COMFUTING MACHINE
FOR THB
SOLUTION OF LARTE SY:TEME OF LINEAR ALGEBRAIC EQUATIONS

John V. Atamasoff

It is the main purpose of this paper to prescent a desoription and
exposition of s computing mechine which has been designed prineipally for
the eolution of large systems of linmear alpgebralc equations., In this des-
eription an effort will be made to strike an advanbageous mean between
vague gpeneralities and the ccnfusing detail of actual working plans, In
order to scoomplish this end the language will neoessarily be somewhat
schenatiec and functiomel, but it is hoped that this will aid reather than
hinder an evalustion of tho precticability of the present deesigns The
introdustcry part of this peper will alsc contain an outline of the util-
ity which a successful machine of this kind will have and a short rosume
of the development of this machine, A financial statement is apponded
wh ich shows the gource of funde and other loss tangible aids whioh the pro=-
jeot has received, the wey thet these ocneiderations have been expended and
a proposed budget for the future,

Ut4lity. In the treatmont of many mathematical problems one requires
the solutiom of gyetems of linear simultaneous algebraie equations. The
ocourrence of such mystems 1s especially frequent in the applied flelds of
statigtios, physies end teohnolegy. The following list indisates the range
of problems in whieh the solution of systems of linear algebraio egquations
oonst itutes an essentiel pert of the mathemstioal Aiffioulty:

1., Hultiple correlation,

2. Curve fitting,
5, Ulethed of lesst squares,
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4. Vibretion problems including the vibretiomal Famen effect.

6s Elootrical eirouit smalysis.

B« Amalysis of slastio struotures.

e Apgyeniuste selbien of proviims of Sessbem aedbinbs

9, Ferturbation theoriees of mechanios, astronomy end the

quartun theorys
This 1ist oould be expanded very ecnsiderably, for linear algebraic systems
ln‘:-nl in all applications of mathematics which possess & lincar aspect,
It 1e interesting to notlee that the applisations of limwar algebreic sysctems
to practical problems are of two kinde, If a finite set of basio elemerts
can be found o that the methemetlical equations leomorphie with physiecal ob-
Jjoctivity constitute a f'inite algebra, the applicetion iz direct and exmct
end ie genorally characterized me algebraie, If, on the cther hand, no
finite cet of basic elements ecan be found but an infinite set =msk be used,
the methomatlonl equations form an infinite algedbre and the problem is 1ikely
to be referred to ag ome in amlysie, In sush cases there is often no way to
arrive at an exact polutlon and the finite systems of lineer algebraie equa-
tions form part of some approximate method of selving the problem, Items
1 %o 6 in the above list are usually of the former typej items 7, 8, 0 sre
of the latter types The writer ls of the opinion that sueh approximate
methods using large systems of linear algsbraie equetions eonstitute the
only preotieal method of solving many problems lnvolving liwear operational
equations. (T is general sype of equation ineludes differortial and imtegral
equetions as spooial cases.) Thie point of view is well substantistod by
exanining the 1itersture.
In this way the solution of large systems of linear algebraic equetions

ecnstitutes an important part of mathematieal applisstions, The theory and

method of solution of such systems is well known and, if the mmber of



urknowns is s=all (the number of equations is generally but not slweys equal
to the mmbar of unknowns), this selution presents no difficulties, However
the satisfactory treatment of many problems, cortain caces of sach item of
the above list for instanee, requires the use of ten or more unknowms, In
the approximete methods it is the genersl rule that to seocure a oloser ap-
proximation more unknowns must be used, New it is easy to seo that the
principal term in the amoumt of labor nsedod to solve & aoystem of equations
1s k¥ in which ¥ is the mmber of unknowns and k is & constant, Since an
expart eomputer requires about eight hours to solve a full est of eight
equations in eight uniknowns, k is about 1/66, To solve twenty equations
in twenty umimowns should thus require 126 hours. But this calculatien
doee rot take into offect the inereased labor due to the grester chances
of error in the larger systems and henoe the situation is muoh woree than
thise The solution of genmeral systems of linear equations with a mmber
of unknowns greater than ten is not often attempted. DBut this is preeisely
what is needed to make approximate methode more effective in the solution
of practicel problems.

The machine desoribed in this paper has been designed to £111 this need.
It is the hope of the writer that evenbually some sort of computational sere
vice oan be provided to solve systems of equations sccurately and at low
cost for teohnleal and research purposes.

Developuent of the idea. About seven years ago the writer began to
investigate the feasibility of mechanising this solution, We was aware of
the possibility of using & mechanical or electrical amalogue but discarded
thie met'od, as beling too lmmocurete and eumborsome when many equations are
to be sclved, in favor of & method employing direct caleulstion of the



results desired, An exsaimation of the theory of sush systems of equations
and of the isomorphie theory of matrices end dotermimants shows there is

only one prasctiocal method of procedurs, the well known process of BuUCOESS-
ively elimimating ome varisble between peirs of equations umtil an answer
is obtaineds Cremer's solution in terms of determiments does not furnish
a better eomputatiomal epprosch to the problem beocause one is then fased

with the evalustion of the deteraimants, which 1s as diffioult & problea as
the solution of the origimel system of equations, Computers rarely employ
doterminante in the solution of limear systeme of equationsy in faet, it

ie ecasy to show thet the work is beet arrenged in the old form,

After the writer had formulated the general outlinme of a plan for
mechanising this eliminetion process, an sttempt was made o realize this
process by using the eomputatiomal cepecity of the commercial punchedecesd
tabulating equipment, Iathor complete details were worked out for this
application but it wees finally ebeandoned, primcipally huunihm
tion cepucity of even thoee mockines is not large emoughe The ecomstruction
of & maohine, from the begimning, of suf{iciont sapaecity ceemed too imvolved
to be atteapted with the available resources,

