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t .on the Differential tnalyzer is included in

This re par _

histarical survey ﬁf the machline and expounds a theory of
its - operstion The report seels to Jresent for the first:
tiﬂe‘in Ba3 rm & ¢iscusgion of

_ RE vawlable subllished fo

this whele problem. However, moast of .this materizl here
developed nes been long familiar (in slizhtly differing
dress) in the Ballistic Research Laboratory, -due to the
natingtakingly t1Lqugh study of tine machine undertaken
by Ir. L. &. Dederiek and his assistants, Anm extensive

f

[#21

\

system of forms and stcomnanying note® hos been in usg

ied from. time to time

in the Lebeoratory and has been modift
ccouq+ of a revision
om

1
to keen up with improvementg On a
in the nots tion hﬁ"_-&dopteu, and s Tl T
fieztion in dractical procedure, it n‘: seemed unwice to
devote tiae svuce that would be requlred to exvlaining in

detall tie severzl computation u@@tu and other forms

which have been employed steadil ¥ nitherto but wilech may
be hoped. in soms cases, at least, to have’ comalﬂceo their
period of usefulness.

No attempt hng besn made to provicde a practical hzndbool
for the mecha qical operator snd ifor the repairman., There
1 & larze amount of sccumulsted teechnicsl exparience
covering metters of mecicnical adjusiment and repsir,
which hes heen and probably chould be transmitted under

-immediate operating conditions from one mechanic to the

next and from one operator to the next. It is hoped
nowever, that this report may {without need for personal
inatruction) explsin the theory to any mathematically
trained observer of the machine.

The zuthor!s indebtedness to the generocus and timely
gsistence snd friendly constructive ¢riticiesm of numerous
locel veterans in tuls field of cpplied mothematicsl
enbLneerlne hazs heen obvious 1o the many who have patlently
enswersd questions and labered over hardly leglhle manuscript
copy. It scems herdly feasible to try to name them zll,

]
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PROVING GROUND, MARYLAHD EN I

{Aa in use Julv. 194”) ;.

: Part I

. '..A; ‘ ’FHE PURPO‘““- AI%’.D LDPL Or :‘FE MALYZ&R‘ ) '

, The Differentlal Analyzer, so named in" 1930 by
its 1nVentor, designer and builder, Pr..Vanmevar Bush,.
{then at the Kassachusstts Institute of Technology), is.y

A poweﬂ driven machina for obtalnlng mechanlcally and -

,printlng in numericsl tadular form the solution of .any
‘fone of -3 wide wvariety of total. differentxal eauatlons. .
.The machine at Aherdeen Proving Ground, adepted from the
~original {new obsolete) Differentiasl Analyzer at - ,

Cumbkidge, Massachusetts, 1§ offlclally "The Buah
DifftTCHtlal Analyzer"‘ : - i

i .

cheaén -bgcause of the analegy which this name suggests,

 14w1th,the various vell-known types of har ragnie - BNALYyIeTS .

: However, this name has beep thought' by many. to. be oomewhaf .
S of a misnomer. The machine parts parform as indicated ‘

The name- “leferential Analyzer“ wmh doubtleusly.-.75-=' -

“below, beyend. certain few restricted algebraic oneration»,”lﬂr“Ji'

only. quad~;tules. Although this machine has the Eﬂseﬁtlﬁlq%

"\advqrtabe over early fypes of planimeters and integraphs

of being devised to- aécept me input for exe part of the.
machine -the output of Anothﬁr part, *it .does ‘hot’ &nalyze)_

dlpferentials" It esnnot even oblain- the dsrivative of

;am arbltrarlly glven smoa{hly varying functicn. . Bave at -

I . 5‘ ;~ K
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most in one case, it wili not {as now set up)-multiply a
givén variable by a given constant unless this constant is,
gave for sign, the nroduct of a small number of "simple ratioca®,
Becauge of the extrsordirnary flexipility of interconnections.
in the machine, and the theoretical possibility of adjoining
¢ne or more further "tables® if needea, other types of problems
might e handled quite differently from tbose whiLh now enploy
the full time of the machine.

For theoretical purposes, the Differential Analyzer
may be described as a group of independently operable sube
machines {(each with fized and moveble narts{ interconnected
by rigid shafts or cabvle drives, the entire mechanical group
being housed on a rigid steel frame. There are also electri-

- cal control elements with an elaborate separate panel board.

Ag a further feature of the practical running of the uachlne
may e mentioned an alr COPUTEBUOP.

The sub-machines in curreni use and required in
eXxplanation of the theory, which serve to drive or adjust
other parts of the Analyzer may ve listed as follows. They
will be described in Part II1 of this report urder the =~ .
following headings: ‘ S

Ae 1 G%libratlnE d¢mm, fixed settlnp (ddéé‘
rot deal with a subumnchlnel

(&
L]
1=

- Calibrating drums end counters (hand set-
for trajectory parameters). | o

)
-
£a

Cranks, each band driven (used anly for
Teduciion runs). : ‘ -

de 1 Prime motor ‘(requ1r1ny no wechanical ine-
© Put from othew parta of the machiﬂe}a

 Te. B.Integrutor unlts, gach w1th separate pawer
o drive Tor the. output and involving two
inputs. o o RS A

fa ]‘Spilnnut} Tables, each . with separate pcwer
drive for the: ﬂutput"tﬁo with two inputs
ieuch, dﬂd one w1th a 91ngle innut._,

g.f 6 Addera, eavh wlth a single output and twa
- dnpatse .




s o

:

. 39 Coupllngs, eaCh canaistlng either of a
single palr of eumeshed spur gears, or of
a train of such pairs. .

S

The twenty-eih uUb-ﬁaChIHES 1h1ch are not coupllngs,
together vlth varts of the recorder, called prlnters, which
latter receive but do not yileld torque, constitute g list
further sub-divided into machine elements.  The first itwenty-
'8ix machine slements are the output elements of the respective
sub-machine and are designated corregpondingly. There remain
to bs mentioned {as currently in use) thlrtywnine input machine
‘elements corresponding to the inputs of the given twenty-six -
sub-machines, {(mot couplings). In particular, we have for
machine elements the following output elementss »

ge= N 26 Output ¢lements.

e 18 Intggrmtor inputs, con51gting of eignt . ST
T differénflal inputg (each designated by <« —» , - -
% uq;lnd101fiﬂﬁ abscissa) and eight integrand
inputs leach designated hym, indicating ordi=-
note, ) . B

-i% 5 Table inputs, CUnbistlng of three aoscisaa
inputs (each desigrated by £4=>) and two
ordinate inpnts {each designated by $‘J.

o 12 Adder innuts, two to each adder. . |  7 S

1. ' 6 Printer 1nnuts, one to eagh printew unit of
the recorder.. o

A5 TOTAT:: Maoh1neeﬂemants (EYclu81vb of couplingb).'

Axclu51ve of the five calibraulnp drums and counters,
each of the remaining sixty machire elements when connected
with a given. coupnling is so connected by means of a . {nominal)
‘?us shaft. Thesg gixty bus shafts are similarly numbered

1' - 2', 0 - 58), | S G

Any adeouate degeription of the mechanical structure
of the Differential Analyzer would mention also many otler
features and in particular, cross shafts and spiral gears
{some right handed, some left handed) which serve to convert




‘;h ifangles to: it,lwith ne ahange

rotatlon from ‘ane shaft to rb

by the mach1ne.
In handling a physic :
VDifferentlal Analyzer, 6ne has 1n

(1) Certain selacted
B . parameters to. eat
'w gpecific symbol,
~variables may -invo,
as feet, peunda,ms

e

" again -as gnglasg,’ e 8
primary variables ia%suf i’
to permit expr6351ng evary

supposedly cuncerned in’ th

'Variables.¢'

(11) ﬂumerical yalues asalgnad _
'used in aﬂy ong solution.:

(1i1) Certain algebralc and differen
_paramaterﬂ.

. Despite its ertraordinary flexibilith* é
regards, the Differential’ Analyzer in the forwm nawhi g
equipped to handle combinations of certain mathematy‘
steps only. s . P SRR kﬁ_ L

: ~For thsnretieal purpeses ‘we may apeak of ong
1ndependent and a large but yet limited numberlaf deg
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functional relations. The machine does only the follow1ng
{the lettermng ¢orresponding to the notdtion of machine
elemants vlvan prev1ously)

(a)

(B)

(c)

(e)

(¢)

Accapting a riven dditiﬁe:absolute constant
to be set by a calibrating drum.

Acceptlng as many as four given ¢dd1t1ve
parameters depending upon fhe given initlal
conditions to he set by reagpective
calibrating drums one or more having an
auxiliary counter, o

Accepting as many as three numerically
tabulated one~valued functions each of
some primary one variable, for more or
less continuous hand-feeding through a
crank'{equipped with a setting lockl.

Accepting Tor automatic operatlon one
independent variable.

Integrating one given variable with respect
to the differential of another given Var1able
by means of an integrator unit. (At present

"elght such-integrations are_contlnuouuly

performed. The machine is equipped with a
total of ten integrator units, two of
which remain currently idle.) :

Performing continuously {(on any one run) one
or more of the following three operations
{but with not more than & single . use of any
one of them) .

(i) Obtaining frith the Template
Table)the variable ordinate of
‘a single one-valued function for
a given interval for the abscissa
by means of an arc previously .
traced to specifications and cut
upon a template. (The template,
like the gear train, may be
changed between TUNS . )

(ii) -tha.ining f#ith the Vector Table)

the distance from the origin to
a variable point, given'the 




(g) Formlng (With an Adder) the negative of tha

() U51ng any prevlously {or simult

{3 ) ',Lsing any previeusly ohtalnedyvariable &

N

variable ordlnate and variable
abseissa of the point within

a fixed cirele in the sauared .
cartesian plase. L

(i11)  Obtaining (with the Divisipn,
’ ‘Table) eontinucusly the variable\
- “valpe (within eertain houndﬂ of
v - the gquotient, given the variable
—_— numerator and the Varlable-;l
denominator (not neat. zero)

sum,of two glven. varlablas.

(n) Multiplying = variable by-one o sever i simgle

ratiocs, each cantained in a fixed short. iist )

- Tat present consisting essentially. of -4
~3/2, -5/4 -1, and their recipresala dnly}

(1) Using any previouely (or slmultaneoualy)ﬁ
obtained varlable a9 different1al dr'qa

unit.
obtained variazle as indevendent’ absei&aa

- or as independent ordinate in.any ond Gf the
three operations described under lf).‘w

term in.a sum whnse negative is abtained '
‘a8 in {g .. a* SR L ‘

(1} Malntalning autumatically (with the ﬁscerder)

a printed table of valoes-¢f as mwany ab six:
of tha variables as thﬁse changé during a“;

record variables at any des1red greaasigﬁad'
value for any one of the vari%bles, through
- direct observatlon by, the operater ‘of ﬁhe;‘ i

ehang ing valuss of the. chosen. varlable, WO

- ®slows the machine near the’ eritzcal Eqaxtien.v}

this posltlon is reached.1

A variable is. represented on the machlne by the total

-6‘- . 1 . , : - :- E!E & ‘. _ .




turn (angula" displacement) of an appropriate shaft . Angular

speeds enter in the theory only through their ratios, although

for mechanical efficiency there are certain restrictions

{discussed 1ater) upon’ the max1mum speed of .some of the moving
parts. : _

&
A

Part II

HIDTO?Y OF THHE MACHINL

‘ A‘machlne,(now‘superseded) called by its inventor
and builder, Dr. Vannevar Bush, (then at the Massachussetts.
Institute of Technolegy), the hDifferentlal Analyzer", was
In operation in 1930, altheugh according te ite inventor,
was Mot vet completed" in December, 1931, It incorporated
in more flexible form the same basie.ldea of Iinterconnection
of integrating units as did an earlsr model by the same - -
inventor referred to as the *M, I. T. Integraph“ dE31gned
for .golving second order Ordinarv differential equations,
and which was described in several artieles in 1927 and 1938
to which references may be found in the article next named.
The first authoritative deseription of the Differential -
Analyzer is the following: V. Bush: "The Differential
Analyzer. A new machline for solving differential equab1ona.“
Journal of the Franklin Institute (212) 447-488 (1931). It

'has v'ef‘er«—z:nceﬂ to prev1ous work and otheﬂ relatcd dav1ces.

