
év nC(2™")
ae RC(+0)
8l 15 It
qe 2c(2 3 )
The corplete sequence, written in 2 form euitedle for use with
‘teet atorage, 10 given in Appendix 1T ss Teat Saquence Fumbder I. An
additicnal check en the performance -o! the of oreratione ie inciuded,
thous' 1t {e not needed. :

- 5.133 S%ep Counter Oante Tubes

The same general rrocedure ray eleo be anrrlied to the oate
tiher. as discuseed in iecﬂon 31.272, the only checks thet are included
deterrine whether the gnte tube is cernble of parsing or rejecting ¢
Tilee at the tires when it ies sénsed. '&1(9 rrocedure v.dl;l elso check
the ‘jmrinu; amrlifiers dlecureed in section 5.12, There are no parti-
cular difficilties involved, bu% one evarrle will pe given beca:me & i

Ah the first time that gate tudes rove bLeen discuseed.

-’Jomidér 6T, the rgpdein gete tube. It is. -ated on 175
of every cper:tion, Lecausre the control switch ie slways clear et
that tire. However, the lnformnt!cn\ia orly used for the el eng sr

coeretions. I1f we want to check all of thece gf te tubdbes n.t‘ once, ve

co.ld try to order gl 31 or sr 31. T {s wruld elvays leave 0 (with

'arwronﬂ;.te eign) in AC. If GTOL of FF15 falled to rree o rulre, the
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effect wonld be to order g2l 30 or sr 30, which would also leave O
(with appropriate sign) in AC. Two steps mmst therefore be ussd, sr 1€
to check GTOl of FFl and sr 15 %o check all other GT's Ol (er wes chosen
in order that the initial contents oi_' AC be significant). Thue, the
sequence: .
ca RC(1/2)
s8r 16
qc RC(+0)
ce RC(1/4)
ek b SR
q¢ RC(+0)
It should be clear that the alarm will be obtained from one or the
~other of the two halves of the sequence in case a failure existe.
To check f.ha.t all of these gate tubes do not always transmit a pulse,
the obvious expedients of ordering either sr O or gl O will do. Hence:
ca BC(2715) ;
;i gc(z‘ls)
Note that the use of sr O with AC contalning 2 >° is not satisfactors.
Thie same technique may bte 'spplied to the other gate tubes.
'ﬂmx conplete sequence 1s given in Appendix Il as Test Sequence Number III.
A considerable a.nount of tailloring was required in coding this sequence
to £it into test storase. The.soqnoncea developed here appear in some-

vhat altered form in Test Sequence Number III.

6.2 Multiple Faults - The Program Counter

A test sequence to check the program counter has been
designed in order to illustrate the application of the procedure for

multiple faults. A fsilure in the progrém counter affects the orde:
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in wrich the inetructions are performed, eo that & good deol of at-
tention must be given o this vhuse of the problem. Aetuslly, there
axiete an ercellent rethod for checking the progrem cc‘:unter (as well es
7S and TSS) baeed on n epscial order wrich has been tercorarily wired
info the coatrol mtrl:.u Howevey, this ahould not advereely affect the
value of this tect sequence in 11lustrsting the procedure,

A 'biock dierram of PC eppears in Fig. 10 »nd {te overstion is
riefly diccurred in section 2.124. The veltape-variation lihns invelved
vill rot be listed. They are the sare lines thet suvrly all repetitive
anite (e.g., AC, IOR, ats). Only 5 digite of TC (PC12 %o PC15) will
he di ncus.nd since overzti n with 78 reg ires only the-e § digits. "e
vill asesume that the only GT failure rossible ie tﬁe 1'mabnit,v to v se
& Tulre wrer 1t is eenred. Falluree im the readein gate tubee or the
recetr will rot be coneidered, Wit*r t'is 1i-it:-ion; there is Wt ore
vay of siprlying informagion to FPC: the enrmand 8:d to FC on TP]
of vropr-w timing. Let us anum; th:t FC hae been clear-d before the
enr~uter 18 sturted. It is «lro arsumed tht .C bas been clecred.

Thoee crrditione ean he checked by observing the indicotor 1ishte before
rrocains the restart tush button. '

The cerputer will necaesearily rerforn the i{astruction that
i= atored in regicter 0. The reason for the arsuprrtion th t the mate
tubee do net paee 2 epuricue *ulee when sensed should row be clear. If
tris rossibility were adritted, the firet inetyuction could conceivably
te obtcined from agay of the 32 n;ﬂeten.. The design would bee-re

unduly cormlicated. We will mow discuss the desism in detail,
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Consid=r the firet add to PC pulee. It wil) pecuive FCLH
to trigrer from O to 1, trus proviiing o meens of checking toth the

fiip=Tlop $%self :nd the trigeer tute (not shown in the 4diag:ram) whisgh
amrlificrg the rul-e. There are twe voesibllities:

1. Tvip tulee will succeed in tﬂgg,vrine. the YF to 1.

2. The ¥ will corntimie tc contain O.
It ie not roseidble to determine which event har taken vloce un®til the
sutsequent cocrend, PC reod out. If the read-out gate tube (GT0?) hes
feiled, the eec-nd instyuotion would be obteined from reglcter 0 re-
Fordl ~ss of the behuvior ¢f the fliv-flor. Howev r, a mw.ltiple cheek
on 0707 1s vrovided 'y 0T03, eo th t an alarm wruld be obtained on the
transfer check, If both CTN? -nd GTO3 s*ould fail similtane~uely, the
transfer cleck wruid indicnte agreement, and the inatruction contained
in rericter O wea d indeed be verforred twice in auccnésion. The sama
sequence of instructions would res:lt tn;m cese 2. .In opder %0 et an
glarr in theca two cases, 1% 1# necessrr: to-store em snrroprinte ine
struction in reginter 0. This instruction serould yiold an alurm vhen
performed twice in succession. Such an instruetion ts ad RC(1/2).
The addition of 1/2 to 1/2 will result in an overflow «nd give an arith-
rrtic chee: alarm. If no wulare e siven, the eeccnd instyuctirnm will te
tuken frow regl-ter 1 cnd it mey 'e enncluded thet the fliveflor is |
capable of trigeering nnd that both gute tubes can tranerit & sensing
rilee, | :

The second ad to PC malee (v’ ich will net cceur unless thes

trevioue Tinetions wrre parforred co-reotly) will preqiire that thrre
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functions ba performed:

1. PCI5 trige-v 0 O

2, GT05 of PC1% trane: it o sensing rulee

3. PClY trigersr to 1. ¢ _
There {o a‘ alight ~oesibility thet a flip-flop which can trigrer ¢o 1
 cannot frigger to 0, thut crneideratirn of this vossidility greatly cow-
;Slicatee the dreign of the test sequence. The consideration of thies pose
gibility will te poetponod‘antn the end of thhrnctiozx. If CT05 doen
not transﬂi the ral<e, PC 14 cannot possidly be trigsered. Hesce, tho
contents of PC ufter ¢:is second add. to I'C pulee will e oither O or 2.

