XII RBASIC ENGINEERING DESIGN
A Underlying Phailosophy of Design

The deaign Of a large scele coxplex piece of electronie o-
quipment such as a digital ceaputer is an undertaking ef mc small
proportiom. As has been stated, almost imnkmerable possibilities
exist in the field of circuit design vhen enly the logical fune-
tion @ circuit is te perform is specified. It becames apperent
quite early in the desigm of the WISC that some type of "guide-
pests” should be established, insofar as eircuit desiga was cen-
cerned. Such guideposts were not set forth es specificatiens nor
were tiey intended to be sv binding as te wnduly restrict the free-
dom of choice in the design of circuits.

One of the first of these was tkhe decisism to Build up the
larger logical secticas usimg ozly basic circuits (gates, flip-
flsps, eic.) and rethods of coupling vhieh bad beem tested for re- .
1liability as theroughly as possidle. This in itself is a far frem
nevw approash to sueh a prcblem, dbut can be easily everlocked under
eircunstances wkich exist vhers a majox aspoct of a problem is its
educational value. Such a procedure fumctions alse to greatly
reduce the necessary "btread-boerdimg” whick i1s such an inkerent
part of electronie eircuit design.

A second such guilde te édesign cancerns the matter of reli-
ability. (me of the desirable aspects of the WISC wvas to be its
saall size and greatly reduced number of vacuvm tubes. This is
obviously a desizable feature in almost amy suck machinme. However,
this characteristic is;, in maay respects, incompatidle witk the
unquestionable need for relisbility ia a eomputing maehims. IP
vas felt, therefore, that vhexrs any decisioa had %0 be made se-
tween these two features, the choeice was to go on the zids of reli-
ability if ¢the mere reliable choice could be determined. This
latter mattier may seeu mperficinl& but Just such decisions have
had to be made in cases where the 'reliadility factor” (as is
usual) cowld mot be measured in any sort of Quamtitative wvay,
vhile the number of tubes involved was ia the hundreds.

Ancther of the fundamental design reguirescnts eomcerms the
use Of energy storimg circuill eomponents, primarily capacitors.

To builé & machine campletely davold of Bath imductors and eapa-
citors, would solve a largs pumder Of provlems befors they had
arisen. Unfortunately, tkiz is not possible im the WISC®, at
- least without greatly increasing the size of the machine. The
reason ychimd the desire 30 avoid energy storage ccaponents aad -
thelxr eorseguent resonances or time constants lles in the natvre
of the signalz wvhick exist in computexrs. The perisdicity witk
vhich sequemces of "cues" and "zerus” may cccur in a caleulatiocn
earnot be predicted. Because of this fact, eapacitor and trams-
forasy eowpling Of any kind, if used, must be used with care.
This precaution is taken in the WISC, im most cases by making
any time constarts well below 10 microseconds, and 3y making car-
tain that any imductive elements are eritically demped or operate
in such a manner that they cannot he driven at rescnant frequeney
by any possible type of signel which might bte enecuntered.

Mathods ef coupling from a fiip-flop or gate imtu ancther

¥A close approack to this is accomplished 1 the ILLIAC and ORDVAC
machines.



flip-flop have besn quite thoroughly exemined. This ceupling is
directly into the grid circuit junction vie small cepaciters. It
has been made the practice to avoid simultaneous pulsing of both
grids, even though the "spasd-up" capacitors can usually be relied
upon in such a case t0 insure reversal of the state of the flip-
flop. Coupling fram cne flip-~-flop to another is dome also by ca-
pacitars {or dicdes in the case of a countar). This has resulted
in operation considared as satisfactory, slthough it is felt that
transferring informetion via a gate is probebly more reliable.
This compremise has been made in vicw of the groat simplicity of
nusercus circuits which is gained therady.

Another dstail of circuit operation which hes baan aveoidsd
in the logical plenning is the controlling of a gats by a gale
enabling valtage which is subject to change during the sems "clack”
pulse time that the gate is pulsed. To avoid this "pitfall” is
a matter that reguires 2 constant state of alertness. Its impor-
tance, howaver, cammot te overestimated. Such cperaticn results
in sub-standard gate ocutput pulses. It also rcsults fregquently
in operation which eppesars superficially satisfactory, but is in
actuality causing e digit-tims shift in the information timing or
"losing" a digit at infrequent intervals.