At the Ghrlstmas meetings, 1929 qf‘thE'Amerlcan
Mathematical organizations, held in Betﬁbhem, Pennaylvania,

. Dr. Bush was one of several speakers invited to present

expositions of various phases of applied mathematics., Plans
and objectives of the Differential Analyzer were discussed.
Professor_Barker, Major, Ordnance Reserve, then.newly . -
appointed head of the HKiectrical Engineering Department at -
Lehigh University, discudgsed with Dpr, L. S. Dederieck of the
Proving Ground and with Dr, Bush the pdssible. use of the

‘Analyzer for computation. of trajectories. The acecuracy of
‘the machine was expected to fall so far below the normal -

standard being demanded for hand-computed trajectories that
the project seemed hardly feasibls at that time., In 1931,
Captain Phillip L. Alger of thc General Electric Comuany,
Schenectady, and assgociated with M. I. T.,while on summer

duty as reserve officer, alse became interested in the

posaibility of replacing the labvorious hand computation

by the mechanical use of thée M. I. T. Differential Analyzer
whose encouraging nerformance Pbon31derably better than 1/10
of one percent") he had Wltnessed In September 1931, he .




wrote letters to Major Homers at M. I. T. ‘and to- baptain
‘Guion at the Préving Ground and to Professor Bennett at:
Brewn University, formerly in charge. of ballistie: -
computations, and urged the staff at M, I, T. to adopt .
. steps to transfer some of the trajectory computation:to the
Differential Analyzer. On September 11, 1931, Dr. L. 3.

Dederick in accordance with suggestions fram.MAJow bomers '

and Captain Alger forwarded to Dr. Sush data sufficient for

setting up 2 particular vmllistic problem for trial runs on

the machine. A Ybrief demonstration was cofiflucted on beptember &klg
before a small group of interested persons 1ncluding among others .
General Hamilton {retired), Gaptain Guionm, Dr. Dederick, Mr, Kent,
and Professor Bennett. A more extended report was prepared by .
Dr. Dederick for blue printing and distribation entitled:. “The
Application of .Dr, Bush's Integraph to Ballismtic Problems™. =
An informal report of this demonstration was prepared by
Profesacr Bennett and sent. to General Tchappat in antlclyation
of a gencral conference at M. I. T. on the subject of tha =
Analyzer at which General Hamilton, then retired, was preaent.
Dr. Dederick, on November 6, 1931, wrote expressiﬁg ths hope
"that the Ordnance Office. would gee fit to authorize a
systematic program of traJectory computatlons for. the Ml I T.
Amalyzer." e .

: ' . As an outcome of this demanatratlon, authorlty was ‘- f%J
granted (0.Q 471,9/642 and AJP.G. 413.6/330) to conduct during . ..
the month of June, 1932 a test at Massachusetts Institute of o
Technology in Camuridge, Massachusetts "of -the utility of
Dr., V. BuBh’s Differential Analyzer as . applied te work in.
Ballistics." Thise was carried out by a collaboration of . N
-personnel of the Institute and of Aberde¢en P*nving Ground.;;:~'”
Dr. L. 8. Dederick with krf-¥ ntkins, a computer, spent the month
of June in Cambtridge working long hours daily with Profaessor
Sarmuel H. Caldwell, Director of the Research Hall in.EleetriCal—ﬁ7
sngineering, and numerous asglgtanta,in particular with' e
¥r. Frost, machinist, as well as engoylng ecca51onal intervieWu-'
with Dr. Bush himself.;¥ﬁ : _ . S > o

e AB Dr. Deder1ck states in hia official Repdrt
the-Tegt: ' , ‘ L _

"It was planred to eyecute systematically by me
thla machine all the basio.imtegrations’ necessary for the
construction.of a complete:range table and ip uge whatever
time remains en‘short tests: covering as: wide a variety.of. .
problems as posgible.,. The range table selected wapg for. the §
16" Howitzer, Model 1920, 2100 1b. A. P. Projectile, Mnzzle §
V91001ty 1950 f/s. This required angleﬁ of- ﬁeparture fromﬁ@*“”




H: bellistic- coeffacient) for the range firing angiea WETE -

. values’ were plotted en the,sheat ori which the short are C

to 659 and. large values of the Pdnge, time of flight maximum 5
ordinate, and ballistic coefficient, ‘The remaining time was.
devoted to three small. groups of’ trajectories, one for the . =
16" ‘Gun, Model.1919, 2340 Tbs A. P. Projectile, Muzzle Velocity i
‘2650 ﬁ/s, at maximum.range, one for the 0.30 caliver rifle, Ll,A
. mear 17°, and one consiating of trajectories of Interior
- Pallistiecs. - In order to te &t the peérformance of the machine.
most effectﬂvaly, all the problems were selected from among . S
- those which had previsusly beem ‘solved by numerical 1ntegratiena
or other approved methods. The genaral purpose of the teat
was to dete*minc whether or net 1t was-desirable ta: 2@&1& o
a q1m113r wachlne at Anardean Proving Ground. i-....“ s

- : "Plan,for Range Tabla. The mwthnds uaed in brep

8 Panpe 1abls Yy means of the Analyzer mest bermaterially
modified from those regularly in use at: present. ti.e. at
of report . July, 1932]. In the latter cese every éffort is:
made to dut-down the.rumber of trajectories nécegsary.to. NI
compute and to use every possible.device to replace th&m Ty vt
other methods - of camputat1en. This 1s becsuse of . th % ‘
time and lavor -hecessary to compute trajectories by mu erical
integrations. The Analyzer, on-the other hard, will. werk trau
Jectories forty or fifty timeg 'as fast as a camputer"but it
,'will do nothing else. {This estimate must new ‘be canaiderably )

reduced if the time spent. in setting up ney geéar trains and:
.‘Peyairlng minor failures ias to he counted The. plan of werk
Cfor the test of.the Analyzer therefore was to uge a latge
number of trajectories wherever that would: redyas, the-  Xaor: .
of other forms of computation. In any cese the work of
prévaring a range table falls into twe partﬂ, tha reduetimﬂ
ef fivlngs, and the range table properq - L e

late . -

“"-“ ""Reductxon of Flrings.:'........All the usual
correctlens being provided for, the final valués of G- (thﬂ

,gbtqined in ‘the ugual way. For purposes of comparison, theaé'y

“had: previoasly besn drawn, It was foutid in geheral . that the

nevw polnte/lay closer to the corve than the” old ONE S, i Thus

~ whatever: eprer had been introdiced by -the maching wag ]

. than the accidentel error: nriginally-attrlbutea to. the range-
firing\in sm@othing aut the churve.r LTS ~

”Characteriaﬁ;ps ta be cona;deﬁed.-f e
terlstles of the analyzer may be. considered from,
- yiew. af speed, aceuraey, reliability, simplieity.of yd g el
" Field of utilit¥, possible improvements, perstnal requirensnts,
]”e&se of repair, and total ex@ens&. {?hese ars. fhen traatea AR

. ;}‘ J':




seriatim{j swesse 11 BOOWMS very canservative to say that;‘*v‘.

“the machine will work traaeatorles fifty times” ‘ags fast asf
‘the svVEerage COMPULEP. . ..eses IN any cage we -may say tha
accuracy sufficient for all praetiecal purpeses .either h&ﬂ
beer obtained or -eam in all probability “be obtained by
simple changes in- procedurﬁ. vevees I fact we may: ﬁ&y,
that the month's test of the: Analyzer was - attsnﬁed'by g T
‘somewhat remarkable chapter of - accidents. arwesee

"Sum@g;x It becamea evident from the foragoing
that 8 Differentdal Analyzer‘cauld ‘ba: built at the Previn
Ground which would perform variovs Mmds. of balliwtid.
“computations with all needful . accuracy, that its eparatic
and maintenance would requipe mo nnisual skilly that its:
speed is. Such as toiinsure greatly" Anereased outputio oTk
by the Ballistic Section, AR an)y emergenty,.and. they arfo@ma
of routine work at a smaller total expenditure 'of funds, tha
its uge in the preparatlon of range tables woild repl&ce
numerous complicated amd. indirset methads now in use, Ly
_relatively simple, uniform, and diregt procesmes,. that'i
~ use would- penm;t ehe investlgatinn of various proble
solution is necessary to any agvance.in ballistie th
practice, but wheose study by present hﬁthoda Ainvolves.
prohloltIVB amaunt ef labor of eemgutatlon.

7$im1lar to that in operatieﬂfat'fhé?masaachuaetts_lnatﬁ i S
of Technology, but having ten or nmore integrating. units, and. .-
‘some- or all .of the improvemﬁnts &lﬂeaﬁy Adeseribed " st

: The test s’ not only proved aaﬁa'whni 1aat13factory--fﬁf
they even brought. 1o light two instances . of errors im: the printedffr
~‘tables amd gne srier imvan exteriar balliﬁtics and oneVln an -

~interior: ballistias tragectory.

‘ Qn July 8, 1932, Dy Dederxck.writing 1o Br, Buﬂh
remarked, "y own cpinlon is that the Govermment - p@rtainly

ought to build a machine. eszentizlly the same gs yours and. I
shall-de 81l I can’'te forward such & project.. Eﬂjar.ﬁehmlit,

new: 9fficer in cherge of -the" Ballistic aeetian,seamﬁ vaxy“"'
favorably 1mpresseﬁ "I fear, hcwever, that'”herE”ar‘ »
seI'iouS dlffiﬁulties-"'-ﬁ‘oc.vi'tno'..“ . i T

T - No. furtner effiomal Eteps were taken, however, for
more than a yoars-: Gaptain Alger smught 4o, pave: active meas
initiated, and heg-¥isited and corresponded ; ;:%h responsihle
authoritles 8t Aherdeen and at Mo I T.. I‘g

_ _i@fi"g




Gk S

.**4

R

Colemel Shinkle made plans to travel to Cambridge to’ inspect
the Differential Analyzer and discuss it with Dr, Bush with .

- a view to possible construction of a machine at the Proving -

Ground. The travel order Wag never utillzed howevar.

Barly im December, 1933,~Captain,Algeriwiaftedz-
Professor Caldwell and shortly thereafter wrote to him urging
the prompt gsecuring of bidsz by manufazeturers for buildlng at
Aberdeen an AnQ1yzer for-the Ordndnce Department. . =

Finally in mld-December, 1933, the Proving Ground
was authorized to procure a Differential Analyzer to be

installed at the Provimg Ground. Since the original Differential . -

Analyzer was the pregresslve outgrowth of much,contlnuing
experimental trial, and. since most of the parts werse custom= -
made and often prepared in the university laboratorles, ;nd

-since peveral basic improvements had already Buggested

themselves, the blueprinting of suitable atandard $pec1ficatlons
invelved the intelligent work of a ddsigning draftsmen familiar @
with the principles and practieal problems of ihe machine, At
the request.and with the cooperation of the Moore Bchool of-
Electriecal Engineering of the University of PennsyIVania,
working drawings and specifications were drawn up for‘the
construction,kw'é. W. As labor of a Differential Analyzer in
Philadelphia., The Army arranged to purchase for $500. 00,_j

ag they were beirg made, a copy of these plans .and soon’

began receiving cormetitive bids. for the ae%eral parta involved
in the erection of a =mimilar machine at the Aberdsen Proving
Ground. ZEventually the sum of $800 00 waﬁ p&id to the ‘
Unlversity. .

. The construatien of the twe machjnes, ‘one in

- Philadelphia, the other at Aberdeen, while carpried- Of. by

different means and differing in details, were roughly -
parallel and based upon essentially the same speclficatians
as these were successively drawn ups : : ,

A threeucarnered interchange of correapondence_and
of fieial.visits was maintainred involving the Electrieal
Engineéring Department of ¥. I. T. {chiefly Professori:
Bamuel H. Caldwell and Mr. Frost, machinist,), the Mosre
School of Electrical Engineering at the Unlversity of" o _
Pennsylvania (chiefly Professors C. D, Fawcett and Irven Travis
and Mr. Nelson, machinist,), and 'the Aberdeen Preving Groand _
(chiefly HMajor N. W, Rehn, on contracta, and Dr, L., S, Dederick
and ¥r, L, E, Bauer, machinist,). Some notion of  thd further

. ¢hronological aequence will he given by the following list of

aelected d&tes.
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February 21, 1934, Working drawings for substructure
received from University of Pennsylvania.

- April 2, 1924, Specifications for integrator units {194
drawings, some 540 parts) completsd, (Units for
delivery be fore June 3, 1934, )

April 23, 1934, Specificationg -for Adders and Front
Lagh Unlts completed 4

May,l?&é, First bids received for integratof unit paris.

August 22, 1934, Specifications for 2 reetangular
input tables (o? dravinge) completed.

Cctober 21, 1934, Newspaper report, "Three-ton
- Thinking Kachine is just 75,000 parts now."