Aain, 1t ie not roseitle to determine which event occurred until the

subsequent co--:nd, I'C_read out. The fallure of the p-id-out &.te tube

(snd else 0103) in thie digit column will caune the inetructiom im repister
0 to follow the instruction in regi-ter 1, rer: rdleece of the behavior
of the f1i -flop. If the flir-fler “ailed to trigrer, this same el tua~
tion v~uld be ~dtrined. §1nco regicter 0 cﬁntai‘nc ad (RC1/2), and
arithretic .check alarr will te obtained if repicter 1 cont:ins e
RC(1/2). I1f no slarr is given, the nev$ inetruction ie taken from re-
Meter 2,

 The next sdd to FC tulre will chence the centents of FC to 3,
for 1t ras elré-»dy boén demonetr-ted the: FCL5 ie capa.bla of trigrering,
mrthémoro, the command PC rend out will yield the vroper road—out.‘
Thus, the instructions will te obtained from reglater 0, 1, 2, and 3 in
succession. 'l'bb instruetion contained in regircter ? may therefore Ve
fairly erbltrary, subject to the condition th-t 1t will not cence an

alarm when verformed in the rroper order;
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The fourth add to FC pulse will change the comtents of “Clb
and PC15 %o O and attempt to change the cortent of PC13 $o 1. If it
falls, the next instruction is tekem from register O, ‘a2 would bo five

1f the re-d-out gote tabe of PC13 fails. To obtain an alarm when tiie

\

failure occurs, it is necessary %o use an instruction in vegl=ter %
which lecves leuves 1/2 in AC. A suitable sequence ﬁnc ey 182

0 ad rc(1/2)

1 ca Ec(1/2)

2 q6 "c(1/2)

3 qe %C(1/2)
If thie fallure doss ot exist, the nert instruction is correctly trken
from repieter 4, '

Contimiing to reassn in the same way, it is found th:t the .
instructions im regictors 4, 5, 6, 7 will necesrarily be verformed in
the prorer order. Replcter 7 arould crat in an 1ns£mctlon which will
leave 1/2 in AC s0 that an alarm will te obtnined if the next imstruction
is_ taken from rogi;ter 0 insteaq of regi-ter B. Sirilarly, register
15 s-ould cont.in an instruction w ich leave 1/2 in AC. The centents of
other regl sters ma te crosen rore or less arbdbitrari) ¥y, eubject to the
ecndition thet they do not ceue an slarm when performed in the nommal
order. .

. Kow let ue ‘dhcus- the modificntione which are neceesary if the
roesibility of a FF failing %o trifger from 1 to O is considered. Va
return !0 the second add to PC rulse, If thie fallure exiets, I’C will
eontain either 1 or % after tkie raler, The subsequent PC resd out
cor=r§nd will canre the next instruction to be taken from regicter 1 in

 the firct caee ond frer either regirter 1 or 3 in the eecond case, da‘t&@ndir»«g
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on whather GT02 ond GTO3 have falled or rnot. If 1% is ieken Trom
regiater 1, the instructions in registes 0, 1, and 1 will be per-
formed in that order. Reglster 1 should contain an lnstiuetion which
fielde an alarm vhen verformed twice after the imt.ructioﬁ in reglister
0, but not when it i{s performed oncé after the instrustion in regietor
0; Furthermore, it stouid be sich that an als,rﬁ is obtoined when the
instructions are rerf~rmed in the order 0, 1, 0. The instruction

ad 7C(1/4) satisfies these requirerents. The other possidility i~ that
the next instruction is taken from 'reghter 3; the instructions are
the rerfoi'md in the order 0, 1, }: Suproer~ thot regleter 3 gleo cone
taine ad RQ(I/&). With tris order of instructions, an alarm is obtuined
If nome of these fenlts is rresent, then the inetructions will be per-
formed in the correct order, i.e., 0, 1, 2, 2. In order to ovoid an
alarr in correct over.tion, regirter ? stould cratain su PC(z), where
z e greszter tham 0.

Dy contiming thie reasoning to the otver dim.ta of IC, it ia‘-
vosrille to obtain a c-rrlete seouence on the basle of the arerurriions,
The detoils decrre Fiphly invelved, thouch, and will pot be siven heres
The procrss of determining sppropriate overands (e.g. the ’quantity z n;n»
tionad atove) to be used with the varioue inatructione eventually ro-
quires the esolution of erirultanecus inecualities., A set of eolutions,
using mmbers which are exprerced eirrly in binary notation, was obteiped
b;r trial and error. The caquence which is bnsed on tris eet of selutiony
is given in Appendix 11 aus Teel Sequence Fumber IV. Again, only ths

contente of certein regicters need be srecified to obtnin this check.
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The othare may be ueed for any purvoscs desired. The cholce of the
registere to hold the orerands was made quite arbitrerily. The twe
£T instructions were used to provide corit;nuity in the coded progsras.

Their use requires that the PC read-in gute tubes be working properiy.’

5.7 Trouble Location - Control-Fulece Outrut Unite

The teet sequences desipgned in thie thesis may be used in
trouble-location po'c.,dm.e.uwmn an alerm ie obtained duﬂng the pere
formance of a teet sequence, a failure {s¢ known to exist. ITe type of
slarm indication, together with the eontents o the various repict ve,
stou'd nrovido infornation wMch simplifies the task of loceting tha
troible. In addition, if this alarm indication ‘s not obtained with
the normal suprly volteges, but only under margnal checking cenditions,
it ie rezconadle to ansume that the defective comromert is rurplied by
the nirtic:lap vcltl:x.r'.e-varlation 1ine invelved. If the margin thus
obtoined 1e abmerrally low, the defective c-rpon~at ehould be fo rid and
repraired (or replaced) .

There esre two closely related ar~récches tc the use of iaforme-
tion jarovided by tert sequences in troubleelocutinn ~rocedures. 6ne
is torcorpare this data with o 1irt of the smtopa menifested b; the
various poseitle fziluree. Such a tatulrtion mey be obtained bty de-
termining the ¢ r-uted res'.-" te ;n the precence of each poesitle fallure.
If the inforration obtained from the pe:fomancé 'ofba teat sequence
mc;téree one of the tadul-tod sets of symptoms, the feult ie falrly vell

located. FHow-ver, it is gquite vogeible th:t the alarm was caused by a
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combin- tien of failurme not coﬁeidered in the corpilstion. This leads

us to the gecond arnroach to tmbie location, deduction based on the
evailable ‘data. Delvuction ﬁay be used to suprlement ¢ liat of symrioms,
or it may be used ng a corplately independent method of trouble lece-
tion. It roqulros'highly ;kllled rversonrel and, on the avernge, is

more time crnsuring them the use of a 1ist, %“kile the tebulation of
,s'yuptam ie & tedious and -x::natfmt!n tagk, it maken 4% possible for
| relatively unskilled personnel %o handle mtino.nrobiem in troudle
location. Highly skilled perwonnel may be called in wren the liet vrroves
insndequets. . |

The use of both of these arrroaches wvill bte 11'ustreted in
coanection with Tert Sequence Fumber V (see Avpendix II), which has
been d&iimod te check the evatr.ol-p-xln outrut unite (see Fip. 18)
under the single fault assrumption. The desisn detaile huve been omitted,
but they a'e quite straightforward. Tert Sequence Fumber V does not aprly
to 211 thee=e unite becanre the 32 regirters of teet storepe are ine
adeguate for all the short sequences wiich are required.