A case in which this just-mentioned type of operation mey
prove reliable, although it still to be avoided if possidble, is
in the "suicide” type of circuit. If a flip-flop in a given state
contrals & gate in such & way that it opens the gate to passags of
e pulse that will reverss the state of the flip-flcp, so callied
suicide operation results. If the pulse doss not pass, the flip-

flop will remain in the state which permits it to pass. If it
docas pass, the flip-flop vwill be reversed in state. Such e para-
dox l1s seeningly resolvad only by a sufficiemt portion of the pulse
being passed to gffact the desired change in state of the f1lip-
flop.
B Gates & Switckes

Those circuits which can be classed under the brezd hesding
of "gates and switches”" comprise one of the sroups of basic sub-
elements which are vital to digital imformation hendling. The
distincticn betwesn a "gate” and a "switch” is not a clesxr one, if
there is, indsed, any distinction at ell. If any diffarentiation
i3 t0 be made, a “gate” might be defined as a eircuit enalogous to
a single-pole single-throw switch, while e "switeh” can be consid-
ered as a circuit vhich is analogous to & single- or multi-pole
malti-threw switch.

For presant purposes, only the capabilities and types of
inputs and outputs of the gates and switches will be discussed.
A good deal of raesearch has gone into testing of various types of
gates, and, although far from all the possidilities have been ex-
RPlored, several besic gates have besn selected which, to dats,
have provan satisfactory for use in the desiga of fipal circuits
for the WISC.#* These fall into two major claesses, namely pulsel
gates and "d-c" gates.

The pulsad gates are primarily for the purpose of contrel-
ling the basie l-microsscond clock pulses. The various types of
these gates consist, for the most pert, of a basic triede circult.

¥This subject is covered more thoroughly in a digital computer inter-
nal rapert by A. K. Scidmore, Geted December 9, 1953.



This circuit is in the form of & cathode-pulsed gate with up to 3
inputs to the control grid. This gate is shown schematically in
figwe 3. A great deal of versatility es well as economy in num-
bar of tubes is obtained by heving 3 inputs to a single grid.
Input coupling is made directly from flip-flop {or eguivelent
circuit) plates through 100 kilohm resistors to the gate grid.
The cutput consists of negative 30-volt l-microsecond pulses, at
a d-c voltage level of 250 volts positive. The output impedance,
during pulsing, is spproximately 1700 obms. The gate is logic-
ally a 3-input "end" gate, although the complement informaticn in
the controlling "flip-flops" can be used vhich rasults in a 3-
input "or" gate. GCreater versatility can be obtained with this
gate if two ere cascaded with an impadance transformation from
the firet plate to the second cathode o8 shown in figure &. This
gives a six~input "ard" or "or" gate, or by using varicus inputs,
a large number of "and-or" possibilities. Up to three of these
gates in casscads heve bean tasted with no objectionable deterior-
etion in the output pulse, tut the maximm possible meabar has
not bean ascertained at this writing.

Where the inputs to several of these gates ere mutually ex-
clusive, an edditiorsl logical "or" can be echisved by using a
camyon output resistor. This provides added flexibility in
essembling logical "and-or” pyramids. Another common use of se7-
eral gates with a common eutput resistor is to provids, in coa-
Junction with flip-flops, assenblics vhich, under our previous
dafinition, can be called switches. Examples of such switching
circuits are shown in figure 5. Each possible ccubination of
flip-flop settings connects a differsent input to the switeh cutpyut.

The "d-¢" class of gates is sc called since the ocutput is &
function of the grid imputs only and does pot convert the "d-¢"
input to & pulse or train of pulses at the output. The ocutput mey
remain high or low for es short a time as 6 microseconde or for en
indefinitely long pericd of time. Such a gate, tc perait ease of
logical pyremiding, must have an ocutput vhich is essentially the
same in voltage range s any one of its inputs. The logical func-
tion is achieved primarily bLy means of crystal diocdes, and the
"impadancs match” by use of the tube sections. Several types of
such gates are shown in figure 6.

cecc(ﬁccgeB Plip-Fiops

Another basic circuit used to a great sxtent in digital com-
puter circuits is the Ecclss-Jordan "flip-flop” or bistable mul-
tivibrater circuit. This circuit becsuse of the manner in which
it operates is elso freguently called a "toggle.” The "flip~-flop”
can be and is used in a veriety of differemt ways, dspanding on
how it 1s connected into a circuit. Two davices of which it ie a
corponent, namely the bimary counter and the shift register, are
described in greater dstail in the next sectiom of this thseis.
Other usaes include information storage, pulse-to-static signal
transformetioa, and gate and ewitching control. An example of
this latter use is shown in figure 5 in the section discussing
gates and switches. Much advantage is tzken of these lest thres
usss im the assembly of the ordar intexpreter unit for the WISC.