February, 1935, Input tables insgpected at k. I, T
'and shipped to Aberdeen FPreving Ground. :

" March 15, 193b, Specifications for one Recorder
(52 drawings) completed.

 lay, 1935, lajor H. W. Rehm traveled to Oamﬁridge to
obvsérve and confer on electrical equipment, etc.

June, 1935, Specifieations for Control, Protective
and Auxiliary Zlsctrical Equipment, completeds

aeptember 30, 1925, First complete trajectory run off
at Averdeena .

January, 1936, Mr. L. E, Bauer, machinist of the
Ballistice Laboratory, Aberdeen Proving Ground, went
to Ke I 7. to discuss numerous mechanical changes
in details and 1o compare pérformance recordd.

Ordered parts arrived from time to time, corrections

;:and modifications were made  in working drawings, and elaborate

tests were instituted to discover the mest effective distribution
of limite for loads, speeds, travel, etc., and to recognize and
correct where poasible mechanical defects, Incidentally,

Dr, Dedarick noted that the resistance to turning of sequences
of the spur-gear connected shaftes seemed to vary approximmtely

as the {3/2) power of the angular velocity of the drive. Since
December, 1935, when the Aterdeen mzchine started its llfB of

practical service, experimentation has continued, numerous

~12- .. o _ w . l _.



'modlficqtions, ‘gome Of themn. fairly fundamental have been
introduced, and further experience has justmfled alterat1ona
in limits formerly specified... Amgng the improvemengs’ :
originating at Aberdeen. (many of them: du“ing the £ st‘
experimental years) aze’ the fbllowing.- IS

cy);fluctuations in angular: velocity) attae
" fpictien centact (with springs) to- ‘ghaf{s
‘ _"-Dederick) 1935.
(21
o | recorder (suggeated by Dr. L. S. Dederick)

(7}
_ Dederick) 1941.

- to follow a ridge in a template-in. an’ input tabl

 Automstic cam contact (“Dunch“) fer recarq'i

Auxiliary large damper wheels (uaed te

output of integrators (suggasted hy Br.

A drying chamber incorporated 1n the air m@ SRR
unit which latter drives the iwmpression piatons af the

A follower with blunt tapered truneated point“

(suggested by Captain Elmer Goebe“t) CEE35. LT

replace’ simple peinter And- reading glaas¢)

'the carriage [suggested by Ir. Lq S, Dederick) 1035.;

-{“prlnter“} (desicned by ¥r. Lo By Bauerjq';lfb

Present design (after several intermediata model
of automatic, power driven follower uging: magnetic L
clutch drive fsuggested oy Mr. L B, Bauerj 1939.7_"

Vector Input Tables (dealgned by Dr- L- 3-¢3'f"\

1

oat of the nuUmeTous mlnor 1mprovements 1n

mechanlcal adjustment originating in Aberdeen are- due tm

- My, L. B,

Bauer, whe- also among his other duties supervlsed

the construction and insballation of . the madhina and 1te

later associated parts.

Part III

DTSCRIPTIGN OF_ THE DIFEERENTIAL ANALYZER AT ABERDEEN

A,

General Diagram

It will be unnecessarJ to describe in mlnut& detail



.

im by the operator by hand cranks attached to approprlate

the appearance of the Differential Anslyzer at the Aberdeen
Proving Ground since thig Report is designed only for those

~readers whe will have immediate acecess to the machine itself.

In mechanical appearsnce, the Differential Analyzer may be

- briefly deseribed as a three-ton machine composed of two

mutually perpendleular systema of parallel ahafts and
interconnesting gears (with some flexible drive cables)
bound in ‘& massive rectangular steel frame, 25 feet long
and 38 inches wide, together with adjacent "integrators",
"tables" for Input and output, and other featurss described
Ister, Du?ing a rin, the operator remsins at the front. ..
For camputlng standard trajectories the operation of the

| maohine is aIlmost wholly automatic save for the needlof

control over the variable speed, However in reducing
obaserved data to identify the appropriate value of the ..
ballistic coefficient, recorded deviations of observed. :
métecrological variations from standard conditions are - fed

hus. sh&fta.'

3 A schematlc diagram of the machlne is as f@llGWS‘ 

Sl eessagime
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"Verious parta of the machine proper are firmly .
bolted to a single welded substructure which is a frame-work
of structural steel elements on a concrete base., The Yedy of
the machine consists of ten asparate "bays" alternately :
"short™ and "long®, separated by cross tie plates. Theae bays"
are of the same width {28 inches) and general design but =
differ in length. A short bay is 224 inches long with three .
cross-shafts to accommodate a single inmtegrator. . A leng bay
is 31% inches long with place for six eross-shafts, the first
three (counting from the front) for the second integrator of
a pa1r, and the ether three for a "Table '

o In each bay the horder cross-beams are penetrated
by 31 housings, 15 in am upper row, 18 in a lower row, o
with 1 7/8" between adjacent centers, both horizontally
and diagonally, at 800, thus : L B o '
ooéoo&roooao?—oc'o

C & ¢ ¢ © ¢ © @ @ ® @ o0 & © © 6

_ SeTarL 1@“ 1&Gu

B :

, / 7 8-
Fltted pernanently in each houslng and . penetratlnﬂ the eross
tie platess separating adjoining bays is a short % inch "bearing
shaft" or "fixed bus shaft" protruding &-7/8binches from the
housing equally into both bays, Available for joining two
longitudinally adjacent collinear bearing shafts are "bus
shaft sections™, 11} inches for use within a short bay, 20% .
inches for use withln a long bagy. Many steel sleeve couplings,
each with two set screws, are on hand and many are used to
Join a bus shaft section rigidly with a bearing shaft. The
other end of the bus shaft ssction is then either coupled
gimilarly with the next longitudinally adjacent collinear
bearing shaft, or is supnérted while revolving freely in a.

“bronze housing, ealled an %end ceupling y attached. by a -
-single sbt secrew to the next collinear vearing shafti which:
may or may noi be rctating under-meparate drive. A rigid .
longitudinal sequence, composed glternately of tusg shaft -
sections and bearing shafts, constitutes a single conmplete
w8 shaft 1/8" in diameter, which may or may not extend
the entire length of the machlne. ‘We shall later refer to
gear couplings also. . R oo




" The machine is equ1pp°d also with auxiliary detachable
cverpasseg or "viaducts', domposed of one or mere housings,
for transmitting the angular rétation of a shaft through a -
train of spur gears at a level ahove that of the normal
upper. row of bearing shaft houqlng already provided in the
ragular cross tlo rlates, ' &

Ag DE Bush renmarkss “Any cross shaft ean be readily
connected to any bus shaft by inserting a spiral gear box
between them, aid one will then drive the other. Right and
left-hznd boxes are supplied in order to secure correctly
related dirvections of rotation. One tus shaft,assigned perma=
nently te the independent varlable, is driven by a variable
gspeed motor.® (This motor is controlled by any ome of ten
control hoxes located at various places on ‘the structural
frame as explained later )

3‘ The Ca librat1ng Drums and. Counters

-Yor the bus shafts and thelr 1nterconnecting
couplings, there is little occasion to cousider the choice of
an origin. The gearing determines relative rates of shaft
rotation without regard to any additive constant. However
the integraond for an integrating unit, and each of the varilables
on any table, as well as the recorder would be affetted by the

~introduction of an additive constant. A ealibrating drum with

retractiple operating crank is provided for the integrand

- with each integrator unit. It will be mentioned again in .

descriving the integraters. For each of the input variables
in each table, and for each of the six prlnter units ..
arrangemente are provided for meking a correct inltlal settlng
for any desired run. The total number of revolutions of a
lead screw for a table is registered by & counter, with a
galitrating drum to indicate fractions of a complete Tevo-'
lution, In the case of the printer the printing discs can be
set. individually by hand, and there is also a knurled knob
which may be pulled out to disengage all printer disch, and
then turned to set all thirty of these dlscs slmultaneously
at zero. .

. Eggﬂﬂrankg
There. are three hand eranks, opsrated only. for -
reduction of observed range firings, gach of which transmlts
through a gesr train and adder an imposed correction upon an
otherwise automatically regulated depsndent varlable. Lach

A ———

e e i P



erank is equlpped with a lecking device to- aveid accidental
“input.  VWhen. used, the cranks deal with mlowly vary:ng
corrections, and more than one may be.easily operated Ly a
single persan, who keeps one crank-locked while feeding in a
small change by another crank. It has been found convenient to
introduce small finite increments in a regular staggered order,
rather than to attempt to follow all three continuously.; The

- adders associated with these gears are left 1lun connection even
for standard runs, in order that *he 1ogds ray not be changed
unnecesaarlly. : ' - : -

D, The ?1‘1me Motor

: The prime motor is located under the main frame
beneath bhort Bay 111, It is a2 direct current, one-~half
horse power, variable speed motor connected by chain and
gprocket wheels {with a speed reduction to one-thirgd) te..
the main drive bus shaft of the entire Differential -~ ~
Analyzer. The maxirunm rated . operatlng speed of the motor
- ig 1725 ripem., 90 that unlesg spur gears are introduced

the main drivlng bus shaft sghould not attain more than .

575 r.p.m. but in fact with current available will run at .
nearly 800 r.p.m,- The speed is indicated by a tachometer .
visible to the operator. The normal running speed is.often not
more than 400 r.,p.m. or léss according to limits on the speeds
of certain integrator units or to limits imposed by “the -
automatic follower in maintaining contact during 2 steep

part of the retardation coefficient curve. Speed control
boxes, one at the operator's left hand and others .on various '
~ parts ef the machine, ase well as automatic cut-outs, will be "
‘discussed later. : S . -

K. The Integrators

. Quoting from the official Specifications, Awril 2,1934,
we reéad , ' - R -

 “DeBcription‘of3£he Integratdr

(@) The integrator donaists of a massive carriage which
- 1a movad horizontally by means of an accurate lead’
screw. Thie carries a disc In = horizontal plane,
whieh can be revelved imdependently of the carriage
position. Resting om this disec and pivoted in.
- jewklled bzarings is a wheel or "roller® with its
‘axis parallel to the ways and Lwith the rollerﬁ




: '~,}_,-:".

lying in s verticdl plane thraugh the center of the
disc. The outer bearing of the roller shaft: is
located directly over the point of contact.. End
play in roller-shaft and carriage prOtS ig
~ removable by an adjustment. There are also provided;“‘
~adjudtments by which the roller-shaft can De brought.
accurately te its correct positlop.

o (b} The torque transmitted to the voller-shaft 15'

.. transferred to the input shaft of a torque amplifier,
" a given rotation of the input shaft producing an.
- equal rotation of the output shaft but with a
- grieatly increased torgue. The energy is supplied -
by an_independent and constantly running {half-horse .
_ power] motor whlch drives a pair of drums 1n ﬂpp951tsj
='d1rect10ns. :

{c) The ten (10} 1ntegrators are mounted in five (5)
.- pairs on a single base, with one motor aupplylng
the energy fur both tOﬂque amplifiers........

The several 1nteprators although applied to dlfferent_
arlable% coincide in construction and mamer of operatlan.
At present {July, 1942) the first four pairs @nly are In
active use. The roller is of hardenesd steel - grourd and -

lavpped, its edge is given a radhs of adout 002 ineh. . Tha

jewel of the hearings is artificial sapphire rather than
hardened steel. The integrator dises are of plate glaES'
»250 + L,005 inches in thiclkness, with surface true to
within ,D005 inch. They are attached to their mounts by e

~Dupont Household Cement. Rach integrator unit is housed
- in a recessed tut removable glass case provided with lifting

handles and with removable metal cover for a small opening in
the top slaping glass face., This opening permits the "
insertion of an operator's fingers for raising or lowsring

the small "fly" lever which dlsengages the hinge~-commected
roller from contact with the disce. Bach integrator is . '
connected with input and output shafts through spur gear o
trains and universal joints, the main trenslational input
being through a magnetic clutch,and the output is stabilized
through friction held dampers. The magnetie ¢lutch may be
released in each casé by preéssing a push butten set in fthe
steal structural frame below and to the left of the

' inmtegrator‘concerned. The displacement of the disc ﬁay‘be

hand-set at the beginning of any run by means of & L

retractible hand crank in the faece of a rotating centesimally
scaled gix-inch brass drum placed on an extension of the main
d;Eplacement lead gerew, One cowplete ratatien of the sealed



dlagram of bhe tap view of an 1ntegrating nnlt will suffiae« O

drum is accompanied by & rotatlon through about a Fifth of

an inch peripherally of a secondary brass drum scaled {in
partial arc) for 80 egual units extending from 40 gnits in-

one direction through zero to 40 units in the other direction.
The shaft resgulating the rotation of the disec (in = horizental
plane} is slotted, and bears a. slzd1ng helical gear: workiﬂg

in a gea? box vhlch is attsched to the C&PTiagB.'"-- : o

The theory of the opsration of thF integrator unit
is essentially that of an ord inary: Dlanlmetdr, gave. that here
the eenter and axis of the roller remain stationary while the
horizontal plane (uvsually fixed but here represented by the .
dise) is given rotation and tramslation. Unlike the case of
gome .uses of a planimeter, instead of using always a singls '
closed circuit sbout a center, the intégration here cantlnueg B

“over an arbitrary succession of camplete or Qartial retat1ona.