To 11lustr:te the firet arnroach, sesume thst unit mmber 1
will not rnes & rulse when seneed. The rulee wrich it nommally vrovides
ie used t~ read 01t the contente of the step counter on TP7 of the sf
orera:ion (sre Fig. 18). Thie failure would thus result in O being
stored as the suppoeed ecale faefor. The only gf opsration is stored
in resicter 12, The scale factor which is rtored me & resulf of tris
orernt on is checked by the g¢ instruction in re;ister 14. The check

1 not rerforred until ITS%,‘:O that PC will contsin 15 at thut time.
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Megit columen 15, 14, and 12 of the check regiet-r will mve received

1 from regi ter 3 tut not from AC. The check resizter will be crrple-
mented ne rart of check regiscty check, ut will not;b#recm;plemsrn‘is(aﬁ
bacance the serirs path of gate tubes will not transmit a vulee, Thue,

C? will contain O dn dipit columns 15, 1% and 12 »nd 1 in sll others,

An alarm vulce will he obtained w'ich will go f’o the alerm indicator
and (PG, dbut it may be that TPl will huve occurred before the alare
rilee arrived at CFC. Thue TPD may eontein either € or 1. AC will
coentein +0 as will regicter 8, lhe contents of other regieters are
not imrediztely relevant.

‘Fow supvoee that the s:mptoms descrided adbove are odserved
during volta e veriation. Using the second errroach, we can deduce that
the failure is caused by & conmtrol-pulee outrut unit. Farther, it ie
‘apr-areat thot AC und regieter € contzin 10 when they e-ould contain
1'% ?:15. T'is means thut regleter £ did not receive the scole factor
ou the insiruction sf €. Thie could be due tn the failure of SO to
reid out or of reglstor € to read in (or Doth). Either unit number 1
fatled tr vrovide the corrand SC read out or upit numter 67 failed to

vrovide the cor~:nd storase read in (rt.11). Mow, unit mamber 67

in aleo used on the to ond 4 op_eratibus, and, as it hovpens, there is
on inetriction ueing ta stored in regirter 11, If 67 were the de-
fective 1nit, resister © would contnin +0. If 1 were the defective unit,
reglc'~r © would contein its correct contents, 31x2°15. This ressoning

araumes only single foults.
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If multirle faults were present, the problem becomes gconsidere
ably -ore ¢ mplic: to@l.. If the multiple fault resulta ia symptome
whicl. cen be exvlained by a single foult (e.g., the failure of unite
1 and 1€ %o rrovide a vul-e would hnve the seme of‘fect ce the feailure
of unit' 67 to vrovide a n:xlﬂe)! the ain-1e fanlt =hnild be inveatig:ted,
eith-r by re-1l.cement of the mppona&.ly defective unit or b observee
tion of arpropriste waveforme. If the unit appears to be overating
esatisfactorily, then the naxt eten is to invertig:is these combinmtione
of faulte which exvlain the symptoms. Tiire ie &lso the rrocedure to
be fellowed when a. rmalti~le fault yielde lnymrtom which cannot be
‘exvlained by a single “ault. '

Further erem'ler of the npé of trmet sequences in troutile

loastion sre riven in sectioms 6.11 and 6.1,
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6 « RUSULTS AXD CONCLUSICHS

6.1 Faperimental veeults

Now thet thse provored method of decipning te;t gequenses
hae been diecuceed In some detell, we may well qumt!pn thelr ureful
nges. It is quite esgncaivatle that the a.niunptlons irvolved in their
deslgn ceversly 1limit their avrlicebdility 4n 011 +wracticel situations.
The finel answer can only be obtainad from the actual uce of the test
gsequences. In order.to éet arme indication of their walue, eome time
wvas erent in pﬂrfoﬁaing them on V1. 4 “xtenaive tects c¢ruld not be
carried out be_cautao only a limited tire woe avallable. The results
a e therefore only mpepective, not c nclusive.

“he moat logical way of cat-yming the ef fectivenras of e test
saquence is %0 cruee a fallurs in one of tha ateres 1% 10 derirned to
chack. The voltare-variation facilities vrovide e romvenient meane for
cousing such a failure. VMeasurementa were rade of eome of the '=rging
evailable with some samvle vrobl‘m. Saver.l rrollams ueed for teeting
and damonstrition vurvrecs were included to provide e bocic for & come
purisen, Taet Prograr Fumber I caures ench flip-flop (except some in
control) to receive dBoth 0 and 1.? Tert Program Nurbepr 11 performs
ecch of the o-erationa which have d-en accerted for verranent use in

"d‘v!!.3 Disrlesy Frogeam Number 1 consic<tn of two ngarato.problemu
ore dielays the curves y =2, y = :2, and ¥y = x’ on4an oncillosco e,
the other displaye a farily of _'uubolac.‘, The meesurements have been
tabulated in Pig, 23. |
The rargins obtained with Test Progrsm Fumbers 1 ond T1 ddd

not differ materially from thore obt:ined with the test sequences.
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This indicntrs thut the test programs are about ss effective as the
teét sequencra for the tyres of fallu;'ea that eccurrad. Cn the othar
nhand, the marg!né obtoined with Nistlay Frogram Fumber 1 differad sige
nificantly frem the rergine obtained with the teet sequencee. In grnerel,
Marlay Prosram Fumder I had lurper rargine than the test srquences,
indicating th: ¢t the teet requences z2re more eaffective. However, tha

negrtive ~nrgin on line 72 with m:pla:? Prograp Fumber 1 was cbout half
| the ’mrgin with Teet S~quence Fumber II. The low margin was traced %o
a defective flip-flop in the divide-pulee distributor (see secti~n 5.12),
but Disrlay rogrom Number 1 does rot use thn‘ divide operntion at all!
Tris pointe ur the need for further study of the factors which cause .
fallures, ~.rticu ' wrly with regard to the influence of voltege viriation,
ihe most planeidle er~lanstion for the Aifference in ths va'uee of the
rergin ie thet ¢ dynamic fallure eristed wrich wes accentusted by tho
frequency with wrich the multinly opervtion ie verformed in Msplay
Progran Mumder I. Ferhaps the oot that the rargin wae reasured by
mwting the v-1tope at whick the —attern on. th§ disolay oecilloscore
beconre diﬁtﬂted (no alnrm wae obtained) h-¢ some infliench on this
difference. In other words, mi-takes in cor-ut:t’on rdpht epprear before
an alarn ja obtai.nod. - Further investigction to obtain a more satizfactory
ex~lan ticrn could not be carried out,