Much has been writter on the origiral Beclos-Jerdem circuit
end numerous modifications end variations of it. No effort will



be mads hare to do other than daescridbe the charactsristics of the
circuit used in the WISC. This circuit is shown in schematic form
in figure 7.

As the figure shows, cross-coupling “spesd-up” capacitors
are used. These capecitors, vhan used on & flip-flop circuis,
have saveral effects. One aof these, as has dcen implied, is to
spead up the tramsition of the circuit frem one steble state to
the other. This is the primery reason that they ars used in tae
WISC, since the flip-flop must be capable of controlling a gate
or switch w.hin 3 microseconds after receiving a trigger pulse.
This length of time is, by comparison with those of many flip-flicp
applications in present computing machinas, a reletively long
time. However, since the basiec clock pulse rate of the WISC par-
mits it, a simple circuit is used with comparatively high grid
circuit impedarces and triodss rathor than pewtodes. %While it
achieves no sxall econctmy in mynbor of tubes and power supply Te-
quirements, the uss of triodss instead of pcatodes increasaes the
trangition tims.

Another function of these capacitors, which is not as ob-
vicus, is their acticn as & transicat "wamory". This effect mire-
or-less insures that vhen the circuit is pulsed aither dbilater-
ally, es in e counter, or cu the conducting grid only, it will
change to the opposite state. This is ceaused by the charge un-
balance in these capacitors vhen a flip-flop is in the steady
state condition, which is such that wvhen triggered the circuil 1s
driven to the opposite stat. This method of driving a flip-flop
reguires, at least vhen bi-laterally drivon, that the trigger
pulss be of short duration ccmpared o the tims constant of ths
chargs and discharge path of the "spead-up" capacitors. If such
cepacitors are noet used it beccmce almost mendatory, to cbtain
reliable operatiocn, that the flip-flop be unilaterally driven or
elsa s8at to the desired condition with a pulse or control voltage
of long duration compared to the transiont time of the flip-flop
circuit. :

After delineating soms of the edvauntages of cross-coupliag
cepecitors on the flip-flop circuits used in the WISC, 1t would
be wall to msntion some of the dissdvantagses. Cpe of the 4iffl-
culties caused by these capacitors ia the eddition of an RC time
canstant in the grid circuit. This time comstant is, for the
WISC flip-flop, the longsst of any RC time constants present iiso-
far as recovary time is corcerned. Unless the transient capecitor
discharge has become negligible by the time another initiating
pulse occurs, & somevhet lerger pulse will be regquired to reverse
the state of the flip-flop. This can be seea in figure 8. An-
othszr of the results cbtainsd by edditicn of thase capacitors is
a greater semsitivity of the flip-flop in its response to impul
pulses. This can be either gocd or bed depending on the point of
view, since certainly it is desiradle that the circuit respond
vhen a pulse is epplied but just as desirable that the circuit
does not respend to extraneous pick-up or other such undasired
signals. This latter problem is affected further by the size of
the series grid resistors used. The larger these resistors; the
less sansitive the flip-flcop begomes.

These series grid recistors ars primarily used, however,



foxr & different purpose which is supprcesion of parasitic oscilla-
tion vithin the flip-flop circuit. No dstailed study has at this
time boan made with regard to parasitic oscillations, other than
observation of effects which wvers most undesiradle and ecculd de
explained only by the sppearent presance of such oscillations.
Seriss grid resistors removed these undesiradble affacts.

D Binary Counters

Two somewhat more coxplicatad circuits which are sufficient-
1y basic to merit epscial mention are the binary counter and the
shift registear. These both consist largsly of flip-flop circuits
vith spyropriate coupling. The first of these, the binary counter,
will be discussed in this secticn of the thesis, shift registers
teing covered in the section immediataly following..