" For a diacussion of ‘the thecry thﬂ following sehem&t104

WU

- In'fegra'fng UmT

.schemac dtagram
Top view

Ratablan of  the shaft marked Myt 1mparta (by 1eaﬁﬁacrew}

translation te the {square)} carriage and to the (eircal&r) dlac.' f fw
_ Rotation of the shaft marked "™v" imparta rotation (im-tha- R

horizontal plane) to the discs Resting on this-disc is the
eircular roller (of fixed position in space) whose vertical .
projection only is shown. This reller acquirss rotation.

threugh friction comtact with ‘the- dise, this rotation being ” : Jn,V
. tranmmitted baek into the main mdighine through its axial shaft

marked "w"' as the output,of the integrater, For a smell angle
of the main drive of thﬂ whale machlne, " (calibrated ta '

.h20+




 which regulates the travel of the dis¢ carriage &8 thr@&@ed.tn?

Cinput of the other. This is the prineinle aoserved

that the lead sérew 18 a shaft threadsd to comstitdt

mezsure displacement of -the. roller lvom the center of thﬁ' s
dise) remains approximately comstant, the dise turna. ‘thraugk

an angle proportional to dv, and:the output. shaft tarne .
through an angle dw, pranortlonal to ndv ‘since the peripher
travel of the Toller (this b¥ing of fixed radins) vardes:

jointly with the angula? displacement dv, and tha ‘radials
distarce, u, of the poimt of contact. Thua Kdiw ® udv or
Kw =jhdv + C.  The calibration may ba adjusted so that:C:ils .
is either zero or some other desired constant, The - Beales ar&" .
so fixed that with u set as constant and ‘squal to 52,*\8&0?1
complete rotation of the v shaft is. accmmpanled by&en@ Bl
rotation oF the w shaft.- hence K = 32.

The lead screw om’ the 1ntegrand shaft {u-ehaft]"

give one inch of travel to ten revolutions. Its threadedp
permits travel from ~40 to 40 revolutions from tha central
Dositlon,-OP a radial displacement of 4 inche A

C bxperiment Wlth the Analyzer in 1ts prese t. fo
seems to show that an integrator: unit should not he run ETN
a speed which will cause the output ‘shaft to rotate fagter - A
than 600 revo lutions per- mlnute,duc to anhltmls d’ the i‘nn‘u;m‘»hﬁgg‘:.

As to the arrangement of 1ntegrator units, QXperaenae
with undeslred vibrations suggests: ‘that it would: be wise - other
things veing equal, to place clege together any: twn'integratarw
units, if the ocutput. of one is to feed v ms différenti

numbering the integrator unlta in this Report.>n
We may remark for those unfamillar With !

serew. - This screw pasees through s nuit which. in tum iB
attached- rlgidly to the earriage which would o
to alide on wayg parallel to the 1ea.d BOTE@W N
shaft causes the nut (and carriage ) ‘to nove . aleng ﬁh
dwstance propartlonal to the rotatlon of the shaf%.

clve one inecn of translation to. tweﬂty re?elutlons,'
others glve ome inch of translation to ten ?evolutlo
F. The T‘gbl‘es 7
ihere are . five Tab&es'situated aleng*the rig

of the main frame. These tables: differ among. themaelves
according to their nuroose.; They are” rectanguiar 1n¥f'f‘

=21- ::
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All exceot the third are {now) kept tilted desk-wise, and:
are easily observable by the operator of the main machine.
. From the origlnal spec1f10at10na We may quote the following:”

"The veusawn Table has a lead screw which moves the
carriage (harizontally) in the direction of abscissas, The
carriage extends perpendicularly across the. table in the
direction ¢f ordinates, and on it moves 2 slider carrying a
pointer, A second lezd serew located on this. carrisge moves.
this slider and is driven through a, pair of spiral gears by
another cross-shaft of the devnce. 'This second device .is '
also controlled by a crank. Thus if the first shaft is

connacted "to the machine so as to revolve proportionally to
a certaln variable and if the crank is turned so that the
pointer always registers with.a curve placed on the table,
the gecond cross~shaft may be connected to pass out into the
analyzer a function "epresentpd by’thla curve and with this
variable -as argument " ' AT ‘ ,

: The p01nter with its auxiliary reading‘glpss 15 now.
rep]aced in the three: input tavles by an automatic follower %o
be described later. At Aberdeen each, Table was also equipped
with'a knurled loek collar for engaging and disengaging the
shaft controlling the motion of the slider in the ¢arriage.
‘The motion of the carriage is in most caseés no longer controlled
oy a- s*ngle lead screw, but more rigidly by a palr of synehro-
nousylead screws. (at twenty revolutions per inch), ogpe along
the risar ‘edge and one along the far. edge of ‘the Table, In
the Vector and Division Tables this pair of lead screws also’
'is controlled by a crank on the far lead screw with attached
drurn and counter, the drum to show partial revolutions, the

'_ counter. to ghow the number of cempnlete revolutions of the

lead scerew and thus the- travel of the carriage; in dach of
these tahles nlso" there g a COPPFSpondlnF ceunter and:drum -
for showing travel of the slider., The hand crank fot the
slider has an. adjustable gear ratio box with ratios respactlvely
(frem.the outside) of*1/1, 2/1, /1, and 1/2. Adequaté means
- of lubrication are. of course now prﬂvlded at all necewgary
points, ~ The range of the ab501saa is 480 revolutlona, of the
ordinate 360 pevolutlons.; S S

The "Division Table“ and the “Vector Table“ are ‘
esaentially modifieations for use with automatic followers"
of the "Polar Input Table” deaigned by Dr. Bush for. many
purposes and described ﬁy him in part as followszn k-; :

- ’f“An imnortant addition which greatly increasea the
convenlence and’ flexiblllty of the machlna is a comhiﬂed polar
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input tabdle and multiplier. The pelar table consistd essen-
tially of a large circular plate which c¢an be placed in position
on the platen of an input table.  This plate cap be turned

by means of an additional cross shaft by a worm and gear,

so that its angular movement is proportional to the revolutions
of the cross shaft. The connection as a multiplier will he
treated btelow.. There is.a handle which is geared to this-
third cross shuft so that it may, when desired, be furnud T
manually. :

-"The worm gear drive may be disconnected and the seccnd
form of drive mentioned above used in its stead, The circular
plate is now replaced by a bar hﬁvinp on its face an accurately
scribed line passing through the center. ..s.en In this
a“rangemanb there is a lead screw placed parallel to the axis
of abscissas and driven %y the cross shalt previously connected
to the worm and gear. On this lead screw travels a carriage
with a swivelled bearing, and through this bearing pageses a
Tod firmly attached to an extension to the shaft carrying the
bar, and located perpendicular to the axis about which the
bar revolves., "Evidently with this arrangement the revolutions
of the third eross shaft will be proportional to- the tangent |
of the angle turned through by the bar. Call the revolutions

of "the third cross shaft from the position in which the rad .

is perpendicular to the lead screw z, and the revolutions ef the
other cross shafts from the vositions in which the pointer.
lies at the center of the plate x and ye¢ If the manlpulmtlon

is such that the pointer remains always on the diametrical
straight llne, we have then '

Vv = X2

- with proper proportionality factors net now con51dered. ,
‘“There is thus avallable a multiplier. If x and z are driven

from the machine, and y is controlled manually, a2 product of
two variables is obtainsd and passed out to the mgehine,
Kither x or z can go thﬂough zero and take on negative values.
If we control x and ¥ by drive from the machine, and control
Z manually, a quotlent can be obtained. Of ‘course in this
case X can not . go through zero unless y does 51multaneouslj.'
The choice of scales, and scale changes dur;ng a solution
when necessary, will maintain the pointer normally at a
congiderable distance from the center of the plate., This
matter of seales always needs to be considgred in connection
with the question of precision in the use of an inJput table
or multlpller The maxinum angle with the .mxis of abscissas'
through which the bar can turn when the miltiplier arrange-
ment is in- uae is a little over 45 degreea. VWhen thisg is
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inconvenient the bar may be unclaupsd from the rest of the
mechanism, rotated through 90 degreea and then clamped ,
2gain so that the straight line occupies a position perpen-
dictular to the lead secrew when z = (O, Ve have then an: .
. interchange of variables, so that ' - B

x = yz. "o

‘ The "Division Table" remaing essentlally g thus
deqcrlbed ‘hy Dr. Bush, However to prevent destruot1ve
~Jamming due to passing ressonable limits of travel; an .
aptomatic cut off gwitch btreaks the carrent to the main urlve .
motor'when the swivel nut. reaches an end. p091tion.l"A, '
further modﬂflcw*ion was Teguired ‘for the Vector Table. as,,
desighed oy br, Dederick., Ths grooved ‘bar which direets the
follower in the Division Table is now replaced by a - slatted
guide bar placed as in .the Division Table on-a retating - =~
pedestal turning in ball bearings- in the face of the Table, .
The sleotted guide bar carries a sliding nut {or cross’ head
‘block) capabie of moving radially from the center to the end.
- of the guide bar but controlled by & lead ascrew, 1tself o
driven by a flexible cable drive. This.cable drive is tiepvned
by the magnatic cluteh motor regulated by the follower. Therer
is recessed. in the sliding niit ‘s raised edge on which the
follower rides,. In the Vector Tabdle. the- abscissa ig the hori-
- zontal component of projectile velocity with. respect to_the.-‘
air and the ordinate is :the vertical: velocity‘comuonent.[,“ﬂ
Thc radial displacement fed bhack to the machine is the =

velocity with respect to the air, (d1et1ngu1shed from-

velocity with respect to, the ground only in the case of =
reduction of observqtlons, or to ‘take aceount of the earth's
rotation). : - S L

It may be of interest to contrast brlefiy‘ihe twao

tdblGS, the Divigion Table and the Vector Table. In each

se there  is sn abscigsa {(fed by the fifth cross shaft of
a long bayl, an ordinate (fed by the fourth cross shaft),
an angle cf orientation, and a radial diztanece.. In the.
Division Tatle orientation is controlled directly by, a lead :
screw acting on an arm below the face of.the Table, the a
being riﬁidlj connected with the bar of variable: orlentatlon.
For this table it is the radial dlstance vhich is not
récorded and remains unimportant., In the ‘Yector Table - tha
radial distanece is controlled directly by a lsad screw from
the Tolleower, while the orientation is:no¥ reqarded and remains
unimportant. In each'of these tables the output or .the table
is fed back inte the main. machlne through the s1xth cross
shaft of 2 long haye. L




'lutions.;

vertical . camponent may range from -180 to + 1BY kin revo- f

In the DIVISIOH Ta“le, only the first quadrant is

futillzed The maximum. displacement of abscissa or ordinate .

(from—the origin in the eenter of the table) is for 45°
inclination. "Hewnce the range for both the abscisesa and

ordinate is reptricted to the interval from zsro to 180 . .
revolutions,  -The quotient lead screw is threaded at ten
revolutions .per inch of travel and is limited to 1ittle
more: than nine inches. The output is, howsver, geared at 4
to 1 8¢ that .the- output shaft has 2 total range of dao revo-}

In the ?ector Table, two quadrants are in cnﬁtomary

"”use,‘éince ﬁhﬂ vertical velocity component may ‘be : of either -

sign, while the horizontal component remains essentially:.

\'p031tive.. ‘The horizontal component is in practice rastrlcte&

to- approxlmately fram O to "+ 180 (in revolutions) “tha

lubions).. The radizl distance is. subject to the same.

_1imitation *n absolute vdlue, Wlth.mﬂleum at 180 revolutluns.