Howgvor the solution of thig problem seemed so important for practical
applicetions thet work wms not sbendemed, Considerable thought was given
to the desipgn of & eomputing mochaniem that would simultaneously be simple,
fast, and acourete, After many sttempte tc deviee a comverntional computing
meshanien with these properties attention was turned to the poeeibility of
shanging the dbass of the mumbers in which the computation is carried out,
For a short 4¢ime the base one=hundred wae theught to have scme proamise bub
a onloulation of the speed of computmtions carried out in terms of this
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base showed it to be eo low as to make ibe use oub of the quostion, Fowever
thia same celoulation chowed that the Lase thet theoreticelly gives the highe
est speed of calculation is e, the mturel bese, Dut the base of & mmber
systom must be &n loteger, and & further caloulation indiested that the bases
two axd throe ylold mmbor cyctems with the sane ond consequemtly the highest
epplicnble speed of oaloulation. The oholee of the base for & system of mume
bers to be used for wechanical caleulstion is & rather dlfferest question
than if tho oumbers are to be used in memtal caloulation, In the lattor case
one would choose the largest base for whle: tho computer oould sasily rememe
ber the multiplication tables. The base ten 1s well established and mmbers
to thie baoe are satlsfustory for mental computatlon although musbers to the
base twolve would probably be better.

flowever, for mectanized ccuputation the base two shows o grest superiore
ity. Ve havo soen that in spoed of operation base-twe mmehines possess o
theoretical advantage over mschimes using emy othor base except three and in
this caso the theoretioanl specds are equal. Even & cursory examimation indle
ostes that computing mochanisus using base two are mueh simpler than those
using any other baces This advantage may seen at least partly balanced by
the faet thet the base two required log,10%3,.34 times &s many places to work
to the samo moouruey as the somventiomal machines using the base ten; however
we shall see, in the final design, how it is possible to bulld mashines to the
base two (amd perbape to other bases) with only an insignificant inerease inm
cost and pomplexity for additiomal places. The use of the bdase two in the
contruction of ecuipubing machines shows a further advamtege if it i desired
%o incorporete im the mashine & device for making a recerd of the results of
caloulstion in such & form that it may be used to reinsert the mmbers in the
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mechine, This result is usuelly aceomplished by having the rackine ecmtrel
the punching of a sard, When it is desired to reinsert the mmber in the
meohine tho punchings on the eord are used 4o meehanieally or electriecally
ocontrol the mashime and so reinsert the number, Fow at each spot on the
eard there are two possibilitiesy either there is a hole or there is no
hols. This eorresponds exmotly to the use of baso<bwo mmwbers and greatly
eimplifies the meahanisn for punehing the card and reading it, Furthermore
if there are b possibilities 2t each spot om the eard it is casy to demone
strate that the use of mmbers to the bese b permite the eerd to oarry the
meximum anount of information, In the present cese this means that a eard
of 2 certain sise used with the base«two recording system will earry more
than three times as much data as if used with the comverntiomal bese-ten
errtom.
nlgnfmqmihmlfthmmttmmm
use of the baso-two systen of mumbers but this would perhaps be feasible in
o highly mechanised oivilisstions In this case all tables could advantage-
cusly be mechanized for this would be muoh easior than with the present
mmber systems Even with actwal pressnt conditions, under whileh it will
probably be macossary to make mrts of cvery set of caloulations in terms of
mmbers to the base ten, it seems highly desireble to change to mmbers in
the baee two in making extended mechaniged ealouletions such as in the so-
lution of large systems of limsar algebraic equations, This is partisulare
1y the case sinece it will be shown to be & vory sianple matter to incorpor-
ate in the design of the mae’ ino & mechanisged tranaformation table whish

will autometioally transform the mmbers between the two bases and the
operator will not be burdened by the process,
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After obtaining thess results an effert was made ¢o devieo o computing
mochanisn operating with the base two which would combine, o the fullest
pessible extent, simplieity, speed and scouresy, Noet base~ten eoupubers
heve wheols whieh, in the operation of the maghine, assume one of ten
positions thue giving the wealue of the diglt in that place, For brevity
we shall eall these whoels abacus eleseats, The amalagous eloments in bases
two ecmputers will have to be able to assums two positionsy to put the mate
ter mors penerelly it will have to be an eloment eapable of sssuming two
states eorresponding to the two values U and 1 which the digit in that pose
ition oan ossume, BSeveral forms were ecusidered for tiis adacus element:

1, Furely mechanical ons=dimensiomel systems with two positions

of equilibrium, moved from one position to another with e
meehanlcal foroe.

2« A moving reod like the arwature of & polarised relay, moved
by electromagnetic action.

%8s A mall pleee of retentive ferromagnetic mmterial, the two
gtotes being the directione of magnstisetion of tho materisl,
this contition ie changed by & strong mmgnetic fleld,

d4s Certain olrouite involving vacuum tubes in which there are two
eonditions of steble equilibrium, (The seale of two ecunter used
in courting cosmie rey pulses has & olroult of tiis type.)