A ¢'enr=gcut exarple of the lnadoqunc:,.r' ef Diarlay Progrem

Fumber Y for checking purrores (bf course, it was rot intended a8 2 check
rroblem) is rrovided Dy the negative rargin on line 113. %he rargin

obtained with Dis-lay Program “umber ! was about twice thot odtained
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with Tert¢ Sequence Number 117, Tirie low rurgin wee traced to a defective
read-in gote senarntor im the oter counter (see section 6.11). MNarlay
Progran Num'er I doees not usze the arift overation and hence is rod ofe
fectaed by thie fallure. ‘

Of some interect ie the difference bstwesn nepctive end vesi-
tive rargios on 1ipe 113. It indic:tes thut the .fv' 1lure 57 & gate tube
t¢c pnes @& vulree -ia ‘ar more likely thon the generation of a spurious
mulce. Also of interest ere the differencss betwesn vosl tive and nege-
tive margins on linee 79 =nd £0. It has deen more or lens stondard
rractice t7 us~ the yositive marg!n; 28 an indicstion of the ernditirn
of a fip=7lor vhen the comrler-nting technioue (see sectlion 3.3) is
er~loyed. The roeitive mursine on those lines were ‘ﬂcm bthan zdequate,
tut scme of the no@t!ve ‘a eins were quite low., 7' i= suppeels that
narsitive marsine rﬂgﬁt well te taken intec gccoint in the eomlqnenting
'pmcvednrns. |

"he most significont resmult of the use of v teet sequencea
ir thelr a-rlication to the lecetion of the céu&s of the low marging.
™1in {e doecribed in detail telow. e

6,11 Discussion of Low Pargin on Line 113

: In néauurinr the rerein on 1ine 113, withr Test annenée Tanber
ITI, it wae noted th:t the alarm was coneitently rblaied oa the g¢
inatruction cont:ined in regieter 10. The check regictar ghnw~d thet
d4pit column 3 wae at fault, AC contained +1/2 inetasd of +0, indiceting
thzt no erift won varformed. Since other ehift orarations were -erformad

succenafully, the fuult wie rrobabl; due to the failure of the read in
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gnte tube of Adgit colump 11 to vaes & palre. An oecllloscore probe
Placed on the suprressor of thie gate tube showed the gating siepal had
a0 umieusnlly low :mplitude. ZPurthermoras, the amplituéQ of thin zate
yrried vith the wolt: e apriied to line 113, T;is wos & rather sur-
rriring recult beeauze the gate generator wes not suprlied by line 113,
However, furth » renrch srowed that & wiring mietaite hed been made. .
The sereen of 0C V102 (see Fig. 21), v ich should have bren supplied

bty line 96, wus actually suprlied dy lime 113, Tiire cubstantictes tha
reasoning of section 5.17 in which it 1e shown th-t a failure on 1line 96
will te detected by t!in‘soqnnnco., it is intnroeting.tc rota that this
mistake did rot affect orer: tion at normel volt: re, even troush the
screen was run-lied with +ﬂb volte 1nctoz5 of +120, The entiye Ine
véctifrtlon, from the time tha r~e1lte were analyzed to the time the
correction in wiring wue mede, tool aprroximately ''§ minutes, T ie {8
less tran the crbitrery standard of 1 rour digcuscnd in sect'on 1.7
“and 1¢ crneldered fairly notcvofthye

6.1?7 Diecussion of Low Mergin on Line J9

In reasuring the margin on Yine 70 vith Tect Senuence Marbap
1T, 1t wns noted thot the alerm wae c-nsistently obtair~” »n the ge
. inntpustion cortained in regleteor P9, The cher’. repleter indic ted
thot the diecrerancy wng in digit o?lumn 1. T-is wae c'nfired dy AC
which eent-ined 0 instead of +1/2. This could moet eesily de acco#ﬁted
for b a fallure to ehift left. However, eince cnly the flip-flops
of 2rit retic control wers nndorgoipg voltrge veriztion, the failure \

to ehift would mean thit FF307.01 cannot tremsrit 1. THie wold reeult in
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e "prolonged estop clock”, not a cleck resi-ter slarm. To mske this
hypotheele even mors untenshble, there was another gl instruction in
rezieter 15 wrich arvarently rsave no troulle. The only other conclusion
wee th -t thore wos something wrong with the divide overation. It cculdA
not be the failure of *TINE.01 to tva.nami‘t 1, for that would result in
a "prolonge: stop clock", The only otﬁer vossitle eource of orrér

vas the divide-pulee distritutor, tat he r~iults obtainad wers not

any of trose whick hat besn ealenleted for eteady-state fallures of

f-ho divide~pulce distributor. 'meA corplementing cveck war the vere
formed on these fliv-Tiors :nd rrzoslou woe found to have a low mnég:in,
The tubes were rerlfscad nnd the rargin (with Teet Sequence Muwter 11)
vas incrensed from -17 volte to =321 velts, anthamom-, the al:» was
obtained «t & differsnt point in the secuence. The only poeeiltle
ex-lunztion of the {aconsistent resul ie is that the fault wne not
steady-ntate, even at the reduced volts:e. The time required to cor-
rect this rituantion wae adout 75 mimutes. Some time could undoabtedly

hove been saved if the errmlementing rrocedure hrd been wed imrediately.

6.2 “vpluztion of the lesien Procedure

The rrevious sections of this chapter hrve discisged the
resul te odtained from the uee of some of the te=t senuences. “ven
trough thege tnveeti:: ¢4 ns were very limited in ecove, some very usee
ful lnforrﬁtion vas obteined, ~orticulerly w'egard‘ihg trouble location.
The test sequences arrarently do accomrlieh treir avewed aimne, and imdeed,
even exceed ernechations. The loc: tiom of o non=steady-etete failure

in the divide-pulras dictritutor, desrite the fact th#t an alternate mathod
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vn8 ugad fo_r confirmetion, wes a notsdle echievement. A corpletle set of
teet eequences #'ould be a powerful tool in achieving corputer reliability.
Can the desirn procedure cutline in tris thesis De used to obirin

mck a set? In theory, at lesat, the answer is arrar'ehny yes. Tha
limiteticns seem to be of & practicel nature and concern the amount of
work required for some of the rore corplicated c*:anel ao@\'ents. The
effort required in some of t}Ixeso ceses ney not Justi!y the reaults,

It would nrobslly be more efficient to devise alternite schemes, A
certsin amount of astudy szhrould vreccde the deerirn of a test sequence

in order t§ deterrine vhether the effort might better be expended in
other directions.