S The" thlrd table to b6 mentioned is the thirdband
last innut table, It is the ﬁﬁm@&ﬁ?abl&“ -~ 1t carries

'securely fltted al 5/32 -gluminum template. (changed when neaded}
-aponm g’ 5/16“ ‘aluminom: base plate, and so-cut’eut that itg:i )
edge ‘Tidgé represenks (save for 1/8" clearance) the appropriate
“drag function B%(u) where u 18 the “adjuated speed®, . (discuased;

later), and vBi{u) is-the.air resistance function apprmprlate

to the projectile cunaidered.: This table hasd a single input
u,y and haz Bi{u) as cutpute The automatic follower pn.this -

taple, on reaching the poeition of maximum ordinate - clases”_

‘@' buzzer switch, ~This buizer serves-te dirsct the attention
- of the operator to, the faet that a- steep part of the BmcuTve“
" is“being reached, "and -that the operating speed of the‘whole '

- machins should be lowered in order that the follower may

nnt fail to function. R P ‘ L o

Tar thia table the total hor1zontal and vertical

 ;span of the table may be uséd, 480 revolutions (or 24 inchea)
‘jhorlzontally and. 360 ravolations {or lB inéh@s} vartically._‘

Another table is the Gutput Table, relatively little

used atiy present. 1t 1s deseribed invthe official bpecifi-_ -
-catlons agm follawss e i ‘ , . IR N

“Descrlption of the Output Table.i‘; :

The output table ig" very similar to the. Input
Table excevt that there are on the carriage two gliders each

 dr1ven by its own cross shaft and each carrylng a2 Tecording :




: varlablen

. ~penc11. The crosa shaft whiech traverses ‘the carrlage is *
“ordinarily connected:to revolve propertionately to the inde~

pendent verisble, Wt may be conneeted otherwise. Any two

. "¢hosen guantities, may'be 51multaneously recorded. by vroperly ..
"“connecting ‘the cross whafts. The two pencile are:placed’ so

- that they record in the same vertical ,line, provision be;ng

‘wade to. allow ona pen01l to paﬂs the other w1thout 1nte?ference.‘

When both p01nters are uged the 1ndependent varlable

i3 the same Tar bhoth, the ‘dependent variables serve to: describe

two distinet functions of.the independent variable. . Ordinarllj
when used at all, if the independent variable is T, the -

‘dependént variables might be X and X' or again ¥ and X,
For X as-indepéndent varisble one may plot thﬂ ordlnate Y
Cand the velocity V as functlens of X , :

B R

as with othev lables, the fourth- cross-shaft of
the logg bay moves a slider and pointer aldng the carriage im
the directien of ordinates. The fifth. cross-shaft moves the.
carrisge. in the  direction of abescissae. . The sixth crose~shaft
may be used. to move the second slider and pointer on the. zame
carriage in ‘the dlrectlona of ordinates. for a sacend dependent

The 1ast table to be mentloned 15 now uaed fer lajlng

cout témnlates. The abscissa is controlled by a hand- trank Q1
‘the far edge of the table and turna the fifth cross-shaft of

the long baj. The ordinate is turmed by separate hand.- crank

~ - at the near edge and transmits rotation to the fourth erosg- -
 shaft., The 8izth crose-ghaft is removed or remaing idle.
.Thls Table is not "intercornected with other ghafts cof. the =
. main machine, Counters and drums are attached to the two.

cross-shafts used, and with their aid, the’ p01hter locates

"accurqtely p01nts to be pricked on & blank template sheet,

and to serve:as gu1de points in marking a curve along which -
the template is to be cut. The ‘cut is made nlth 1/8 ineh

"ﬂﬁclearance from the guide p01nts.

Yfﬁﬁu-' The large circular plate for. polar 1nput 'whlch
¢ame  As part of the initial equipment of the Differential

“Analyzer, is.at present detached, a8 are the reading glasse

dasigned to £6llow the pointers on input tables when these-

7_‘are oparated manually.r

 sé,' The - Adders .

By an "&dder",.indicated in diagrams by the symbal Z:

f;is meant,as Bug gasted prev1ously, any sort of‘what 1g
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commefcially known as 4. “differential gear" which can be

" connected to- three shafts. so that the. numbsr of revolutlonsn

of one will be the sum of the numberas of revelutions of the
other twoe To0 avoid possible confusion with a differential
input. "dv", we shall regularly use the werd® "sdder”. . In the

HDifferentaal Analyzsr at Averdeen, the adfers are all of a
. eommon pautern~- a beveled gear type. The two terme to be

added are fed ag roiations into the adder housing by collinear:
eoterminal ;bus-shAafta, -the sum being given (with reverse sense
of rotatxon) by a bus-ghaft parallel: to and coterminal with
the shaft extanding beyond that of . one af the twa given tarms.
A schematic diagram is ag fallwwss T o

'nui4uz22;a

',,Tha housingfcarrias two 459 baveled tranamission zears. meshlng
‘with congruent gearas on the abtutting 'ends. of the input Bhafis.

It.thua. apquires a rotation egqual to thé. arithmetie mean of

" ‘the ‘rotations .of the two eollinear. but onpesitely extending

inpot shaftes -.The . ratatien of the housang is transmitted
throngh an extérnal géar by & -3 ratio to’a parallsl shaft .

- .which thus retates (in reverse aense} B ﬁhe sum of the
_rotations of" ths 1n§ut Sh’iftﬁh‘ EEDN o R

Ry be note& that ﬁhﬁ a1g ﬂr&ic relatian ia

.Lx[entirely, ymmatrical.in the three vari blea.; Gne has,“]ﬂa;
S aeyRwTE 0, ‘whien senay of rotatisn. ig considered, -l
o Assaciating the axternally geared wariabl ‘,ith tha autput,
e  ~w, 15 ‘a matter'ﬁf mwchanical praeedmra. '




j:;the teetf
o uperdngh el
.;3jdiameter»nui.

Cin.ratios =111, =112, and «lrd™.  Cénsidérations of mechan ﬁalﬂ

. gf spur gears Whlch can be connected between adjacent shafts L
- . 40 that one will drive the ‘other wih.a chosen, ratigiof . “~
c-8peads  as.s« These 1&st unlts are 1n ertad 2.8 heeded 1n

the body of the mable.

There ia a normal direction of forward drlve for the

‘prime mot@r which is said to give a positive -rotation-for the

initial bpg. shaft chainegeared to it.  Any other bug shafts will
e regarded- as- Totating in a p031tive ‘senme when it-rotates’ . .
in the same direction aa e initial shaft.. It will e recalled.=%°

that.all bus shafts arve parallél se that sameness of ‘rotational

direct tom has an unambiguous,meaning.; Twa rotating: bus ahafts

BpUTegearsd. tﬂgethﬁf by .a single painieof gear ‘wheels will

necesgarily rotate:in opposite ditegctipns since enmgshed.
gear teeth are’ anst&ntanEuuaI rhovifig in & common tangentlal

~-ilinear:directions ~If oné: Wa rotating-posit1Velv, the other is ,;f}i*
rotatinv_negatively‘ -'

ﬁical hﬁta,aon the spur geurs are: 14 invelute;ﬁ--ﬁf

~'2$ dlametral pitch, &_inehjfaca, %5000 1nch oore with - ineh” hubiﬂ”;?

£ r. . Bach has one g inch set-screw 28
8d 4. inch fram’ the Wiy end.of gear. Thesé. spars o
ermashed pairs with 1 7/8dnches betwesn centers . Ly
~and hence (wlth 24 dia“_ral pitch) ‘have atal 15;”}T

,The diametral nitch indicates thﬂ number of
?pitch diamater, where_@itch d;ameter is- the’

.upllng Goeff101ant

U There” e alsa B ve?y few “speoial“ gear alrs

namely aome with eaupling goefficients -39/13, -11 »r—T/B. xly'

In Dr. Bush's. artiale ong- redds, "The binary system has been -
adhered to 'in nedrly all gear ratied sa thal. spur gears Which
~may be intrediced to cormnegt adgacant shaftsy are supplied”

‘strength limit Lhe choice to geara of ;not less than 18- tegthe .
To nmke available reasenable mEaSure of the pe?misaabl“"x-~_'

it




- wli;"‘}".,‘v
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ranges and. loads, 1t was neceaaary to drop the r1g1d adherence
to ratios in the blnary sczle and to introduece coupling
 coefficients, =5/4 and «3/2 freely. A further.study dirscted ,
“toward possible utilization of other gear ratios within-the -
same general setun of & total of 90 teeth per pair has recentlyl
led to the ordering for regulqr use of the fclloWlng combi- :
nations also: . ‘ . : _ : L

. '.;'ft; ;?Teeth on 1arger wheel Tg'f4€'f jE%§J ,f;55ﬁj 

_Teeth on amall wheel - °j"441tfw;4é:  "35

‘ coucllng coefflcient .-23/22 -Rf? --11/#

’ o | -TA table of the fractiens, d301Mala lying between .5 .
S "and 2 O which may. be gecursd as coupling. coefflcients by use-
of.at, most three gear pairs (with a chsnge of sign) avpears ...
- ;3pbendad to" this Report. For declmals outside of- this range, o
RN 3 DOWGP of 4 may be 1ntraduced. L St : A

' 7'#3;_ The Reoorder .

B )
e

The recerdef is descrlbed 28, follows in the orlglnal
bpecifications (Mar&h 15 1@35} - e

3Q“Descv1pt10 iwf Recorder

. (a) ....“Prov151on is made for tabulatzng successlve values -
P ~~‘Jof several variables as funetions. cf omé of thedd varisbles. (fer
A :equal Intervale .of “tha. Variable). The- r@corder prﬁviées the means
oo by whlch th:s tabu1a+1en kL accomplished. g :

{b) "The recorder ccnelstg of g battery Gf six‘(é) five :
di@it counters gach of *which ig" connécted ;by a. flexible shafi

1o that counter shaft of the. anvlyzer. which is generating.

.. continbously the values. of the variable whose values it %g. .~

7 desired: totabulate. The counter wheels'mre provided with ..
raised. numerals. Opposiie the counter wﬁeeis and operated’ ~ . o

| Lo  independent1y of the-gounters s a.battery of:air aperated“fiup e

“e, 0 T DigtoNE. eees.. By means of these:pistons an.inked o

o - dmpresgion is .taken -of khe countsr'readinga on A conti

—”-proll cf paper. N : . e '

s ge and’ d:acharge of - the compresned'azr
vwhichiactuates this printiﬁg device d#& - controlled by a .

C Master Frinting Cylinder. A master pisten’is held agalnat
: A, campressea‘sprlng by means of & latch Btude sees
g.za:,_.“ ‘Theﬂe are three valves @perated hy a cam shaft 8O- that whﬂn

'(*} e char




Codn B . . '
. . . . . Doy
W I - B . - L : ;
B

two valves are open the third ia closed.- When these .two -
. Valveg are-oven; the valve dn the right {when reading the
rdrawing} permits a charge of alr at approximately 45 pounds
. per square inch to £ill the upper air chamber; while the - -
. middle Valva releases the back vregsure in the niston.
Bimultaneously with the opéning of the two valves, the 0 00
slectrical gentrol 5endsmurrant through the solenoid which;r*ﬂ
veleanos the lateh §tud and the piston is driven to the” 1eft'
. . .. 1y the release of. the- springe. One half revolution further
. o - of the cam: shaft @&uséégthe third ¥alve to open, 1lus:
- admitting ‘Compressed air to ‘the’ head of . the master pd
g it ta its coeked poq1tioﬁ in, readinesa’

s

, (d) “PTuvislon ig made for méving the paper and
g P
e rlbhcﬂ aft T each prihtiﬁg Operatlon.“_,ri‘ ,

‘EOﬂnter ﬂs'so de%ignﬁd that the recard;m aetlan ef th_“ % & RV
becomés automatic after a recording impu%ke ims furn;sheaaalther-T
R Dy an- opeprator or automatically by the cam ceﬁtaot le‘ate at o
Co the far end efi He Bifferentlal Analy&er. .

Gm&inuing from thsfupeclfications, we reaa_

Fes . . : . E
© : ) e

R TA system of Telaysfis provide& for tHi's pu‘pes

89 arrsngeﬁ that Gpen. receiving the . impulae, the relay

byaten adts, Tirgt to exclude the effeet of an additiah&l, ;

impolse bafore the' GDEVa?ing eyele iz coppleted, thel o

actuats the trip solenold of the reﬂorder, then to agina

- the: motor and: elutch aperatlng the: "tﬁing meghanlsm Cand.
3 estore {he . relay syatem - ral 80, as to" he . ready

n xt nmpmlae. x - o S

‘“Tke power supply fgm the recnvd1ng counier will b¢7:*

om an individusl transformer -and’ reetifier in . o
i vent -polar op ;T the Main o 1 eire
due to surge aat up by the recqsder. Ih& tr%nsfowma“}gq‘}

q. directly on the”recorder “ﬂﬁf“;
g%the remordef., This pan& R

'{avd twa prcﬁg-eutlet. Each of theae ': .r.
. PR hree groups wrovid, 4 lonig T oom which the’redorder-can: b& L
A actunted, It 1s- cnly nece%Swry to- plug 1nta the outlet-of &




‘The ¢4 i he:yrinter -continue their rotation - .
ety iy  termined 1ntervals of elther X or: T ‘&8s may have_]-

-i‘electrical 1mpulse ta anerate the impreSBlon plstona
-.thﬁmﬂelve

hamlcally essentiallyﬁindependent.

dﬁlven by oampressed air. The printer hasﬂshoqumu"

“&s 400 r.p.m..