Be .:':-11 eleotrical ocondmser, the two states being direotions of
Tfoas

1t i1s cbvicus that this elemeut will need to be a slmple inexpensive affair
since it will have to be repested thousands of times in a meohine of any sisze.
At first the fifth type of element was mmitted from consideretion, beecause the
state of chargs was eonsidered too trunsitory a phencmencn to be used for
helding musbers in the mach ine. Hovever, after mamy foms of each of the
others listed had beon eonsidered and in many cases tried without ylelding
an elemert that was satisfastory as regardes ecost, simplieity or readinees



with whioh it oould be inmterrelated with the rest of the meelanism, sttention
was turned to the poeeibility of using e small condemsers Then the idea
oocurred to the writer that it might be poesidble to so errange the meghanism
that the maehinme would jog ite memory &t short imtervals, and this idea has
been incorporated slong with the use of condensers as abaous elemonte in
the presont design, Tho condensers will retain thelr menory (1.0, thelr
m}n--ﬂmmmrunnm but they have it jozged
(1.0 they are recharged in their original direction) et imbervals of per-
heps a sscond.

The next problem was the design of the eomputing mechanie: itself, The
magnitude of the sharge on sm&ll econdensers fits in maturally with the use
of thermionio tubes sinoe this eharge is large encugh to eomtryol the grids
of thess tubes but mall encugh to be taken frem the plate oireult of the
tubs, The first plans made were to use the eireuit of the seale-of-two
cause of the imhorent instability of the eireuits, At times these eireuits
eould be made to work but obsoure factors strongly influsnsed thelr operetion.
At lmst the writer hit upon another type of eircuit thet inm the emd proved
vory stabile and entirely satisfastory in other ways: Tiis eireuit operetes
upon new prinsiples in the computing art, prineiples that are rether anclos
gous to the funmction of the human brain in memtal ealoulstion, The eircuit
takes cognisance of what is in a given abacus element, what is to be added
into or subtracted from the element, and from & memory device it receives a
sigml indiesting earry over from the previous place. Having been taught
by & man with & soldering iron it selects the right answer and replaces whet
is in the counter by this result. The computing mechaniem, being & vacuume



tube olroult, operatee at such spoed that it can be used over and over again
to edd the various digits, and additiomal pleces only require the use of
additiomal abagus slemente, that Lls,additiomal condensers. it the seme
time the overeall somplexity and coot of the compubing machine is greatly
reduced.

Many other details of the developmental wori: that has led to the fimal
design could be given but it is folt that the past pages give some iden of
the secope and dupation of these efforts.
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CESCRIPTICH AND EXPOEITION OF MACHINE

The sotual deseription of the meechine and the explametion of ite
cperation will be preceded by two seetions of an introductory charecter,
The first will imtroduce a teminclogy for deseribing the functiomal parts
of any ordinary caloulating meohine (for instence the lonrce) in such &
goneral way that it will later be useful in desoribing the mew machine,
The second will gpive the method used to mechanise the solution of systeme
of linmser algebralo equations, Since the sclution of sush eystems is the
principal objective of the present design, the details of comstructiom
will be clearer with an explanation of the method of scocmplishing this
end in mind.
1. Oeneral Principloc of Computing Neehines,

memIMhihﬂmm#wHM“Mh
a set of n olements, each capable of sssuming b positions or sbates in
whigh b is the inbtegral base of the mmber system thet the eomputing mae
ohine ie desipned to employ, The mmber n is deternined by the accuraey
wileh is desired of the computing mashine, We shall eall suoch & set of
elements an abaous, It is elear that within the limits set by m wo ean
edjust the abacus to represont any mmber of base b, In an Arebie mumber
eystom of base b & mmber P le represanted by the foms Pbd , etpid,
The teth element of the abacus &y is set in the state P,.

The usual eomputing mashine eontaing two or more abaci and in almest
all eases thess differ in funotion and structure, This differemtistidn

ocmes about in the following waye It is of courve essential thet oome
puting machines oombine mumbers as well as represemt them. The typioal
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cperetion of gombimetion is to add or gubbract the mmber in one abacus
to or from that comteined in the othors The numbers in the two abaci thus
play differemt rolee, one le left unchanged, the other is enhanced or di-
minished by the first in the course of the operation, It ls not essontisl
thet the sbacl be of different sbrusture, it would in fact be an advantage
in e versstile computing maohine if thelr roles sould be reversed at will,
However, coonomy pgenerally requires the greater specialisation of structure.
The ono that is umchanged will be ealled the keyboard abecus (la) and the
ons that 1s changed will be enlled tho ecoumbor abasus (ea). The km often
carries the additiomal feature that it ean be set with the fingers, the
ea often ecarries visible figures so that the resul:s that it containe ecan
be read with the oyej but thess are special features of ealeulating maehines
einoe thoso ondc are scnetimes sceomplished in other ways,

The ccection of the two sbaol is nomelly not direct but through the
agenoy of & third structure which will be called an addesubtract meshaniem
(aem)s This ssm must bring the abacus elements into soaction with a spe-
oifie correspondenees, add or subtract the one from the other and talke ecare
of oarryeover or borrowing as the case may be.

Multiplieantion (division) is sarried out by successive additions (sube
trections)s To avoid having to repeat the operation of the asm more than
bel times, armngemonts are made to ehift the correspondence between the
eloments of the m and the eas Thus if the mormal ecorrespondence is
Ing «vo8y the correspondence img<«roay,m (1, = integers) multiplies by
b™ the mmber added in by & single sotion of the asm. The exsot way thet
the shift is uged in multiplisation and division is rather obvious and
will not be desoribeds



One point of interest 18 the following, The average mmber of actions
of the asn needed to multiply & number P by & mmber X of s places is
s(b-1)/2, Binge the mmber of places in & mmber X is s=log X/logd the
number of operations required o (b-1)log X/2logh in terme of X and b, By
the use of this formula it is easy to show that the mmber of separete
operations is 2,70 times es great for base-ten mmbers as for base-two num=-
bers. This indiecetes cne fundamental advantage of the base<two mumber system
in machine ealeulation,

2, Method of Mechanizing Solution of Linsar Algebraic Systems.