The efficiency vroblen 1s mont 1 fkely fo be aerious for those
chanrel eegmente which control the ranirulation of information in cther
vi:rts of the corruter. The time-pul-~e diestributor is verhans the greatest
offender in thie rapsect, since it controls most of the overation
of the commuter. A pood deal of anelysis ls required to determine whather
en alarn is zctuslly obteined in the prerence of o fallure. An indica-
tien of the ra/mitude of thie tosk may be had from the fret that about

. #5 hrure wvere required to det~ rrine whether an slrer would be pbtain'ed
with Trogram ﬂm‘l‘ng only {assuming s11 reglsters clear and operation 0
giving program timing) for an open circult 'm each of the crystals of-
the ratrix. Incidentslly, it is intererting to note that en alarr would
be obtained for only 6 of the P4 orystals. In cuees of thie nature, 1%
{2 nrobably mort efficient to circumvent the detailed malyeﬁ by the
inetallation of a built-in checking device (euch a device ras been

vroposrd for the time-pulre dietributor). Fowever, it seeme likely that

the procedurs ie rot undily cerrlicrted in roct caees. OFf course, the
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eomrlexity insresees x'apid'ly when multiple faults are considered.

Tect sequences d@éimed for conplici-ted chamnel segments ore
of dudbi~ug value in troudie~ipc:tion procedur~s. !n-'xma.ny cases the test
sequence will only srecify the channel segpent im which the fallure exiafea,
The knowledge that a fallure exists somewhere in & large numter of stage:
is not particulaerly helpful. Such information could proba‘ly be obe
tained much more simrly. The effort of designing & teat sequence iz

haydly Justifiable.

6.3 Suggestione for Purther Work

The pouibilltine of tee.t cheoking have not been fully exe
piored in thia theals by any stretch of the imarsnination. A much esimpler
erproach to the prodblem might very well exiet. ff sich an aprroach could
_bo found, 1t would certainly e a gre~t boon tb the people vho are cone
cerened vith desiming teet prodlems.

“ag rdlose of whéther . Bk arproach ean fm found, mueh work
rema'ns to be done. Nuantitative investigstions of the factors Influenc! iz
folluree are evtremely dmpovrtant. The .dooi.;m of te-t seguences sho:ld
take into sccount as many of theee factors nl poseibla. CF eduru.
there 2ra the tusks of actually desisning ‘te'rt sequences for the
entire corputer and analysing the resulte for trecudle loc:tion
purpoees.

‘Ia conclusios, 4% should be saptesized that the nethod pres
gented in this thesis con undou'tedly be used for designing test se-
qeences. The resulte obta!ned ars encoursging and serve as a atertiag

roint for future study whieh should bo directed towards simpler and movre

Gerald Co . V- Forrester

of!‘!eient mettrode. f
Signed M f’?"\—— Approved
ope
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A SHORT GUIDE TO CODING
(using the Whirlwind I code of October 1949)

COMPUTER PROGRAMS

Program. A program is a sequence of actions by which a computer
handles a problem. The process of determining the sequence of actions
is known as programming.

Flow diagrams. A flowdiagram isaseries of statements of what the
computer has to do at various stages in a program. Lines of flow indi-
cate how the computer passesfrom one stage of the program to another.

Coded program. Programs andflow diagrams are largely independent
of computer characteristics, but instructions for a computer must be ex-
pressed in terms of acode. A setof instructions that will enable a com-
puter to execute a program is called a coded program, and the process
of preparing a coded program is known as coding.

Orders and operations. Individual coded instructions are known as
orders and call for specific operations such as multiply, add, shift, etc.

The computer code. The computer code described here is that of
Whirlwind I, an experimental computer using binary digits, single-
address order code, parallel operation, and electrostatic storage. Itisex-
pected that computers of this type will ultimately achieve an average
speed of 50,000 operations per second.

COMPUTER COMPONENTS

Registers and words. A register has 16 digit positions each able to
store a oneor azero. Awordisasetof 16 digits that may be stored in a
register. A word can represent an order or a number.

Arithmetic element. Arithmetic operations take place in the arith-
metic element, whose main components are three flip-flop registers, the
A-register, the accumulator, and the B-register (AR, AC, BR). The 16
digit positions of AR starting from the left are denoted by ARO, AR, . . .,

AR15. Similarly for AC, BR. Words enter AC through AR; BR is an.

extension of AC.

Storage. Theterm 'register' by itself refers tothe main electrostatic
storage, which consistsof 211 or 2048 registers, each of which is identi-
fied by an address. These addresses are 11-digit binary numbers from
0 to 2047. The computer identifies a register by its address.

Input-output. Allinformation entering or leaving the computer istem-
porarily stored in the input-output register (IOR). The computer regu-
lates the flow of information between the internal storage and IOR, and
also calls for any necessary manipulation of external units. The descrip-
tive names of the input-output orderswere chosen for photographic film
reader-recorder units, but the orders are applicable to other types of ex-
ternal equipment.

Control element. The control element controls the sequence of com-
puter operations and their execution. Instructionsare obtainedfrom stor-
age in the form of individual orders, each of which is represented by a
single word.

Inter-connections. The four mainelements (storage, control, arith-
metic, and input-output) are connected by a parallel communications sys-
tem, known as the bus.

REPRESENTATION OF ORDERS

Operation section. When a word is used to represent an order the first
(left-hand) 5 digits, or operation section, specify a particular operation
in accordance with the order code.

Address section. The remaining 11 digits, or address section, are
interpreted as a number with the binary point at the right-hand end. In the
majority of orders this number is the address of the register whose con-
tents will be used in the operation. Inorderssl, sr, the number specifies
the extent of a shift; in rf, rb, the number specifies an external unit; in ri,
rs, the address section is not used. '

Example. Theorder cax hasthe effect of clearing AC (making all the
digits zero) and then putting into AC the word that is in the register whose
address isx. If qisaquantity in some register, the order needed to put q
in AC is not caq but cax, where x isthe address of the register that con-
tains q. '

REPRESENTATION OF NUMBERS

Single-word representations. When a word is used to represent a
number the first digit indicates the sign and the remaining 15 are numeri-
cal digits. For a positive number the sign digit is zero, andthe 15 numeri-
cal digits witha binary point at their left specify the magnitude of the num-
ber. The negative -y of a positive number y is represented by comple-
menting all the digits, including the sign digit, that would representy. (The
complement is formedby replacing every zeroby a one and every one by
a zero.) In this way a word can represent any multiple of 2-15 from
2-15 _1to1 - 215, Neither +1 nor -1 can be represented by a single
word. Zero has two representations, either 16 zeros or 16 ones, which
are called +0 and -0 respectively.

Overflow — increase of range and accuracy. With single-word
representation the range is limited to numbers between 2-15 -1 and
1 - 2-15, Programs must be so planned that arithmetic operations will not
cause anoverflow beyond this range. The range may be extended by using
a scale factor, which must be separately stored. Accuracy can be in-
creased by using two words to represent a 30-digit number.

COMPUTER PROCEDURE

Sequence of operations. After the executionof an order the program
counter in the control element holds the address of the register from which
the next order istobetaken. Controlcallsfor thisorder and carries out
the specified operation. If the order isnot sp or cp(-) the address in the
program counter then increasesby one so that the next order is taken from
the next consecutive register. The sp and cp(-) orders permit a change
in this sequential procedure.

Transfers. A transfer of adigitfrom one digit position to another af-
fects only the latter digit position, whose previous content is lost.

Negative zero. The subtraction of equal numbers produces a negative
zero in AC, except when AC contains +0, and -0 is subtracted from it.