,ﬂThe cperator haa hand punch (11ke an alact, : C
stton) and wses this® (at present ) 1o print. a further -

,:EBF60131 record of all the variables at three positiomst- at =
. the atart, at. the’ summ1t’ﬁand at- the €nd of a trajectory. .-
The“summit’ ocenrs when Y

jy~pr1nt1ng ‘wheels for the. mome

i Bimilarly, ‘the end {level point) ‘is Tound wher the ¥ £70 *?
pogition: is reached. Automatic devices for ‘activating the-
f;punch at thﬂse p031t10ns were made ‘but have been dlscarded.

Dy and the aperator watches~the
ent. this pesition is reachedy’”

- fomn 1mportant part 8f the operator's general task
is . to ragulate the ‘speed. of - the main drive of the machine
aeearding,to the varjlng output of ‘the. tables or the

- performance~af the printer.  This- cantrol is.exercised-

o

&h a-variable speed control box - located at the left'”
of - th& nrlnter.‘Mq”; ‘ . .

, The cnmpressed air is. fu“nlshed through flexible -
tubing fraw the machine shop on the floor below., Rarly
experience with rust.indicated the need of an air dryer in
conrection: with the air compression. .The compressed air
wazg formerly” furnlshed through an air compressor of
capacity k.2 cubie:feet per minute, driven by a quarter
horse power -motor.. The motor was controlled by anrautnmatic
sw1tch which opens at- 150 pounds per square inch and clOses
at 130" pounds per sguare inch., The guage indicated

_prassure up to . 200@ pounds per sguare inch with graduaticﬁs
L every. 5'pounds per sguare inch. At present this speclal

condensér iy relegated to emergency use, since in the

+pew Ballistic Research ‘Laboratory builaing, there 18 & .
jp;"house" compressor: furnisblﬂg compressed air by fixed tublng
gmf?tbrough0ut the machlne r~hu:)p,, and in particular to. the drver
“»for the reeorder. : AN S .

A Pedu01ng valve w1th guage to 1md10ate pressures_

It wakes a clear impreﬁﬂlan even froﬁ ST



at svery 5- pcunds*per sqmﬂre 1nﬁh up to 10G pnunds per aquare
ineh . furn;shas pregsura to the Teoorder at approximaxely 45
pounds per square “irich conatantly. : -

At present ‘the ro¥l.of naper is placed b@lom apd .Q;

.nejond the printing counters. It is kept slack by hand,
 The -slack sheet is fed by motor throvgh the > printerand. over
. arsbrags tray. toward the operator. & hand-preaaed cutte;,

:servea to- eut.the paper at a convenient place after a’

ftraaectarj i@ completed. . A nand knobis used to stapt {he

' .new sheet at s convenient distance from the bottom of ihe

sheet, Emch wrinted linie ig blaced #heve that last pr1nted,
At present: a1l pPlntGd regults are in “machine unitsh and
must be rmultiplied by appropriate "conversion faetors"fo i
obtair results in standard units, feet, geconds, @tec. "To .
aid the ‘eperator, the printing wheels are provided not-only -
with raided numeralc for printing but also. w1th g get, of
easily read impressed numerals placed- at a 90% angle of

. rotation for the ralsed nuherals, so that nnmbera about :
7\:;to be - p“lﬁted matdh w;th thuse whlch ehow in 14vge nUmerqls
h_,j:n frumt.”u, S . ‘ . . -

The variables (in mdchine UHltS) now nrlnted are

'fT X, Y’ V “YT XY, each to Tive digits. -For’ each,varlable

tha right-mast digit is printed by ‘a2 continuously" PQtatlﬂg

-diBe. (a3 distinguished from the other four digits. each of

which remaivs: staficnary except for instants when. 1t ig.
engaged-and is turning to the next mumber), and so-

‘ﬁusually appears. out of mlignment, gnd with tr@ce of aﬁ}?» 
~ Adjacent pumber ~showing, Hence one can ﬁstimate roughly:,,
L8 sixth ﬂlgit by V1sual 1nterpsl&$ion. e TN

T 3&@9 aaxiliary‘mechanioal dev&ees tc e¢iminate  '
f‘,aﬂﬂldental errora : Yo -

s ~As Dr¢ Buah remarka concernlng the Analfaer,

-_‘.“Tha attalnment of p’ECIElon in'a device oef this sort granted'
% .sound meghanical design and accurate gonstruction is larzely
ioa atrugyle with ihe proVlems of back lash and integrator

51ip." The use of rall bearings and appropriate bushings,

_'suitable Tubrication. arrangements, -ascurate. rigid aligment
..of ‘bus shaft housinps, uvniversal jolnts between appror1mately
 aligned shafts, free fly-wheels™ {Hamper wheels")] attaehed by
. wlight friection (applied by springsier felt) to redice .
" Tluetsation dn sngolar veloclty, N5 ]

use of synchrqnlzed
13&d-50r&w3,-- thepe and many other*m@chanical &av;paa for
securing smeoth: runring will: e, passad over without" cnmment.

Roxr shall we. disousl the eperat:on of thGP or magnetic




e tehea‘ ﬁentxsn m&y Ter mada hawever in particular-of
% b&ck lesh eliminaticn,. (1i) the torgue amplifier, &nd G
11} tﬁe auﬁamatia fall@w&r with magnetia clutch metor drive. e

: {1) Back s 8h eliminatiang As 3r. Busgh- r@markg.
Aﬁﬁxk lagh in thelead@screw drive im almcst Esmpletaly remaved
. by using twe nutd§ on e sorew, with spring-vacked wedges
between them forcing dHe mits . apart, the wedge supports e
being rigidly fastenﬁé to the carriage. Iy, proper chaice. of |
the wedge_ angle this scheme gives a pogitivé drive ‘in either:
direction while allowing the slight irregularitiea ‘ef the - Y
scraw to be taken oy without Dbinding.” This-deviee is . . -
2l1led a’ “1ashlnmg"??j*¢.gi "The game. ide&.za utiliged 1n the .
. azas drive, - On .the dise-shaft (of the integrator) is a spiral’
mesh gearing with two! spiral pinions . loeated in the.carriage :
Cand driven by twa symmetrically d&ap@aedgharizéntal gplined - .o .
shafta, ‘isseess These ‘shafis ere coupled by a.-pair iof spur o
gears, -and at this point is introduced the iasklock. .T
Isshlockemedgs 4ends to separaté the parts agal¥st whieh 1t
- presses i¥sueh g mennér ags te tring gear teeth into eontaet
. all the wa, a?ﬁuﬁd thﬁ deuble érive ts the diaﬁ. ..*.V.%;‘ '

: .Azseri’ s‘matte? in any pﬂeazsiah davica;
‘bazkl&ﬁh)fben&mlﬁa33§e¢iaily iﬁport&ﬂt in this, hae
| . ; interé@nneé 0
t<; 7 . chused byiits prevence. The pro
- houte p?aduae“cnmplete flexibility, - for ﬁhg way in W
: ,Qgether 15 t&an eentznﬁally altarsé.'

ETHa’ general ﬁehﬂme of attaek h&s %aaﬁ Y
rives of imptégrating units themselves backlas
. ‘has been substantially eliminated by the usslof- 1a$ﬁv,s&§:
- Elsewhera it has been held dowy to' 2 small. amount: vy care
o eaﬁstruetian, although = certain amount opf- Qiearancs is W
imperative for the free running. of &Ny extensive systam of - -
shafts -and gearing. In any. spacific problam.tha effect’ e
- . aglven ‘baoklash sngles in a particalar Arive ‘can then" bg;vg* T e
-, dtiesd by gpecifying ‘agales so that the shafts of that drive. .
© will makera-largé total aumber of revolutions in the cﬁu*ﬁe,f‘
of & problem: . In many’ aituﬁtiana thig ie sufficionty ol
Finqiiy, £ or: immo?tant drives where the effect- of backlamh: .-
might e’ esﬁecially sericus, thers: haa been &aﬁﬁlagﬁdﬂ wnit
- o which cam be éanvgnien%iy inperted. in any ‘sach’ driver and ’hiéh
e ~reduces the inflﬁﬁmee of baoklash at that point to g, ségdmg-is
' S order effact, Thisids, dn-reality) s unit having a neg&fﬁ?@?f
- backlash which eaxy: ha aéjustad to ‘compensate Tor the popitive .
backlash present in’the drive into which it is: in&ﬁrﬁ&d,a 5% A
hag been @gtly‘tarmed a "ffantl&ah" unit.=, S -

o Wﬂthxﬁ the

Cm-




SR '"The underlylng 1dea is as. f0110ws: The unlt,:whaﬁ“ .

connected.fnto a line of shafting opdingarily ‘furniches simply’

f a rigid. \‘ving tornection from the in=going fo the out-going
'shafts -When the direction o6f rotation changes, however, it

immediately steps the oubgoing shaft ahead in the-new &1re0flon:if~

of rotation by an adjistable amount. This it does during:

p&rt of the first revolution in the new direction.  Hence far.x S

. the balance' of  the revolutions up to the next reverSal’the net;
backlashﬁi he total drive is brought to zero. This aetion.
iw Treped at’ each reversal, sg th*t;thare 48 alwaya- Zere

backlagh in'the ‘shaft, except during the brief-pericds at . .'

of idirdction. The effect’ of backlash itself:
to- thls tranalt;on period

‘each ‘reversal
being small, the: residual effect“du
1s naglig :la. L : o -

hen- the drum is up agalnst one af the stQPS,

nion retates as aunit, glipping the frictian'band e

a3 and non f the gears are rmﬁatlﬁgi

n»goxng;éhaft ig.now reversed, thBTE' per

ogite ‘atap is. engagad during whieh the rum is b@

;& ¥ - th fpigtien bangds - Puring this period jhe:
“ig ‘being driven through .the planatary train”
that the out—going shaft pevolves zbout: ten Ppal
i the in-golng shaft,  This continues until th
erages, when the drive is again one to one
etial angular separetion of the stops will be

gular batklaph which it is desirg

,»am1ttad tcrque.
.serieuslywincreasad

,5"he input and 19‘% O
,etatian., Lear ratios,,




' rotating roller upon a horizontal rotating disg is 1argely

-a torque-amplifier recently develaped by the. Bethleham

. a device having an input and d4n output shaft, and!'solaPranged
that,“when the input shaft is turned, the ouiput Shaft will. SR
furn an egual amount, dut with a graatly‘incra&sed torduey 8o
that a small ftorgue gpplied to:the igput shaft is; magﬁified

;wahﬁ twe d?ums”prﬁvaée for' rotation in voth directiengy: ..
‘?igmrs 10 shaws the b331c 1daa agmewhat dlagrammatleally. g;ﬁ,'f

int@gratlng uﬁit‘ “The frsn%laﬁh anit-is ﬁhen s&t to
cancel the baeklash of the torque amplifier as well- as ﬁhat ,
of the balance of the drivai It is of gourse fiot mlways
necessary to camcel backlash: in thie danner. Where: it accurs
in a &rive conneeted {0 an 1nput tabla, for” examgle, it.m
if natessary be ecompensated for by. adgu&tment -0f the pla%
5ix frontlash units are available, and thia appeara ﬁe )
a 8&ff1@i@ﬂt ﬁumber for the. p?essnt,"”‘l ‘ .

o (ii} Tarqueuamnleieﬁgﬂ Tha pr@bl@m af‘elim it o
of integrator: s51ip, that is, of.: slip@&ge of -g- 5hary»eéged G

one of reducing the lomd borne by the roller, shila
neeeasar11y~m&intazning at high level the cutput of. gawer
on-a shaft synchroncusly related to tHe ‘roller . $h&ftu g3
golption of this problem was achleved through the, uge . 9

tteel Corporetion. As Dr.. Bush explains, "This iw, in orief,. .

-and- applied to a2 load.. The engrgy is supnlied by an.