We can now understand how systems of equations ean be solved by the
use of eomputing machines of lerge oapseity, Lst the system consist of N
equations in N unknowns and suppose the machine comtains N:1 cn's and Nl
la's and that the individual elements of either are indisated by sueh no-
tation as a4 (i=lewsN4l, j2le--n), the first index thus indiesting whiech
abacus, the second which element., The coefficients and constant term of
ons equation are placed on the ea's, the corvesponding coefficiemts and
oconstart tern of another egquation on the ka's, Suppose the correspondence
ie drawn so thet

h’j.;”“i@:[i'l""‘“l' 48] eean)

end en action of the amm takes place, It i3 easy to see that the resulting
mmbers on the ea's are the ccefficients and constant term of & new equation
linsarly dependent on the original ¢wo, However, one may seleot & procecs
of repeated actiona for wvarious values of m that reduces ome of the ccef-
fioiente (i.e., the number on one of the ea's) to seroy (In this process,
like division, the remfinder on the machine is reduced to zero). The re=
sulting mumbers are the escefficients and constant term of the equation
obtained by eliminating one unknown between the origimel two. By obvious
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repetitions of thie process the mmber of unknowns is reduced to omeo, giving
the value of this unimowne By other elinimations betwoen this fiml result
and previcus resulite all unkmowns cen be debermineds

5, Escential Elements of Camputer.

The ecomputing machine under construction is arrunged to employ mme
bers with base of two (be2), The sbaous elements 50 in mmber (ne60) are
g1l tubular peper oondensers of L0015 mfds, capasity, These ccndensers are
armpnged $o cocupy radial positions within & hollew eylinder of bakelite.
Their immer termimals are connectod %o & comnon lead, the outer teraimals
ere commeoted to contacts which pass through the oylinder wall, (Pig. 8).
The condensers which form the slements of one abacuc and their combacts
ere armnged in & plane perpendicular to the eylinder axis, and are speced
et 6° intervals ec that the £0 contacte oceoupy about 300° of tho ecomplete
eirele. The arrangement 15 &o compaet that 52 abaol of this sise (490
baso~ten place cepecity) are plased in eanch bakelite cylinder, (8" digmetoer,
11" lomg)s According to present deeign only 350 abaci are uted st one tinme,
the others sre reserved ag spares to be used if any condensers fail, Twe guch
sete of abaci are provided, one for the ca's and one for the ka's, A posie
tive charge on the outer end of 4 aondéneer corresponds to mserc, ¢ negative
eharpe €0 1. The magnitude of the sharge does not mattor exeept that the
resulting negative potertiale must not be less than the five volts necessary
to bleck tho vaouum tubes employed, The condensers are charged to about &0
wolts, lose one<half thair charpe in pashaps 6 mimutes, ©7d thus the sbeei
cen hold their mmbers for & considerable length of time without ettemtions
However,; we shall see that their charges arc renewed at intervals of one
second in the presenmt design.

The eylinders comtalning the ka's and the oe's rotate upen & ecmmon
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exis Gt & spood of 1 repese (Fige 10)s DBrushes bear upon their comtoats
to read the olarges on the condrnsers end recharge them, This is showm
schematicelly in Pigs 1 which shows omo ka and onme oa along with the eire
cults oooessary Yo keep the eundersers charged and to permit the ka to ocome
pute into the oas Three brushes bear ou the ka snd two on the cay To see
how the condeneers of ka are kept chaprged we obsorve that & condonser econe
tact touchos the brushes in order 33 Bz Bje Condensers Gy and Cg are seall
compered with the abacus condensers and beoome cherged practically to the
eame potent lul; however, the triode Ty is without plate potential and the
charge on 1ts grid ls inconsequentiales If the given condenser in ka is nega-
tive Tp is blocked, thue ralsing the potentlial of ite plate. This high plate
potertial is applied to the grid of T, through the network, malking this
tube peses The plate potential of Ty drops from about 120 to 60 volta as a
ccnsequence. The condenser Cg causes this state of alffaire to remsin in
offect et least until the next condenser temimal strikes By (6° later in
the rebotion of ka), Weamshile, (37 later) the ocndenser coubact touches
Tye The lead commected to the ommuon ¢ondenser terimals warked Booet is
alternstely at O potential when & condonser contact 1s toushing 3, or By or
ot + 90 volte whon & einilar comtect s tcuching By LBy, By @ 39,2 5p, 8;%6°),
So in this osse the condenser receives & charge of «40 v, (negative termimsl
outward), m.uumﬂeumqummuﬂw
umtmpnr-rluvmmlp

The EhAft 1o secompliched by the switeh 5y, When it Ls moved to
pesition 8 1t i¢ saey to see that the mumbers on the condensers are moved
forsurd (im the direction of motion) ome place. This eleetrieal method of
erifting ie a great advantage over shangin- the angular relation between
the eylinder and the brushes, The switelh would normally be moved from posi-
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tion 2 to 3 durlng the vacant part of the eyole (i.e., when the part of the
oylinder without oondonsors or contacts is passing the bruches) and held

there for one oyele (ome revolution of the abael eylinder) onlys The cute
put T Lsmedietely shows the e1ift and retains it because of the shifted

position of the mmbers on ka.