The vacuua tube type of bipary counter consists of a ceriss
chain of flip-ficps so connscted that e changs of state fm tbp
arbitrarily designated "sero” condition to the opposits or "ome"
condition causes no change to the next o:r any othar following
etagea ¥hile a change in state fram the "one" condition to the

cendition will cause the next fallowing flip-nop stago to
rcvmo 1ts state regardless of vhether it contains a "one" or &
"zero”. It is spparcmt, then, that vhataver system is used, the
input coupling to & stage must be dilatersl or balanced, such that
the input paths ¢o the two grids are essomtially the same and the
nscessary gating or seresening of the input pulse so as to cause
the flip-flop to reverse state is accomplished by means of poten-
tlels existing in the eircuit vhich are causcd by the driven fiip-
flop itself. Meny methods have besn used %o accoxplish this,
ranging from direct capacitor coupling vhich reliee on the various
capecitor charge unbalancee to achisve eorrect opcration, to a
dvalmgisteremterusmgh?tosporw’ The general rule
"uore complex more relieble to hold emong these varia-
tiona, and the circuit vhich it is hcpod. wes an optimm choice for
the WISC is shown in figure 5.

This circu:lt consists of an RC differcutiating nstwork
cov.mlad from the "ocnes” plste resistor of the preceding flip-fiop
to "ground"”. The diffcrentiated output pulsss connoet to the
cathodgs of two germanium ¢iodss. The enodss of these diocdes con-
nect directly to the grid circuit junction points of the flip-
ilops. The input to the first flip-flop stage comsists of the
came type of coupling except that the differentiating resistor is
not necessary if the input consists of negative pulses, since no
differentiating is neaded. The input capacitor is usually re-
Quirad since, in general, It is nscessary to rowove the d-¢ velt-
egs lavel of the input pulses. The back rosistance of the Qicdes
ia sdequats to maintain the i.;t d-e voltages at the correct

evel,

A re-exsmination of the requirements of & counter will show
that vhen saeveral comsscutive stages includiag the first stags all
contain a "one", receipt of another pulse et the imput will csuse
allt.hcse stages, as wall as the first stage which containms a

"sero” to reverss their states. These changes cannot ococur sim-
ultansously, since the change of cne stags rust be sufficiently

’Warc, W. H., The Logieal Principles of a Few Kind of Binary Coumter,
Preceedings of the I.R.E. 10.11529-57, Octobexr 1953.




underway to have gsaerated anough of an cutput pulse to initiate
action in the following stage. This causce & "ripple” of operstion
down the counter chain that is, in ectuality, the “"carry”. When
the carry travels the antire length of a given counter chain
(vhich may be of erbitrary length) the result is a definite delay
betvaan the receipt of the initiating pulse and the trausition of
the final stage in the counter chain. This delay, in the WISC
counter circuit, is approximately 0.2 microseconds par stage.

Considaring the matter of this dalay from the vicwpoint of
logical dssign thsre ars two aspects to be pointed ocut. First
there 18 the disadvantegs that if the final stegs is to contirol a
gate or switch pulsod with the set of digit pulsas next following
the set ussd to pulse the counter, the cowmter delay reduces the
time avallsble for the gates input to reach its steady state valus.
Secondly, and mere on the advan side, it psrmits an output or
final flip-flop stage of a four- {or more) stags counter chain to
contral its ovn input, since a l-microsecond input pulse is ter-
minated by the time the output responds. This tpe of contral
might be used, for exemple, vhen it is desirsd to stop & coumter
on ths all "zero” or reset position. Since this example would be
a "suicide" type of circuit (by our previous definitiom) it wvould
probably cperate satisfectorily with a single countor stage. The
advantags of the dslay still exists for the groatear-than-four case
pointed cut, hovever, sincs the control undsr these circumstances
might also start or stop other oparations pulsed at the same time
as the counter.

E Shift Registers

The second typs of cascaded flip-flop chain, the shift regis-
ter, differs fundementally from the counter in its operation. In
this case, the flip-flops are so connected that, upon receipt of a
control pulse or pulses, any given flip-flop essumcs the stete of
the flip-flop preceding it. It is apparent, then, that each flip-
flop must, in some manner, pess the information it cantains to the
flip-flop which follows it in the chain.

The shift register is highly useful and comsequently a much
used component of digital computers. Its types vary over quite a
vids range. Some are unilateral and same bilateral, the latter to
permit shifting either direction. Some are ccastructed of vacwm
t0es whle newer types ars made of ferrite cores® or transistors®.
Same sre single register and others are dual registar. Scme are
simitansously pulsed and others sequcutially pulsed.