Manipulation of orders. Words representing orders may be handled in
the arithmetic element as numbers.

Procedure in the arithmetic element. The executionof an addition in-
cludes the process of adding in carries; this process treats all 16 digits
as if they were numerical digits, a carry from AC 0 being added into AC 15.
A subtraction is executed by adding the complement. Multiplication, divi-
sion, shifting and round-off are all executed with positive numbers, com-
plementing being performed before and after the process when necessary.
For round-off the digit in BR 0 is added into AC 15.

NOTATION FOR CODING

Addresses. A codedprogram requires certain registerstobe usedfor
specified purposes. The addresses of these registers mustbe chosen be-
fore the program can be put intoa computer, but for study purposes this
final choice is unnecessary, and the addresses can be indicated by a sys-
tem of symbols or index numbers.

Writing a coded program. Registersfrom which control obtains or-
ders may be called action registers, and should be listed separately from
registers containing other information, which may be called data regis-
ters. A coded program iswritten out in two columns; the first contains
the index number of each action or data register, and the second column
indicates the wordthat is initially stored in that register. In many cases
part or all of a word may be immaterial because the contents of the regis-
ter in question will be changed during the course of the program. This
state of affairs is indicated by two dashes, for example, ca --.

The abbreviations RC, CR. Abbreviations used in referring to the
register that contains a certain wordor to the word in a certain register
are

RC ... = (Address of) Register Containing . . .
CR . .. = Contents of Register (whose address is) . . .

The symbol ri x. Whenanaddressforms part of anorder it is repre-
sented by the last 11 digits of a word whose first 5 digits specify an opera-
tion. An address x that isnot part of an order is represented by the last
11 digits of a word whose first 5 digits are zero, which is equivalent to
specifying the operation ri. Thus the word for an unattached address.x
may be written ri x. It could also be written x x 2715 .



AC = Accumulator
x is the address of a storage register;

THE ORDER CODE

AR = A-Register
n is a positive integer;

BR = B-Register
k designates an external unit

Operafion
 Order Sy Code ¢ Function
Decimal | Binary

ri -- read initially 0 00000 Take words from external unit until internal storage is full.

rs -- | remote unit stop 1 00001 Stop external unit.

rfk run forward 2 00010 Prepare to use external unit k in forward direction.

rbk run backward 3 00011 Prepare to use external unit k in backward direction.

rdx read 4 00100 Transfer to register x a word supplied by external unit.

rc x record 5 00101 Arrange for transfer of contents of register x to external unit.

ts x transfer to storage 8 01000 Transfer contents of AC to register x.

tdx transfer digits - 9 01001 Transfer last 11 digits from AC to last 11 digit positions of register x.

tax transfer address 10 01010 Transfer last 11 digits from AR to last 11 digit positions of register x.

‘cp(-)x | conditional program 14 01110 If number in AC is negative, proceed as in sp; if number is positive disregard the cp(-)
order, but clear the AR.

sSp X subprogram 15 01111 Take next order from register x. If the sp order was at address y, store y + 1 in last 11
digit positions of AR.

cax clear and add 16 10000 Clear AC and BR, then put contents of register x into AC. If necessary, add in carry from
previous sa addition.

cs x clear and subtract 17 10001 Clear AC and BR, then put complement of contents of register x into AC. If necessary,
add .in carry from previous sa addition.

ad x add 18 10010 Add contents of register x to contents of AC, storing result in AC.

sux subtract 19 10011 Subtract contents of register x from contents of AC, storing result in AC.

/ cm x clear and add magnitude 20 10100 Clear AC and BR, then put positive magnitude of contents of register x into AC. If neces-
( sary add in carry from previous sa addition.

sax special add 21 10101 Add contents of register x to contentsof AC, storing result in AC and retaining any over-
flow for next ca, cs, or cm order. Only orders 1 through 15 may be used between the sa
order and ca, cs, or cm orders for which the sa is a preparation.

ao x add one 22 10110 Add the number 1 x 2-15 to the contents of register x. Store result in AC and in register x.

mr x multiply and round off 24 11000 Multiply contents of register x by contents of AC; round off result to 15 numerical digits
and store in AC. Clear BR.

mh x multiply and hold 25 11001 Multiply contents of register x by contents of AC and retain the full product in AC and the

; first 15 digit positions of BR, the last digit position of BR being cleared.

dv x divide 26 11010 Divide contents of AC by contents of register x, leaving 16 numerical digits of the quotient|
in BR and 10 in AC according to sign of the quotient. (The order s115 following the dv order
will round off the quotient to 15 numerical digits and store it in AC.)

sln shift left 27 11011 Multiply the number represented by the contents of AC and BR by 2?‘. Round off the result to
15 numerical digitsand store itin AC. Disregardoverflow caused by the multiplication, but
not that caused by round-off. Clear BR.

srn shift right 28 11100 Multiply the number represented by the contents of AC and BR by 2™, Round off the result
to 15 numerical digits and store it in AC. Clear BR.

| sf x scale factor 29 11101 Multiply the number represented by the contents of AC and BR by 2 sufficiently often to make
the positive magnitude of the product equal to or greater than 1/2. Leave the final product in|
AC and BR. Store the number of multiplications as last 11 digits of register x, the first
5 digits being undisturbed.

NOTES ON THE ORDER CODE

capacity (i.e., if overflow occurs), a suitable alarm is given except as
mentioned in connection with orders sax and sln.

Effect of operations. The functions of the various orders are de-

scribed above. It is to be assumed that AR, AC, BR, and the register
whose address is x are undisturbed unless the contrary is stated.

AR. AR is primarily a buffer register for passing words into AC.
After orders cax, csx, adx, sux, sax, and aox it contains the number
originally contained in register x. After orders cmx, mrx, mhx, and
dv x it contains the magnitude of the contents of x. The effect of spx and
cp(-)x is stated above. No other order changes the contents of AR.

BR. A number stored in BR always appears as a positive magnitude,
the sign of the number being assumed to be that indicated by the sign
digit in AC. This convention has no effect on the logical result of the
operations involving BR except that when BR contains a number that will
be used later it is necessary to retain the appropriate sign digit.

Alarms. If the resultof an arithmetic operation exceeds the register

Shift orders. A multiplication overflow in sl is lost without giving
an alarm, but an overflow from round-off gives an alarm. Orders sr0
and s10 only cause round-off, an alarm being given if an overflow occurs.
The integer n is treated modulo 32, i.e., s132 = s10, s133 = sl1, etc.

Scale factors. I allthedigitsin BR are zero and AC contains 10, the
order sfx leaves AC and BR undisturbed and stores the number 33 in
the last 11 digit positions of register x.