If B is elosed there 18 & oconmeotion frem Ty through & resistamce nete
work %o & polnt D on the asm. hth-pln--rflmn-mhm“n-
the point D Salkkec on a saallor swing, say from a value of loss than <0 volte
to & value gresbor than geros, The polnts P and © tale on slailer values, B
being conbrollod by the scnlonser toushing By and C by the carry-over condene
eer CF, Mmunumm-.w;utumu-nu
with & maber egual to the sua of themmbers on ka and oa 1f 7 48 high and
G low, and the difference ln the cpposiin case. At the ssme time the carry-
over condonser (% 1 charged cocordlng to the carryecver roquired to meke
the resulte correct,

Exaotly how thie ls sccomplished can be seen by reference o Flg, 2
whieh gives tho detalls of the connsctions of the ass, The letters given
coryespond to those of Fig, 1, YNo attenpt will bo made to desoride in de-
tail the way the oiroult resots to emsh of the sizbeon posaible eonditions
with which it must contend bub she following acnsiderations will esable the
reador to follow through any particular onse,

The vaouus tubes used im the olroult are twin triodes, (type 6080),
In the dvewing the triodes are indisated soparetely bubt only eeven ervelopes
aere nesded for a single amm, Fech triods shifts between two extrems states
in the operation of the elroults the grid in the mange from less than -5
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volts to & value grester than serc, the plate ln the range freaw 120 velts to
& valup less than 60 volts when u plate resistor of £0,000 chms is ueed, (I8
ie found to be edvantageous to alightly alter the plate resistor st certaln
pointe of the elrouit but ¢hils is & refinement not nesded 4n an explanation
of the olreult).

There are two prineipal types of eireuits in which the tubes are used.
The triodes 1, 2, and 5 have thelr gride comnoeted to small condensers and
their potontials do not change ustil s new charge i1s placed on these cone
donwers (the triods 2 can alsc be discharged through the agensy of the
triode 9). (n the other hemi, the tubes &, 5, 6, 7, 8, 10, 11, 12, 13, M
hﬂtmlm;tm“mlthtugﬂumugdpwm
commeoted to various plates and cne reslistor conmected to the =120 v dias
eupplye A symbol of the type (pyq) will be usticed beside each of the
triodes in Fige 24 This indicetes thet thore are p plate conmeotions to
the grids of thie triode ani that the biss supply resistor is adjusted seo
thet et least g plates will have to be low, l.e., less then 50 volts, to
tlock this triode. Experisnce as well s theory shows that when pu=3, the
largest nusber used, that the grid of the given tube changes about 12 volts
when one of the plates conneocted to it ohanges from low to high. This has
proved adequate to make tie action of the devioce sharp and elean since
grid swing of only § volts is noeded. Within ¢ considersble remge (which
cen be eacily inereased if nocessary) the tubo charscteristies snd the
values of resistors and other olroult elemewts meke ue differemce in the
results obtelned, Comparable remerks aro applicable to any computing
naanine.

By following the disgram and msking use of the (p,q) sywbole sttached
to the various triodes, it ls easy to verify the following teble. In this
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table H stands for the higher voltage in the range and L for the lower,

Tabers Torreaponding 3 Ton “Tobtractlon
‘resented Voltage F-high C-low P-low Cehigh
2 DB BDE A ¢ A ¢
000 O L E H
0 01 E B L

L ® 3 &
10 H L 8
011 L L E L B L
100 L BN ) L B
101 L B L

E L HE R
110 L L H
211 A ¥ s & ¥ B

The symbols A and C represent theo two owtput termimals. If A 1s hipgh
the correspending abacl eolement carries & sero, if A 15 low s ome, Like=
wise if C is low there ls a carry-over into or a borrowing from the next
higher place.

In this way the maehine rapidly perfomms the elementary operations of
addition and subtraction., Other operations are ecarried on mueh as in other
ealeulating maohines, the ehief difference being that the electrical prine
eiple allows great versstility of operetion and comtrol. It will be moted
thet there are no mochaniosl oscillastions at the computing frequemcy and
so full adwntage may be taken of the high speed of the electrical waocuum—
tohe elireults.
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4+ DBase-Two Card Mechanimms

furpose of bese-two ocards. In using the machine it is highly desiradle
to heve evailable means for recording the results of imbermediate stepe of
a computation end for reinserting these results as required, Strictly
speaking, such & meoheniss is only en suxiliary part of the machine, and
not & part of the soctual computing devices); however, it ls an cssential
euxiliary if an over-ell speed of operstion consletent with the speed of
ecomputing is $o be obtained.

B8inoo compubetions are cerried on with base~two mummbers it is logleal
to record intermediste results ae base~twe mmbers, Alseo, for reasons
peimbed out in the inteoduction, a punched-oard systen of recording, sush
s here contemplated, permite nore than three times the information to be
carried on a jiven eard Af base two rather than baseten 1s used, Omly
one row of holo-possibilities ir required for any mmber, making it pose
esible to express thirty GO=place baso<two mumbers, the maximumm carried by
the eanputing abeei, on a single eard of reasomable size.

low system of recording deta. At the outset it was deolded that oone
vontional methods of meshanieanl punching were not suitable for this machine,
es & tentetive punching rete of 60 holes per second was deemod nooovsary.

(Thie rete corresponds to the rate of revelution of the sbaci, 50 plases in
5/6 seconds, and also emebles conveniont use to be made of the d0-cyole powers
line frequemsy, &s will be seen later). Accordingly, attention was paid to
the possibility of punching holes by electrieal dissharpes, making use of

the faot that certdin dielectrios, onoe punctured in any spot, pass curremt
through such & spot with only 1/3 or 1/4 of the origimal breakedown voltage
epplied, therefore permitting easy readeback of information thus recorded.
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A groet smount of experimentation was carried on to perfect the
electrioal punching end resding systems, using various modifications of
vecuunetube=gontrolled sperk coils, redicefrequencye-initiated ares, and
thyratronecontrolled dischergee, 4ll of these arrangements were found to
funcgition. Towever, from an engineering stendpoint the last appears to be
the most suitable, and this will be described in detail.