Uses of shift registers, Just es their typss, are meny and
varied. They are used as storage davices or es delay units, They
are used for shifting of information such &s is reguired of the
operands in some arithmetical menipulations. They are used for
sarial-to-parallel and parallel-to-serial informetion conversicn.

The requirements of a shift registes pose 2 somevhat great-
er proble: in circuit design than a bimary counter, at lesst so
far as simplicity of design is concarncd. The source of this
difficulty lies in the fact that whersas a countcr stage is never
called upon to change its state unless the preceding stage chenges,
& shift register stage may be reguired tc change state whethsr

*8g8 referencas & and 5.



the preceding stage changss or not, end, in additimf' either or
both of thase changes, if they occur, may be from & "one” to &
"sero” state or vice-versa. This creates a problam inesmuch as mo
clear-cut cutput can bte odtained from & stage, if it does not
change state, by which the following stages cen be set to the cor-
rect position. In a sejuentially pulscd register, this problem
causas no grext difficulty since the stages ean bde sequentially
set to the "sero” (or "ons") positien. This reducoe the nesd of
information frem the praceding stege to tha case in which it is a
"one" (or "zero") only end this information is easily cbtained
when the precoiing stage 1s later pulsed to the "sero” (or" "ane™)
state. Suek a rogister is, however, not wsually desirsdble, since
it reguires a ecmparativaly lerge amowvnt of time to accomplish a
shift of cne place (although the shifting of more thean eme place
can be going cn at the same time) and bocsuse of the need foorr &
rather clabdorats =curee of seQuential pulses and consoguent ex-
eessive number of connections.

If simmltanecus pulsiang is used and all stagos are set to
the "sero” position at once, the infermation eontained in the
registar is dastroyed. Numsirous weys have becn devised to gst a-
round this difficulty. In almost all cases of sinmitanecusly
pulsad regicters this is done by providing a "transient” storege
of some cort. This storage can, in the simplest cass, be a re-
sistor-capacitor combination, or, in more complex circuits, delay
line szections or an sdditicnal registcr. In all cases the prin-
ciple 1s cssentially the szme. The rogister may be set to "sero”
end all "ones" information is kald in the "transient” storage
sufficiently long to perait the stages to rceover after which the
"ones” information anters the stage fCllowing that which previous-
ly contained it. In the cz2se of R-C or delay line storage, the
tine of storage is, of neccssity, shoert. If an alternate register
is used, the recovery time of the register can be arbitrarily
long (disregarding othar machine consideraticms) after which the
information 4is pulsed beck in a menner s&imilar to that wvhich it
wvas puleed in. Naximm versatility can be obtained if the infor-
mation is "gated” beck and forth batwesa two registers, this ba-
ing aimost & necessity if bi-directicnal zhifting is to be accm-
Plished,

The shift registcrs dscidad cn for use in the WISC are of
two types. Both are uni-directional vasuum tube rsgisters and
use cepasitor coupling betwsen stages. Ons iz & dual rsgister
with information pulscd to the temporery register with one sebt of
digit pulses and pulsed back again with the next following set,
laaving the informetisn availabls for saspling with the third set
ef digit pulses. This typs of registar, while not absolutely
pocessary, eimplifies the svitching requiremcnts vhere information
zay bave to be "picked off" from eny ome Of scveral stages while
it is 32.ng shifted. .

The othar type of registcr, vhich is satisfactory for use
as storage or for scrial to parallel conversion, operates partly
sequantially and partly simultansously. Since a "three phase”
pulse systam 18 used in the WISC, three flip-flops cen be pulsed
soguentially during one digit time. Such & three-stage register
ocnly shifts two different bits of information, sincs wpen



coupletion of the third pulse two stages coantain the same infome-
tim. Cornsecting a series of such registers and pulsing these all
simvltaneocusly results in a register of arditrary length which can
accoaplish one shift per digit time with roughly a 25 per cent re-
duction in ths number of flip-flop stages required. The "idle"
stags in each group of thres provides the "transiant” storage re-
quired for similtanecus pulsing operation.