Division. Let u and v be the numbers in AC and register x when the
order dvx is used. If |u|<|v| the correct quotient is obtained and no
overflow can arise. If |u|>|v| overflowoccursand gives an alarm. If
u =v # 0 the dv order leaves 16 ones in BR and round-off in a subsequent
s115 would cause overflow and giveanalarm. If u = v = 0 a zero quotient
is obtained.
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. ATTEFDIX I1 - Dstalls of Coded Programs

PHST SWLUNNCY FUMPR I

(To be usged with voltape-vuriation lines 77 and 78)

Repister : Contents
o : » +0
1 v _ o7
5 ?-lh
2 L, 73 x P70

el (receives scale factor)
5 1/2
e 5~15
7 _ : ‘ea 5
g or 31
9 : a6 0
10 . ef U
11 | ' ce 5
1? ' er 13
15, : A
14 ' ' ce U4
15 . ae 3
16 ' ca 5
) ¥ S . ' ef U
18 ar 6
19 qe 1
°0. or 1
21 ‘ qe ?
e : ca U
2 ’ ge 0
24 . ca 6
26 av §
26 : - qe 0
T 6l 15
°8 : a6 2
o ; ep T

PC reset to 7y PC endecarry may, but need not, reset PC.

Ordcey ¢

0O~ O\ Fw -

et G el b el pd fed pet el
| =~ YW E Ny O

SRR

B ]
N

25

ete.
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TEST SAQUSKRCY NUMRER IT .

{To be ured with volta e-verietion lines 79 und FO)

Register ¢ Contents _‘Order {

0 1/2
1 1/%
2 -1/2
3 <1/4

(rm)y (receives scele factor)
5 /b + 2713
5 +0
T =0 :
g ‘ca 0 1 26
9 mr 0 2 27
10 qe 1 3 oete.
11 of b L
12 ae 0 5
13 i _ sr 1 6
1k : q¢ 1 T
15 sl l 8
16 ¢ 0 10 .
17 s 0 11
18 ac 6 12
19 ca } 13
20 ae 5 1k
) | ca 2 15
2p sa 2 16
o1 'c.c 7 17
ol E ce 5 18
) ae 1 19
26 dv 0 0
27 ac 6 21
=44 el 15 el
0 ae 0 3
30 mr P 24
7 oc 3 25

FC reset to 8; PC end-cerry should recet FC,
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TEST SaUArCs EUM' R 1T
(Yor ure with o1t reevariation 1imes 113, 198, 221, 200, 97, 96 17,
201, -nd 181)

Paghc tar ¢ Contents ' Onderf
0 +0
1 i x o719
(rv)2 : ts 0 (=1/2) (chenged by order #F)
3 33 x 2739
(ryl (recelves scale fastor)
5 ‘1/2
6 2™
7 e
& ce 5 1 25
9 sr 16 226
10 ac 0 2  etec.
11 sf b b
12 ad U 5
17 ac 3 6
14 sr 1l 7
15 tda ? B
16 ce 6 9
17 rv. 6 10
18 et U 11
19 pd b 12
) : ae 2 13
2 ca 7 ik
P el 1k 15
s PRI : ac 5 16
ol ' wr 15 17
5 0 AT 18
26 _ el O 19
7 : ac 7 20
o€ sf b A
g ac 5 2
30 - ce U 23
b3 8 qc 1 s

PC resct to & I'C end-carzy must reset FC and Regieter 2.
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TeST S U-NCY KUWFTR IV

{Yor cheoking the vrograr count~r)

Register ¢ ~ Contents | Order ¢ (in correct opsratios '
0 ed 20 1 1%
j ad 21 2 16
2 w27 3 ete.
£ ad 21 h
[ ad 28 5
5 su 20 6
6 2d 21 5
4 ad 71 g
8 ac 29 9
9 sp 15 10
10 Friets
11 P
b §2 nd 21
13 RO
U Gmmpn
15 ca 20 IHS ey
16 ac 20 12
17 | p 31 13
18 | IS
19 +0
0 +1/2
21 +1/4
o2 et
o1 > S
ol el
2% A
26 e
4 +1/8
o8 +1/16
29 +15/16
30 Saies

n. ca 19 : ERET ¢

PC reret to 0 PC endecarry suart not reset FC
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«~ 108 =

7287 SW UENCE RUMBR V

(To be used with voltege-variaotion lines 1%, 110, 190, 191, rnd 2%1.)

Jegictor #
#s 0

AN & a v -

(Fr)€
(¥F)9
(¥ )10

Content

av 1
+0
-2'15
N1xLd
+nx271?

. =1/8
+1/2
-1/2

(reserves aczle fector)
(receiver addrees on $a)
(1e added to on go)

ta ©
nf B
ca 8
e 3
el 1k
ac 6
mr 7
ac 5
ep 71
év 1
er 14-
qe ?
te 10
ca 9
oc U
ao 10
en 10
qe 1
ed 3%
ep 11
av 1

Grdex £ (in novasl op-

i

(recet to +0)
(rezet to +0)
(reset irmaterisl)
T

2 ¢

-

‘tco

D M~ Y\ F o

s
o]

- 12
13
1k
15
16

17
18

19
20
2

IC reset to 20; I'C ende-carry may, tut need rot, re«et rco

AG ehould be cleur at stort.

ticn)
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APP'NDIX II1I - Glossary .

Channel Any of the routes which may be taken by information
guprlied to the imput of the computer.

Channel Segmsnt: The portion of a channel which is contained in & section.

Component : The most elementary parts of which the computer is
constructed, e.g., resistors, condensers, vacuum tubes, o©ic.

Section: All stages which are supplied by a given voltage-vaziaticu
1ine. ;
Stage: An elementery circuit containing at least one vecuum

tube {or ite squivalent) which performs a single func-
tion (e.g., & flip-flop, a gate tube, or en electronic
switch, but not a regieter, a counter, nor an adder).

Test Sequence: A grour of ingtructions to the comruter which cause
information to be routed along certain chenrel seg-
ments. As used in this theels, test sequence refers
to a group which may be performed with the 32 regiete:s
of test storage

Unit: Any vortion of the commuter wrich consists of =t
least one stage.
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DIGITAL APPROACH

ADDITION:
5 101
+3 BIRE
8 1000
( DEClMAL) ( BINARY )
NOTATION NOTATION
MULTIPLICATION:
5 101
X3 |
15 101
( DECIMAL ) 101
NOTATION Ll

BINARY )
(NOTATION

ANALOGUE APPROACH

'(—'5% {63—-9
|—0—‘—¢—0— '—o—o—
A B B8 C

PR
5+3=AB+BC= |—o—o—o—o—-'—o—o—-l:AC:8

A B C

ADDITION:

MULTIPLICATION:

—AT:J<_— 3 IF AE // DC, THEN

A ABE ~ A DBC

BD N HENCE,
BE _ BC _ BC
c AB DB |
BE = ABXBC=
5x3=15
B D A

COMPARISON BETWEEN DIGITAL AND ANALOGUE
METHODS OF COMPUTATION

FiG. 1 -
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ARITHMETIC
ELEMENT

CONTROL

—1 STORAGE

rAN) K |

Y U

INPUT - OUTPUT

DIGIT TRANSFER BUS

DIGITAL COMPUTER-MAIN UNITS
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RIO R8 C4 %RG
' ' | QOUTPUT
5
R7
O OUTPUT
-+
CLEAR _11 L= SET
| CRe
; Cl \ ce ;
TRIGGER RS
INPU
(

c |
}jz
— R2 R3 R4

(a)
FLIP-FLOP CIRCUIT DIAGRAM

|

o) :
FF

R

TRIGGER
CLEAR SEY

b

(b)