(ne other point which muet be considered in addition to the high
punching mte is that the mechanism must be capable of producing asourute-
ly loested holes. This is required because the mmbers om a oard must be
kept in perfect symchronism with the mmbers on the abacijy thot is, the
first places in the mmbers on & card must appear at the punching (or
reading) point et the ceme %time that the first places on the abaci appear
et the firet brush set, and likewise for all subsequent places. This
necessitates geering the eardehandling mechenisss to the abael shaft in
order thet & fixed phesal relationship and proper speed be maintained.
The design enlle for sets ef rolls te drive the cards and a camedriven
feod=in device, which mechanisms are well known in the computing mmehine
art and appear to be falrly straightforwerd.

The eircult shown in Figure 3 is wed to obtain and combrol a punche




The transformer supplies a peak veltage of 6,000 volte, The phase of this
veltage i6 so adjusted thet it is nesr its peak in the indicmted direction
at the instant when the first Lrush set is touched by & row of eontacts en
the abacl, The thyrstrom T, is normmlly held blooked, and is eomtrolled
by the corresponding computer olement through an intermedimte tube Tye ir
the reading brush touches & negetively charged contact the point x changes
hmmtuainni—.hmmslm-ummmmnm
Alwost the entire peak voltege of the transformer immedistely mppears across
the eard, which breaks down et once snd sllows an are to be formed. The
purpose of Ry 1s to limit the resulting current, The purpose of Rp is to
stabllize the eirevit just before the tube ionizes) otherwise there would
be two open eirouits in series, with e possible indefinite voltage distrie
bution, The ere evtometically extinguishes itself approximetely one
quarter of & cycle after beginning becsuse the voltage wave passes throuph
tero ot thie times These poimte are illustreted in Fizure 4.

Current Wave

r—r

Tynition Exfinction
r7 - &

It night be thought thet with the card moving et the rete of 8 or 10
inches por sesomd the holes would be lensthened in the direction of meticn;
however, this is not the ease, sinoe the are is pulled along by the motion
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ummw-m:—-ummlnnu_nmmmm
first ocecurred.

Thirty sueh cireuite are required, ons for sech abasus. lowever, &
common trensformer mey be useds It has also been found possible to use
high~vaouum tubes in similar eireuits, though thyrstrons soom to ba =more
suiteble.

Lard reading. The process of renoving information from a card is
celled reading. This is & comparetively sluple process when the eard has
boen punched electrically, since it mevely requires the testing in proper
sequence of each possidle holeeposition with @ voltage whieh is low enough
not %o puncture the eard normally, but high enougn to foree an appreciable
current through any point whioh has been broken down previcusly. The retlio
of the pumching voltage te the reading voitage may be made as high as three
or four with the proper ocerd meterial, thus precluding the poseiblity of
an sccidental punoture by the reading veltage.

In reading, the card is woved along between eleotrodes by exactly the
stme gort of mechanisms as used for punching. BHaoch set of electrodes is
connected ne shown in Pigure 6 to its corresponding aem,
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The voltapge is thrown on st the proper time by means of a thyretrom and
has the wave shape shown in the disgram in order to meke more precise the
tiaing of the reading impuleess The reelstance R serves to limit the
current, and the neom bulb ¥ prevemte the voltage ecroee condenser o from
beocming doo highe It is spparent thet should @ hole exist between the
eloctrodes, & negative impulee, corresponding to & ome, enters the addle
tion dnput section of the sem. As with the pumohing deviee, the seme
voltage source suffices for all thirty eets of electrodes,

E. Dase ten Comversion

In order to facllitate entry of origimal information and removal of
final results by the operator it is desireble %o have sutemetie eomversion
within the masbine between tho base<two and the base-ten mumber systems,

Three distinet devices are requireds (1) a bese<ten cardereading device,
(2) a base~ten keyboard, and (3) & set of base<ten dials for resording
firal results. In econjunetion with these & meshanieal comversion table
conneoting the two number systeme 18 required; this will be deseribed
firet, then the other devices.

Comversion table. Any number is represented by & set of electrical
charges on the abasus condensers., GSuppose the mumber ten is to be placed
on an abasusy this means that all condensers except the last four must be
positive (sero) and that the last four be charged as followsy «+ =4,
that is, 1010, This een be sccomplished by rotetismg with the abacus @
device carrying two contact estuds which are so positiomed thet the first
touches a brush when the second place on the sbacus is being reecharpged, and
the second touches the brush when the fourth place on the sbacus is being
rechargeds. Figure 6 illustretes this schematloally.
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The contact stude on the comverter are maintained et a negetive
potential and the brushes conmect to the addition termimal D of the sem.
It ie appearent that any other mmber might be placed on the abacus by
merely arranging conbact studs properly om the comverter. For comverting
from base ten to base two, the most comvenient mmbers to represemt on the
converter are 1, 2, Seesl0, 20, 3040100, 200, 500sees up to 105 in the

present ecase; that is, the units, tens, hundreds, ete. This requires 136
coubinetions of comtacts, which in the preeent machine are mounted redially
in the surfece of & oylinder ten inchee longe To place any mmber on an
abscus, it is only meosssary to olose & ewitoh (by means of the baso ten
cerd or keyboard) conmecting the proper eomwerter brush to the aem,

Bese ten card reading mechaniam. In order to allow large amcunts of
infomation to be repidly pleced in the machine it was declded to use the
standard oards of the punched-pard tebulating equipment, These cards con=
tain eetes of hole=possibilities arrenged in rows and ¢olumne, the position
in o column indicating the digit and the position in a row indicsting the
place in the mumber. Thue the number 1682, for instance, is reprecented
by holee punched as shown in Figure 7.