To parmit cascade coonsction of shift register units, the
output must dbe such that the phasing is correct to caonncet to the
input of the seme or other shift rogisters. This may regquire ad-
ditional steges to obtain ccrrect phasing, especially if a switeh
is used. In ths case of the subdivision of registers used in the
WISC this is indeed the caze, although only 19 flip-flcp stages
ere reguired far a register which handles 12 bits,

The "subdivision” of ths shift registers msntioned in the
preceding paragreph refers to the langth of the registers, meas-
ursd in nusber of digits, betwecn input and cutput terminations.
The units for the WISC srs camprised almost antirely of 5 or T
stags. Thesze valuss are advantegeous for seversl reasons. In
en ordar, the addresses consist of 5 digits of "time" infarmetion
(position on the drum peripbery) and seven digits of track infor-
mation. 8ince these tvwo diffcrent types of information must be
handled in different manners, it is advantagzous to de able to
switch them separately. A five- and a sevcn-stage register in
cescads are then also terminated and it is possible to separete-
ly switch an emtire address. Appropriats choices of 7 and § also
will parmit registers of kO digits (significant digits of @
mmber), 50 digits (word length), 55 digits (minor cyele), 10
digits zemt end s information), and 1k digits (crder type
and extract information).

A slight disadventage of the WISC registcrs using the "sae-
quontial-sizultanecus” pulsing is that two shift esabling control
voltages ere reguired to operate the registers. As has been
pointed cut, it is not advisadbls to attempt to coalral a gate
with a control voltage which is changsd at the sane time as its
cathods is pulsad. This nccessitatss the use of a gate enabling
voltage to cpen the imput gate to the register which ensbling
voltage oecurs at a different time than the shift anabling voliage
that starts and stops the pulses causing the shifting operatica.
There is more than one poseidle choice of this timing, but the
one which i1s used on the WISC xregisters is a shift enable which
starts and terminates two digit phases (6-2/3 microseconds) be-
fore the input gate or switch enable. The duration of these
voltagas, of course, is dspendent on the switching opsratiom be-~
ing parformsd.

The reguirement just mentioned will complicate to some ex-
tent the design of the oxrdsr dscodesr and comtrol unit, since all
switching controls for the shift registsers will have to be of
this dual nature.

There are two logical reguirsscuts vhickh must be borns in
mind with regard to the "scguential similtanecus” shift registers.
One of these, which is dissdvantageous, is that informetion can-
not be odbtainad in parallel from a register vhile it is shifting
(unless suiteble gating using two diffarent sample pulses is used)



since the information is not static in all stages at once during
eny of thrce possidle sauple timss. The other, which is edventa-
geous, concerns imput-output timing. The terminations are mads
in such a mannar that the output of a regizter can bHe connscted
to its ovn input. VWhen this is done directly, the first stage
oparatss the sanxs as all other stages and contains information
for 2 of the 3 phass times of & caxplete digit time. If mo effort
is meds to obtain information in parallel during shifting, it is
only necessary thet the first stage hold informetion for 1 phase
time vhich permits the additional phase time to te used in soms
other way (i.e. in geverating the sum digit in sn adder) with
there still being time to circulate the ncw number back into the
register with the ssme duration shift enable valtags.

Fimires 10 and 11 show, respoctively, the wvave shapes and
the eircuit dizgram of a "sequential-simaltensous” shift register.

¥ Recirculators

A ssrial machine with a cyclic storege bas a nsed for & tem-
porery storage of soms kind. There are saveral reascns for this
necd, perkaps the most obvious being the necessity for having the
tvo aperands at the same time to porform erithmetic. Since the
oparands, in gsperal, are not &vallable simultadnegusly from the
standaxd mamory, ocne or both of thcm must be stored tenporarily
in sowe mamner until the second is availadble. This may be dcae
in varicus ways such as with zhift registers or, especially ip a
single addrors machine with one or more accumulators.