- independent and enmstantlyarunning motor which drives a pair

of drums in'opposite directions, The central ides: invaivad* e
is the dge - of frietion bands wrapped around:the. ratatiﬂg e
drumg, A small ferce. applied at one end of such a ‘hand |

-« produees a much,amﬁlified force at the other end, the fa%i@ af

these forces varying expon%ntially with the angleof wray‘;;-»

OUTRUT SHART

]

C e




s ”A sﬁuay mawed that abﬁut a, poanéafa@t ef aut@ut

& Ltorqus from integrators would’ probably be smple, and thaty
in order that errors dus to load mlght bYe negligibdle within

the limits of precision aimed at, the torque supplied by

" the roller eceuld not well be more than a ten-thousandth part
of this. It was. theréfore necessary to develop the torque
‘amplifisr alomg the lines of VETY . ﬁigh torque~ratio and very =
low input=torqué, A two~stags’ device was ‘found necessary in. o
order that the bands on the firﬁt atage might be exceedlnglyjf o

flexible and thus properly controlleéd by small forces, ﬁhllB

- .the’ kands of the aesanﬁ“stage might e sufficlently rugged
. to carry the load. The ouipul of the first stage aimply

meves a.pivoted lever which in turﬁ supplies the input: tg
the second stages. The final medel is shows in Fig. 11,

 The rotating. drume are belt-driveén in opposite d;yectloﬁé,
and ‘are stevped Lo furnish two small~ diameter friction surfaces
... for the fl?ﬁtwﬂbage ‘bands, and larger ones Tor the seeend- :

stage bands., There are two coneenfrie. shafte. ;The internal

“shaft is the roller-shaft, held in a 1ight bearing mounted‘in‘

the outer szhaft, and” furnlshad with an arm which' projects

" through a hole in the latter, . This arm carries the input

ends of the first-stage bands, which are .actually pileces’ of"

“gilk-bralded fishline, the output énds of these bapnds heing -

connsoted to.the pivoted lever mentioned above. The second~

- stage bands ars hesvy cord, wit h their input ends Conmscted =
“to this same 1€¥ér, and their ocutput .ends attached to'a ring
‘capried rigidly on the outwvat shaft. . One band in each staggx

is wound clogkwise and the other couwtsrclockwise. E?@?y
band is given two and ome~-half turns wrap. There 18 & very
slight” iﬁitial tension in .all the bands, and the effect of

& movement of ‘the input shaft is to loosen onme pair and

tighten the other. .The relative’ angular motion between

Cdnput snd. output ahafta ig only a very few.degrees even when
carrying full load, ~This @ngle has been made very asmall indead
in certain designs preducad by: Eieman, ut in the design: for use

with the integrator, where the problem of extremely small input

- terque ls pargmount, it has been found advisable to allow it to

be several dagreas.. The error which might be sauged. by thias

'“small play 16 avalded by" the ua@ ef the vibratlon dadmper.

e

ﬁrThzs is loase on the sha 't and coupleu thereto only threugh
& alight friction introduced by pressure on a felt washer.

During uniform. rotatien tha fly-wheei simply rolates with the
ghafts  If thére are ascillatiana, it slips and introduces a
d&mping fOrea, ve.ssas. Lts présence does mot simply limit
the - amplitude of osecillationsy rather 1t vrevents them from

- etarting at ally This scheme long ussd for limiting the-

torsignal vihnatlon.of machinery here performa a naw funcﬁion

o in prevantlmg the 1nitiatlon of SﬁlfwnﬂclllatlﬂnSo




. . ‘Oné may remark thet the rayl&eiﬁg of %?sk@ﬁ or
‘worn s@rapo in the torque-amplifier is one of the more common.
'ﬁnavezéa%ie é&ﬁs&s of ghut down of the machine.. The prey&?
insértion of’ # new fish line invelving overpasging and -

_ el *unﬁeﬁg&ssaﬁg and the tying of end knots in 'the iﬁmeriﬁy‘ef ﬁhe
‘. ff,‘-ﬁQCQ&ﬁl$$ iz ene of the smali fussg goea sﬁnﬁu%iﬂg muah ﬁim& f
o im bh@ aggregate* _ ‘ S & ‘»_‘
R L {11i) The automstic follawer wiﬁh,magneﬁic cluteh drive.
.. The automatic follower with magnetic ciutch drive S6H618ts of (1)

" the follower proper. to be dasc‘lbed below, (1) of 'w cgnstanﬁly
~runmiﬁg,motor, which drives on one shaft 1111) two eylirdrienl
ingulated wire spoals (Wlth,brush commections) with ‘sach. of
which as an slectrowmagnet is associated (iv) a cast iron .

“disc as ¢ontact srmature, (witq thin interposed dem&gnetlzing

-*cocner dlae‘ carried freely on’ the main shaft and frﬁa'to

ths ahaft and he&d ]atera;ly in pl&ce by 8 sleev& enwﬁ N ,
Ordinarily’ both Bprocket wheels remain’ jdle. When! fﬂial’ower
. makes eitherioneof its two ‘contacts, the corre@penﬂnw% ohe of
_ .. . tHe-spools is magnetized, the cast! iron dige {Wzth interpoged. -
W%wj ' . aamagnetizing ‘conper dl%C} 15 drawn inte eontact, and Y iJ”
S theapins, drives  the .associated aprocket wheel untll_ ¥l
 -magnetic coftact is relgased. - The sprﬂcket wheels ar
. by chainddrive to a- common lead serew, ome chain giy
i drlve, the” ethﬁr ‘through o half-twist in: the chain,
S VeTSe. arzva. Thua wher elthar sproeket Wh&@i i aeiyg

L , arrzag& &s & whele'neves hsrizsnta&lyﬂﬁy =
TR -_fsynch“cnlxaé 1@&@—;@9?@3, one at. ifss near gdge i“b@tt@mﬂ-:faﬁé
0 the-ather at its far edge” Q%qp“}t A eylingvical brags: b&se
Leontainga thick oylindricsl plinger whose lower end :
. teyminates in‘a blunt trundated come: (of some 120° vertigal
Jang&&k." The pluﬁgsr working under. gravity alone isg gi?nied o
~ _upon an indiedter arn whzch has a-lateral fork engagi"“githﬁjf}ggh
- a Tixed,pivet bar. - The other. énd of the indleator. i g8 W
% b@kelita diace As the: piﬂngﬁr rises er falls- hgycnk nar?aw
1imitg gontact is made on-one side or the ¢ther by the - R
bakelite disc préssifig s thin vértical conducting metal’ trip
'witn uep@ar kneb &galnst”ﬂﬂﬁther 5&&& Btrlp;' &ajastmﬁ' e

A




In operation the cone:of the plunger ridsg on the ridge‘ of s

KIDEE OF TEMPLATE. -

INDICATER
ARM

template (or platen} and the plunger center traces a path 1/8"
from this ridge. The template is 3/32" thick. This ie found
to provide ample play. B . - '

L PLUNGER
‘ Y

. CONTACTER

T WIRES TO

MASNETIL. CLUTCH

WIRES 70 .
& ' MIRGNETIL -
: CLUTEH




Tha Santrﬂl

toa

;The &necificatlcns ief Junes, 1§35}.$#@té}§§§5” R

(‘slipht ?érbal mgdifzcatimns} thﬁ follﬁwingﬁz

The m&im QGH%?Gl unit ceﬁsists of a set of. y&ﬁala

‘as’ daécﬁ&b&d below mounted oft a standard steel relay rack, o
.desmgned fﬁ”*floor meunting &t any convaﬂieﬂt 1aaatzon.55% L

P .

AL powa? and 1ndlcatcr panel aentaina the- rEctifier6v~-

‘and transforners uped te supply direct current for mater
-ﬁ?lve, relay and contactor eperatiéﬁ, cluteh’ cpeﬂatiun,

?acar&ing ecounter operation, and motor field currenti.
Thnik panel contains also the necessary time delay rélay anﬁf
nircmzt ‘breaker for rectifier protestiea, and &’ group-of -

 ¢olored indicater lamps for showing the oparatiﬁg status’ Offc‘
the Differential Amalyzer and also fer indicating falee -

operation and eciveuit Taults, These-indications are all

..E";aatomatle and, w&quir& no attentzen axeept tﬁ replace burned -
.‘Veut lampg. o S :

The relay paﬂel ceﬁtalns a- complatelv znterlacﬁed"

‘systgm of relays throvgh which control is. establiahed.’ The

interlocks are designed to vpermit proper sequences of

xoﬁerataeﬁa and ta execlude all othere so that no accidental

or del;%ﬁrmte mismanagement c¢an cause improper operatiocn or

- damage to the control or to the Analyzeér., Furt&ermora the
- design .is such that in case two or more operating signals are

given, the. relays will choose the mere conservative action.
That is, thé speed will deorease rather than increase.snd the
machine will come to a fTull stop in all situations which dam%n&

‘it. Ths relavs are arranged so that mxternal iimzt swiﬁchea

wiik actuate them.

The contactar panel contains aiﬁ power cnntactors

B which operate the circuitas directly te the matO?s. ihaae

contaotors arg actuated by the rei&ya.,

LA apead control vanel centaina a motor ﬁTiVﬁﬁ
variable voltage transformer to obtain smaath,speea change

without the undesirable jumps which are inherent in the pushe

button methed of edntrol. . This motgr-drivan‘unlt‘includes !

 magnetie elutch to prevent overshopt and a contactor "drum -
~ which is interlecked with the relays to praevent exees&zv@

ﬁ§@ed, Buddaﬁ startg, and . 1mproper control - s&gaance‘

' Hﬂin power swmtches are mounteé on a seyar&t@ p&mal‘




' csunte?, anﬁ batween each two @aira of . iﬁtegratswstf’

 The design of the slet in vhich.the handl@ Qp%?quﬁﬁ ig

. tmain (Time) drive, and is used to inorease up to- its

- with thermal eytecutse These are equipped with speeizl

of the.contmol boxes is: 3ueh.that all Pﬁﬂﬁ?sl Gﬁ@?at&ena are
secu“ed by moving a single ‘handle ‘into" varlaua aaﬁiﬁyw,f@
Trement ereﬁ ‘pogitions with mnatural motionsge Th&y arEsmgunted
by lugs dlre@tly on the structural steel of the: &ﬁaiyaer§

B folzows.; ;.

B!Q:[} ff, " LJ‘IN¢§' 

oswE

The abbtreviations stand for "Increass" “Deer&asa "aﬁd.
*Reverse™. The "Stort" pesitien puts tarque axp&ifler
motors in on@wati@ﬁ' the "Increase” position starts thﬁ

i ad,maximum, the mpeed,af tbis main drive¢

 The torgue amplafler motorg are further provide‘,
swltohes so arranged that in case the Tuze burns out: anﬁﬁ
stops the wiolors, the main ﬁrlva of &ha machlne 5tspsf
automstl c&lly alsof

- %yro tachmm&te“s ars &tt&ch@d te the maln fr&me

" one is geéared to the main drive,.and thus registers. iﬂaréaseA<7”'

in T; the other dis geared to the X variable, These ware.
clemrly risible to tha. ogerato? who Waztches them and . .vhe
when necdsgary reduces the' spead 0f the machine through -a .
hand-operated contral tox, The maximum Tated speed of- the
tlmemghgft, connetted by chain drive Wl%h the main variabl
speed motor 'ig 575 r.p.m. Wi as noted eariier a speed: Qf
nearly 00 T.pem. iz obtainable. Th@ X shaft taehsmeta?
is chiefly of interest in helping ‘to madntain’ aﬁprcxlmataly o
g zsultable constant speed in this shaft for acouraie pr;ntlng
af énual X-intervals For even intépril ¥alues ief Ky throagh
the ﬁanual Oﬁ@?&tloﬂ of the eontrsl hox to Vary the ?ata of T_W

e
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" time Shaft., Contact polnts resting upen ths epsol form-&-
QWltCh whiah ig ¢loged. m&mentaygif with. each gaasage mf ”hs

fas may be ﬁgmaﬂ&eé by t&e pa?ticﬁiar p@rt uf the @artinular
:)tra:ectcry rnncerned* r T ) - L

. ".g.- .

Aw aulelarv e uznment of. th@ ﬁiff@”&?tial Analyzar

‘-iﬁ a. shﬁbaaco%e, little used ca”rently~ It may bé usad to. -

compare rotational speed of an integratol:disc with' tﬁe‘“j:
speed-of the-time shaft. To aﬁcqm%@date this eaquipment iis. .