In reading such & card into the presemt machine the card is placed
on & steblionary matrix consisting of en insulating plate which contains
rows and ocolumns of coutects, the ccntacts being speced to correspond to
the hole-poseibilities on the card, Esch contact is commected to the
eorresponding evmverter brushj 1,04, the contact in the units row and the
mmber one column couneots to the mumber one brush, ete. A movable set of
olectrioally-connectod brushes is arrenged to slide along over the card in
such & manner thet wherever there is @ hole in the card, the brush in that
eolumn touches the comtect below the hole. The movement of the brush
aseenbly takes place during the vecent part of the eyele; during the active
part of the oyecle the sssembly remaing steticmary over one of the rows,
with one of ite brushes touching the uncovered combect in that row.

Suppose the mmber 1582, ueed in the provicus illustration, is to be
transforred to an abacus, The sequence of events is as follows: During
the first eyele after the eard hae beon placed on the matrix, the
brush escembly is ebeve the units row, and the mumber two brush is in

BRI
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contast, olosing the olrsult between the asm mddition terainal and the
munber two converter brush, At the end of this eyele the abacus has re-
ooived charges from the comverter corresponding to the mmber twe, The
brush assesbly moves to the tens row during the vacant period, and for the
noxt oyole the eight brush touchos the econteot which is eomnoeted to the
80 convertor. Owing to the action of the amm, 80 is added %o the two
alveady in the abaous. During the next eyele 500 ls edded, and during the
naxt, 1000, so that after four eycles the abacus earries the desired mme
bar, 16828, Use of B0eplace cards and o five-goction matrix allows five
18=place mmbers to be entered simultenscusly and the entire progess re=
quires only 16 seconds,

A beseeten heyboard, which permite manual operetion, funetions in a
marner sinilar to the eard system but this is of relatively little importe
ance, and lts detalls will not be included here.

Bage-ton dials. The base~ten dials for recording fimel results consist
of 15 dials each containing mmerals from O through 9 and each corresponding
to one place in the mumber. These dials are electromagnetically driven and
interlocked in o manner to be explained later,

In transferring mumbers from the abacus to the dials & division process
by powers of ten is earried out, making use of the fuet that any base-ten
naﬂ-rnflplun-rhMul.lo'fhlol‘l-f---lo“-;.u"
where &, b, ¢ are the digits of the mmber, Arrengements are made to autos
matically subtrect from the mmber on the abacus the base two equivalents
of powers of ten (through the comversion teble) eterting with 10", Tte ¥
dial records the mmber of times (ome time per eyele) that 10" is subtracted.
¥hen 10" hee been subtracted once too many times, the mmber remaining on



tho ebepgus bocomes negative and, asting through & epeeial eomtrol eireuit,
csusos the asm to cease subtracting 10" and to begin edding 10%1, (This ie
proferable to the more cbvious and usual step of adding 10" back on to the
mmbor cnee and then subtracting 10%°1), The (Eel) dial records mine minus
the mmber of times 10"l is added, and by & mechenieal interlock drops the
¥ dial back omo step to its correct reading. When 10™! has been edded
enough times to meke the mumber on the abacus positive, the asm is shifted
to subtract and begine subbracking 107, The ssme prosess is repested
until the number on the abacus has disappeared, at which time the base<ten
dials will show the correct basesten expression for the mmber formerly on
eboous a8 8 base=two mumbers



6., liscellancous Details

It must be remombored that the foregoing desoription hae noccsacarily
omitted a considerable mmber of small detalls, which will be listed here,

Highespeed (900 rpm) ocmnuteators are used in conjunotlon with the
carry-over devices to time the charping end reading, for the "boosting” of
tke sbaoi and carry-over oondmsers during charging periods, and for period-
foally discharging the cendmsers on the addition input of the aea's. The
lowespoed (60 rpn) ecunutators discharge the carrywover dévices et the ond
of each oycle to provent carryeover lmto the firet plasce from the last, and
provide impulses for holding switches, eoto,

The automatie controls shift mmbers around the la, change the amm's
from ndd to subtract as required, indisate whether any given abaous eearries
e positive or negative mmber, and halt operations whonover & result or
sub=result is reachsd. In desipning these controls free use has bosn made
of vacuum tubes to obtain the hirh opereting epesds whish this machine re-
quires.

The menual eontrols include power switches, & keyboard, mwitches for
controlling the start of warious opersticns (such as card punching or resds
ing), routing switches to select the particular abacus on which any mmber
is to be plased, and a flexible armengenent of plugs and jeoks to provide
for special setups.

7o Appliestion of the ¥aohine to Systems of Linsar Algebraie Equetions.
A fow dotails will now bo given of the application of this machine to
the principal problem for whioh it is intended. The data giving the co-
efficients will oome to the maohine punched on standard bease=ten cards.
If there are thirty ccefficlents inoluding the constant tem six standard
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carde will be required for ench equation, Theso mumbers will be autcmstical-
ly comwerted to the base<two gystem end then transferred to the ka eylinder,
The oa oylinder will then recelve the coeffielents of ancther equation, The
negntive coefficlente on the base-ten eards will ocarry & spscial punching
that will make the sorresponding asm subtract them in the comversion process,
thus ylelding their conplements, We thug have the coceffleiente of one squa-
tion on the Im's and ancther on the ca's. The switeh 8, is closed and & sub-
traction process is started and earrlsd out until the ocomtrol attached to

ons of the ea's indisates a sarry thmugh, Automatioally the shift operstes
and addition takes plase until there ir apgain a carry through on ‘the same oa,
eto, This process is quite similar to the conversion from base two to base
ten and in part the same sontrols are used., It serves ¢o slimimete one co-
effioient from the record on the oa's and the results are punched on & base-
two oard, After ths same ovefficient has been eliminated from a sufficlent
mmber of pairs of equations the process is repeated with the eontrel
attached to another oa, thus elimineting another coefficient.