Prom the time of its original inecption, this short memery
requirement of the WISC hes been plemnsd for by the use of
recireulators., Thess wnits, as used on the WISC, are partially
alectronic and partially mechanical, the latter psxrt being actu-
ally an integral part of the drum. It consists, in essence, of &
"eual" hesd mounted on & single track, the distance along ths
drim periphery betwsan the two heads being something less then the
desircd storage time. This storage tims is ordinarily either 55
aigits or kb digits, the First being a minor mwory cycle and the
second being a minor arithastic cycle. "Scmething less than”, as
used ebove, refars to the fact that there is sams delay in <ths
"write in-vesd cut” process which cen be allowed for by dscreas-
ing the mechanical ssparation of the heads. It is alsc desiradble
in soms cases, especially where the use of a recirculator in the
arithmetic section is concerned, to be able to shift a mmber,

By meking the recirculation time shortser or ionger than a word
time by a vhole nunber of digits, a shift of the digits cccurs
each time one minor cycle is completed. This shift is with re-
spect to a numhar being recirculated with a periocd of exactly one
word time. To be able to precess either dircetion when shifting,
it is necessary that a recirculater span be less than a word
length by the meximm mumsbsr of digit timss it is desired to
mmeMcmh in 24dition to the dslay already men-

oned.

With this reduced espan, it is neccssary to use edditiopal
shift register stages in a camplete recirculator loop to meks the
total recirculation time cgual to cme word length, or, to shift
eithar direction, one word lcagth plus the number of digits per
revalution it desired to be &hle to shift.



A complete rccirculatar loop, them, is xade \p of a writing
head, a circumfercatial distance along the drum surface (the span),
a reading head, an amplificr end reclocking gate, en appropriste
nmber of shift register stagoe, one or more switch gates, and a
writing eplifisr vhich connects to the alresdy mentiomned writing
heed, This 18 chown disgremetically in figure 12,

Ro attcapt will be made in this thogis to cover the subject
of magnetic ¢rum rezding and vriting, since spsce doss not pormit.
A brief mention should be meds, howaver, of the "reclocking” gate
manticned fn the preceains pareammho Whca a single signal is
written on the drum, a "spreading” cccurs vhich causes the output
signal to be of lonm duration than the original writing pulse.
This, in 1tself, wuld cause no groat trouble except for the fact
that thiz "spreading” of the signal, at the rspstition rats used,
is limited by the prescnce of edjaccnt digits and as a result
neither the leading nor the trailing cldgs of the cutput pulse
vill te fixad in ¢tims for all differcot combimations of adjacent
“"one" or "zero" signals. This requircs that the eutput of ths
resfing exmplifier be reclocked to obtain owtput pulses or en-
ebling voltagss which are synchroniscd with one of the phases of
digit puisas. It should be remarked that there are other reasons
for this rccloeking, and it i3 eved more nocessary in coanection
with standard memory reading than in roeirculator roading. Thie
reclocking is accomplished by using a reading emplifier output
suiteble fcr use as & gate cosble, and using it as such.

The recirculators &lso maks snother dasiradble featurs easy
to cbtain. As was pointcd out in & previous scctien, more-or-ie o

unavoidable delays cccur at various places in the course of

information flow through the machiiiiine. If successive processing of &

word or crder is not to result in the information being shifted
to & later end later position in tims, these delays must de com-
pensated for in soms vay. Since the input and ocutput are essen-
tially terminaticms, a delay im tims caures no trouble. Wherever
the infermation is in such a plase that it can be in socms WAy ré-
circulated within the machine, it must be kept within certain
limits insofar es time positiom 1is concermed, This latter type
of circulation camnot procesd vary faz without the information
pazsing through a rosirculator, and this is8 vhere any delays

u  vhich may have cccurred can be compansatad for. By taking imfor-
mation from an sarlier stage of the shift register contained in
the recireulator lcop, the information is, in effect, shifted
backvards in 3ime by a numbar of digit timos equal to the mmber
of shift register stages®.

Logical requirements to be kept in mind in designing cir-
cults in vhich a rccirculator is used are relatively fsw, One
ewch requircuant is that the information be kept continually cir-
culeting &3 long as it is desired to preserve it. This type of
storage i1s volatile end unless the informeticn is kopt circula-
ting it will vanish. Anothor requircuent, at lezst if shiftiug
is to ‘e possible, is that any shift regiestors in the 1Qop be of
the dual register type. A third requircossnt, in ordsr to parmilt
non-shift storage, is that* hishcwds the pulsce uscd to operate

*This obviously 18 not a case cf nogative time. What ectually hayrens,
of course, is that of the 55 digit times "wasted" esch tims the inTor-
mation recirculates only 55-n éigit times are wasted on the fimal
passage through the recirculator loop.



the shift reglstor be at tha came phase tims as the pulses used
to drive the writ axplifier. That is, the shift registers
mist be cawpleabls (or static) at the time & writing pulse is to

ba gsnarated.
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