BLOCK REPRESENTATION OF FLIP-FLOP
FIG. 13

FLIP-FLOP CIRCUIT DIAGRAM :
f £16.3
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INPUT 2

CE*‘*‘*\ T
(PUT |(O‘}‘"_~‘I.F_“;’_‘

D+

QUTPRUT

|

R2

BLOCK

GATE CIRCUIT
(INPUT 2 FROM FLIP-FLOP)

QUT PUT

|

(T
A%

INPUT |
——i

INPUT 2

(b)

REPRESENTATION OF GATE CIRCUIT

FIG. 4
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NOTE: -

Any "ON" crystal
in matrix turns
off corresponding
gate tube

(a) SCHEMATIC REPRESENTATION

& &
&

0 I 0
FFI FF2

Ftp 4 ot A

(b) BLOCK DIAGRAM REPRESENTATION

THE ELECTRONIC SWITCH

FIG. 5 4
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T
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i / POl

TYPES OF DATA COMPONENTS
e T L 1 ALL ARROWS INDICATE DIRECTION cbia ool o
S PIXED GATE . OF FLOW OF INFORMATION. e FLIP-FLOP
f AR [ ARROWHEADS APPEAR AT FORWARD | :
= D-C LEVEL OR | (nesTINATION) END OF LINE. { s ;
CONTROLLED GATE) * * : l,_J
o g R ———— T CLEAR SET
'DATA CHANNELS oR ' oR
———————» SINGLE CHANNEL LINE SET"0" ' - | SET""
< \ | COMPLEMENT
_"—j'G-_—" | . |
DR L7 e R, 8] ' 1 OR CHANGE SETTING
g | MULTIPLE CHANNEL LINES e e s — — e —
~__—_—:\n/\ —3% » INDICATING NUMBER OF INDIVIDUAL PULSE N('GT b PULSE. PULSE o 6T PULSE GATE TUBE
alett | LINES B0 DNthe fYDLYER. | inpuT "0 [T ouTPUT INPUT j ouTPUT™ PARSES Ay N
R > GATING
‘ GATING GATING
T M e N SRR RS RSN T P Reted =W P ey e b el o | INPUT lNPUT
CONNECTION QF LINES " .o -0 B biide o 9w o r et el L R L s T . TR L e S
PULSE ISG] PULSE
INPUT ’L OUTPUT PASSES ONLY ONE PULSE SYNCHRONIZING
\ vy o FOR EACH GATING. GATE
EXAMPLES OF BRANCH CONNECTIONS. C,’,ﬁgb'%c
s | FLOW OF DATA INDICATED BY ARROWHEADS, s " e B =
WHICH PREVENT BACK-FLOW OF DATA. PULSE J | FIXED-GATE OUTPUT IS GATE OF
6 NPUT 166 " "GUTPUT © FIXED LENGTH (USUALLY
( Ty o T e ABOUT 0.4 u SEC)
|/ ON :
PULSE >1 GG I}*.CONTROLl:_ED OUTPUT IS GATE OF & GATE
[ l INPUTS W ""GATE OUTPUT VARIABLE LENGTH AS
WA [ OFF DETERMINED BY TIME GENERATORS
A8 ™ | LACK OF ARROWHEADS ALLOWS DATA Al
A > FLOW IN BOTH DIRECTIONS BETWEEN
& i * g BUT LIMITED TO A |
S : FIXED MAXIMUM J
| il S SUDWESCRTEEI IR i S e W on VI,
. » NO CONNECTION PULSE DE PULSE DELAYS DATA BY THE )
v INPUT ~ 05us QUTPUT FIXED INDICATED AMOUNT |
: PULSE FJ / PULSE DELAYS DATA BY AMOUNT f DELAY
—@— CRYSTAL CONNECTION IN MATRIX | DIRECTION OF DATA FLOW | |NPUT IDE OUTPUT MANUALLY VARIABLE WITHIN > "oy
} |S INDICATED BY ARROWS /05 15. OMS |ND|CATED RANGE i el A
+ DIRECT CONNECTION IN MATRIXJ OUTSIDE OF MATRIX . PULSE »10[_:' PULSE SLIGHT DELAY WHICH ;
T A NI L INPUT [OUTPUT™ |5 REQUIRED LOGICALLY J FIG. 6
 SWITCHES o
SERVOMECHANISMS LABORATORY OF THE
| | SWITCHING ACCOMPLISHED MASSACHUSETTS INSTITUTE OF TECHNOLOGY

. TALBANENE MO, 198L KON CO. M. Y. X
RES. B. 0. PAY, OPY.

MANUALLY. ARROWS l DIVISION OF INDUSTRIAL COOPERATION PROJECT NO.6345
MEMIGALE DATA TLOW, GRADED 8 DATAE THIS IS A GRADED DRAWING OF
" HIGHEST GRADE APPROVED BELOW: BLOCK DIAGRAM SYMBOLS , WWI
GRADE I FOR REFERENCE ONLY ; T 12 ;
W el ~7GRADE LI PRELIMINARY DESIGN | Silee R
2 . . L B-37001-5

GRADE III FINAL DESIGN ENG
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PROBLEM VOLTAGE-VARIATION LINE NUMBER

BEING
PERFORMED Tr 78 79 80 3
DISPLAY PROGRAM *| (1) (n (1 (1) (1 (1) (n () (1) (1)
(POWERS OF X) -32 | +34 | -30 | +31 | =10 | +49 | -13 | +30 | =17 | +48
DISPLAY PROGRAM ¥| (n (1 () (1) (1) (1) (1 (1) (1) (1)
(PARABOLAS) -32 |+34 | -30 | +31 | -10 | +49 | -16 | +30 | -18 | +48

(2) (2)
TEST PROGRAM™| | —28 | +39 | =29 | +27 | _pq | +4! | -24 | 433 | -9.5 | +46

(2)
TEST PROGRAM *2 | -25 | +30 | -26 |+25 | -18 | +40 | -22 | +23 | -10 | +38

TEST SEQUENCE ¥ | —26 | +33 | -25 | +26

TEST SEQUENGE *2 -17 |+42 | -22 | +31

TEST SEQUENCE *3 -1l | +39

A-3513¢

NOTE I: NO ACTUAL ALARM OBTAINED. MARGIN MEASURED BY
NOTING VOLTAGE AT WHICH THE PATTERN ON THE
DISPLAY OSCILLOSCOPE BECOMES DISTORTED.

NOTE 2: NO ACTUAL ALARM OBTAINED. THE "“PROLONGED STOP-
CLOCK" CONDITION OCCURS AT THE INDICATED

VOLTAGES.

MARGINS OF CORRECT OPERATION
FOR SAMPLE PROBLEMS
(DATA TAKEN ON DECEMBER 9,'49)

FIG. 29