In the end there is left the coeffiolent of ons unknowm and the constant
term, An elimination between thie equation and one from the previous set
that eontains two unknowms ylelds an equation with the coefficient of anocther
unknown and ancther gconstant term, ete, The quotient of the constemt term
by the unknewn yields the value of the unknewn in each case,

8. PFrogress E Construction and I:lnie.

Substantial progress has been made in the construction of the machine,

part of which may be seen in the sccompanying photographs., Fig, 11 shows &
general view of the entire machine as of August 8, 1840, This shows the



wolded angle=iron frumo, the two abeol eylinders in place on their shaft,
the reck into which mll 30 asm's mey be plugsed, & voltagee-regulated blas
supply, the 100-ampere filament transformer and the deo driving motor (to be
replaced by & eynchronous motor and & gear drive)s, Fig. 10 is & olose=up
view from the reer, showing clearly how the connections from the asm plug-in
sockete are brough up through the chamnels in the reck to termimal blocke.

Top and bottom views of an aem are shown in Flge 9 Theee units are
extronsly ovapect, messuring five inches by seven lmohes, yeot conteining
seven tubes and 40 recistors. The 50 asa's and the 30 helder-shifter-cire
culte required for the entire machine have been completed (August 14, 1940),

4 olose-up view of one of the abaocl eylinders is shown in Flg. 0, Each
of the oylinders has boen filled with 1800 emall peper eondensers, with the
outer end of each condmeer connected to a contact stud end the inner ende
conmected togother end broughtout through the mounting plates. The spece
neer the periphery, in which the condenserec are mounked, contains a high
grede of wax for moisture protection. The inner space, about five inches
in dismeter, iz ompty. The marufecturer of the econdensers has stated that
¢inee the condensers are being cperated st about 10£ of their reted voltapge
their life chould be indefinitely longy however, it will be possible to re-
place any condenser in the remeto cvent that a defeot develope. Ae an addil-
ticnal precaution, two spare abaci have been plased in esch oylinder,

A test setup of am ubuous, asn, and converter was made in Jamuary, 1540,
This arranpement perfomed perfectly and allowed actual tests under working
eonditions to be given the various couponents.

Thile a great deel of work 16 yet to be done the detalls of all thut re=
mains have been earefully thought out and in sost cases mctusl working dosigme
hove been made, It 1s believed that tte two major difficultiss have beon sure
mounted == the perfection of the asm design and the eleetrieal system of re-
cording data.
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FIRANCIAL STATEMLNT

In the Spring of 1989 when it was dosired to begin nore astive wark on
this project a sum of §660 was requested of and granted by the lowa Stete
College Research Counsil, During the winter and spring of 1940, §110 wase
ellowed by the Dean of the Seiensce Division of Iowa State College for the
" purebase of ndditiomal meterial, In the Bpring of 1940 the Research
Couneil mads & further grant of 700 to continue work on the machine, On
Soptember 15, 1940 the secount will roughly stand as follows:

Beceipts
Rosearoh Council Spring, 1989 $880
Doan Gaskill Winter, 1040 110
Researeh Counoil Spring, 1940 . -
81,480
Dlsbursement s
My, Berry, Gesearch Assistantship held 195240 450
Mr, Berry, full time services, Suwmmer 1040 $00
Colloge Instrusent Shop, services 50
Haterials 290
Balance, Tress. lowa Otate College 350
$1,460

In addition Iowa Etate College has housed the projeot and furnished its
vericus facilitlos fros ewoopt for the services of the College Instrment
Ghop which is on & strict budgetary basis. It is expected that such eids
will be comtimuede It will be noted tlat mo purt of the writer's persomal
services have boon eharged to this project.



Bl e

E'.

It is the purpose of the writer to secure & gremt of §6,000 in eddition
to the balance already alloted to the project, to be used during the mext tweo
yoars to camplete the constructlon of this mechine, and to test and perfoct
it under actusl operating ocmditions. A tentetive budget follows:

For personnsl sotively employed in the design, preperation of
drewings, actusl construction and testing of the machine, $1900

For the services of the Ceollege Instrument Shop, or other

cinilar organizations, ia the exeoution of certain detaile

of fine mechanical construction, for exmaple the card handling

machanies and the card reading matrix, 1000
For the purchfse of materisls sush as veouum tubes, thyratrons,

wire, oondensers, resistors, brase bakelite and steel fabricated

in standard forms, one gymehronous motor, goaring, base-ten

counter dlals, keyboard, ote. 020
To establish two research assistentships of §540 each, the

reciplents ¢to bo gradustoe studemts in applied =athematies or

mathemat Loal physics, to apply the mashine to actual problems

and thus provide the bdbackgrceund for the perfection of the devise. 1080

For mochanical revisions nooessitoted by prectiesl considerations,
upkeep, repalrs 430

$c,3%0
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poseible of the eost of placing this machine inmto useful, productive cperation,
To refute the poseible feeling that there has been too much provision for the
revision and perfection of the machine after it is completed, one has only to
inform himself of the mmber of rether excellemt projects that have been or-
phaned beoause of inguffioiemt funde for this purpose. At the same time, it
is felt that the proposed budpet is sdequate. It has been checked by lp,
Clifford Berry as well as the writer and both are engineering gradustes withe
out illusions os to the eost of mechanical construction, However, it would
bhave seemed absolutely impossible to the writer two years apo to have doe
signed and ornstructed a computing machine of so large a capacity on so small
a budget.