2 small fibre spool with a smell sirip of- Wrass: set laxgiu?ﬁ*f5

tudinally“in ite surface.. This #pool is gearsd %o the

nraas at?in under them4

4




- Part II& L
THE DIFEERENTIEJ m¢UATIQhS

;_Z'FByﬁical Theory for Standard Conditiaaaa-"

e : Thie ahaptap will deal with ihe prablem af ebtaining
- the squatlenﬂ for the tragectory in a form suitable far MY
b ,}numarlqal" mputatian. L

o ‘ ‘fgxf‘Erlﬁfly'deseribed, ths trajectory computatman An.
“.Wpﬂ':thﬁ pnﬁparatlcn of . firing tables for a given comhinatianfaf

' ‘lfgum, mount, and’ dvpmrition involves two parts: ﬁaduatimn
' . of ‘observed range firings, . and comyutataan of  atandard f
y;;trajantarzaa, ﬁanga firings are condueted ander reQSQn&hly ‘
- faverable¢enditions (anprcxlmately'staﬂdarﬁ canditiena} With
L elwterate: 9?3&&&%&9&9 to aveid unnecespary devimtions end

Cewith extendlve- observations of:those deviations from. aﬁﬁhd&?@ l WH;!

L

O o whichLiE s ‘ot péssivle or practieable
“neliyde in ,(;ﬁaaalar mistegrolagical " d
C ”rcﬁnda are ;1?&@, geveral rounds for's givem grogp.
o at a’commenelevatied. (neither vertical nor harimantﬁl)
o whtH ammunitinnia wearly uniform as convenlently: paaaibl&,
Lot Purthermore b :ffects of changing weather: cnnditiana,gd
o the rounde: of 'y propr : dre fired in as rapld succegmion mm’
is judged sonsistent with securate ‘obmervation. Recordings of
. imetéorologleal dbriditiens at the ground (leesied im Aberdesn, .
 pasentially at.sea Tevel) and in.the air ‘#loft ‘are made” &uring
hhe time -pf:firing:  An aversagey based. on the rounds of & gruug,
o 7im. obtainell at the level point, ‘both For fotal horizentsl range
- cgnd feritotal time of Flight. Proper.allowsnes is made for’
.- gffects on muzzle velocity Pequired to redch mtable firix” v
”ffcendi%isﬁs hyg se ¢f- prslimznary'wﬁxm;ng thﬁa*,,:-‘ " 3

=u_,‘ — Tha prfmaxy- .ﬁge%ive Qf a@hiavimgka firingﬁ%&%ﬁa

‘;~ﬁh1ch w;ll ‘giver substantinlly predictavle total horizoHtal

o range and total.jime of flight, requires, at leaet ab ewrﬁain
gelected anglen of elevation, very Yittle intervenmtion o

4o aveid. These
igtiona. &rﬁayﬁ af
bBing

‘hA

prevail during the rangs fi?ing pragramgﬁ Pne need do- xittle

. “byllistic. theory,  eapeeially 1f subetantially standard mnditian_a

~the Field .gervice in eﬁ&h&ing
' : 3: predict the mgmme of ths ef:ﬁ‘gats
r=dua~to changes. frowm atani“ﬁd, and reciprocally’ in enaklihg =
- the computing ‘staff at the Broving Ground to elimimaté the

';ﬁsffects of theiabﬁerved deviatinns frem atandard can&itianﬁ

un"tians in terms cf phy31cal varlablas.kﬂ_;ij,;,fif“:'V

gre than observe, fgcord, and average. Ballistic thegry . Lo L
- § LWl

S
‘I
3
i3
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. which 'ivat the same altitude as the gun muzzle, . In ﬁealing
. peosetric are traced by ihe cenﬁer of gravity wat alsoc’ in

- the inetznt. of: Fire to the inetant of impae*, asammlnb

motion of the prejeetile ‘after it .leaves the muzzle blast

reparted fcr the . curr@nt raﬁge firzngs. The effects due to L
nonatarndard . conditions ars small. compared to the ‘twe emyirim . B
cally reproducible major items: total horimonial range and
total time of flight, betn m&aﬁured at the level point. . c
Hence. 1t segms entirely Batisfactory to irmgorporate im the . -,
ktheary'appr@ximaiiens whieh might produce 'intolerable errnra S .
in thege two major items {were not theé.ballistiec. coslficlent’ s
- and an aﬂditive congtant for the retardation eaﬁffacient L
adjusted ampirmcally& Since also the megnitude of some of the
effevts. ig impfactzeaﬂle “to measure- diractlv with ccnvinclng,
aceuvacy, @ne 15 csnteﬁt to seé&re th@eratical amtimatesg

— The &ctual t?mgectcry éu the ﬁ&th of the cénter of
“-g?avity Qf the projectile frem the instant ¢f departure to -
" the termimal peint, ordinarily chosen as ths *level point!,

with the traj gctory, one is interested not only in the :

the position of this centroid on’ this arc at alll times fromfif
That
.gmpact eccurs at the &a?el nalntw . SR ;,_,;*

\-%

CoE ?here are many Enewn cmmplicating i&a%mres which
“ava cnnveniently treated 48 perturbations -superinposed 3903 )

- m simple ddealized trajsctery. 4 few.of. these complications :
and. corres;ending'pracbieal sim%liflcatloms Ql ﬁh@ovy gdepaed"'
are a5 fallnwa*- o . .

. | (1} ﬁuﬁ to the aatl&n of the mﬁzzle blast,“the ;{f“
actual p?ageetile continves to acyunire energy fromithe -
powder gages for a short time after leaving the: muzzle»"~‘

- For the idealized trajectory there is a nominal muszzle

- welocity adopﬁed gomewhat in excess of the maximum. actual
velocity &xhi?ited« ‘Its magnitoude is mhe@en a0 that: the-.

wauld be rap%adueed if the projectile were vegarded asm enaowed;v
- with this. nominal veélocity at the pogition of the gun mUZEIe :
and wera thencafavth free of the muzzle ‘blast.. o

: {2§ The actual projectile exhibits at tha 1%?&1
-Aﬂpelﬁt a noticeable drift out of thé vertical plane’ sontaining

the initial- elam&mt ©OF the bragaatﬂry {the plane of departur&?. o
. Tye idealized. trajectory ligs in the plane of departare and MAY - ‘
- be regardé@.as approximating the pragection o this plane of

- thelactual trajeetory,.” “In setting up the differential: eqaatlﬁns
of wmotion . of the idealiged trajeetery, the ignoring of all™ L
lateral forces introducey 4n cbvious but yet. negliglblelsrror

‘ ’in the eamgon&ﬁta ef pwajﬁcted matiaﬁ Vithlﬁ thls planegl o

LA

) K S ‘:%435 ‘: f= . o 45!g§§;g2§2"7y1f~ *
S ) s . - N 4_ . - ] A . . ‘ - _ .




_,géam&trlc A{an
cis dpinning ihoe
. Thecinitial’yaw, the gyroscopic regction, the dowaward .- -
U eurying of the trajestory, the partial 1oss of spin, tcgefhar
" produce a compliéated-motion starting offiwith signifieant:
hyreceﬁaien R

The aétmal prosacta%ﬁ is‘a ?3g1d body @ﬁﬁk a
iynamie} axis-of revolution, The projectile
‘an jmperfect gas which: Presists its matlan.

i:f;}

d oftenr with perceptidle natation, and prababxy
some helie-1"motion of the centroid, Often also,. egﬁeclally

i;for ?elatlvely high anglé fire, some of thesel @hﬂnomeﬂa reour
_ near the “dummit of the' trajectory. For the idealized trﬁu'

Joctory {for range firing) the projectile is treated ag B

TESEive sphérical. particls without phenomens of gyroscapic =
_reaction, ﬁraaiﬁg 2 ‘earve in a verticsl plane, and with R
. @moothly turning tarigent,  This assumption incidenta&lv cov&rs .
athe pmevioag asaumptisn af no . drift, buﬁ not aon#ers?ly”?}‘n,hgﬂyf

(4} The actuai tragectory, whan the: Pangg 4o ths‘

j 1eve1 yaint 48 not too phort, invelves for the: deter&mnation
- of the level point’ acxﬁewladgm&nt of a noticeable curvature
dn the sarth's gurface. This curvaturse i3 accompanied by
7 a divergence-of vertical’ Iineu; a' décreass of gravifailonal
-~ cattraction with incregsge in altitode, and in general the .
" csituation’ suggests eithar’ the use. of curvilinear caordinates

or else the draving of an exp?loit distinction hetween tba"‘

.. ‘plane horizontal at the. gun, and the surface of: ﬁﬁﬁﬁ%%ﬁt;v

altitude above dea level, Compntation 6T the ideslized
ctrajectory makes ‘usé of  rectangular coardlnatea? with narazlel

ceovertiecal lines, and treats the sarth's surface ag-if it vere

,j{a plane,  Gravifationsl attractien is treated as canatant :

-~ independent’ ﬁqt only. of altitude above gea . Eaveﬁ “but ‘also . of
’,geegraphical 1atitud& of the earth. . This assumptien simplifiaﬁ
“the form-af.t

differential’ aquatzana to be used. In Hraciice,

the prace@uve s, not unreasonable, The data used in the 7

aguations to" determin@ Ahe valueas of - numarlcal g&ramet@va aie

in faect obtained on thé curved earth but the'results of " uha‘j

completed’ Firing tadle ave to, be used under: entlraly"szmilar

e&mditimﬁs. - THe! dlsareﬂaﬁey vetween simplified theoryand fact
f&amﬁensated for4in ithe adguetm@nt of numerical '

ﬂF&P%MﬂtS?ﬁgl The degirdd. {curved) ranges and times of flight
. aré preproducedsin BRy ¢386. ; The grrors in the differemtial
V;;geryectlong éuq o curved. ranpes ‘are negligivle. Perhgpg iar
Cod lapge. caliber. gun -the maximum ordinate as computed would be |
*gf*aund ta d:fﬁarJnaﬁiaﬁably f*am the aeta&l maximum srdznate mf

'1?ing af the. aeta&l trajectory, ﬁheV

{§)~;ﬁuring ﬁh

Jea?th rwfaﬁaa;&producing [z wth rgﬁatlﬁn effectg which depend not.

L

o Lo . ) L.
i L
i . -




s anly upan the muzale valacmty, balliﬁtia coefficient, and
- quadrant anglé, of daparﬁure tat also upon the geographic

“reducing-the - anaewved data. on’ range firing._ Horaever anae ST
‘coeffiedont have’ beén -detériined, such as 16 repreduce the

,%wmri 6w atan&a”a tr&geateries treats. the earth.“etatian effeﬁtﬂ“xyj;wj
i a,SE%ﬂY&blﬁ part&@%&tian* A ‘gtandard trajectory 'ih computed’ ‘
and. publishad” a@‘thﬁugh,tha barthiwere stationary, and gpecis

"'glven iatzimde aﬁuggl?ﬁﬁ azimuth of - plane of fl?&»“nk--

7£$ﬁbrce fk@lﬁﬁ ‘and; forge  couples’ V&fylﬂg in direction and’ .

Cof vallistie phenamana;také explicit accaunL of: ‘the varying .
" yaw and- of the rotating. halfnplane of yaw.  The r@ﬁulting &

resultes making usze of vardous plausible” ~{bat et always
- ;exper;menﬁally eatablish&&) -gsgumptiongs - Far thﬁ’ﬁalibaﬁ, 3

Lot artillgry ammuﬁitior -invelved, it iss assumad that g%@m@_"
~eally and; ﬁyramicaliy similar projectilés for.sbandard

‘aneleﬁiﬁy, yawy arienﬁatiag 0£ half-plane ol yaw, and’ ﬁram

- jectoPy inclimation {to the herizomfall wili.experience’.
“proportional: resigtaneg. - The “Faeter-of - prap@rtisﬁalaty is Lot
'i&ﬁ&;gﬁié&iiy ‘a gonstant for ths progectiles as: puchy’ Anda-n

© oy .

e el
.ot “

latitude of the gun- and thé” azimuth of" the ﬂI&ﬂC of. flré‘4
Waenever. thes

they’arﬂ taka into aecaunt ax pllCItly and cantinuously 1n,ﬁ*

the Ccharacier. of the meGigtance law and the bailistic

observéd: total range and total time of £light, thé: furtner

compuitations provide subsecuent corrections to be. imnaseﬂ_f'r

(S} The aatual nraﬁectile experiences resisting

mﬁgﬁlﬁad@ along the trajectoTys  The more. penetiating udfeﬁ;

air reésigiance; tables are bised upon ‘measurement s ﬁf ‘Bhaerve:

dﬁﬁ%ifﬁ and gir’ ﬁemﬁe?aia“&s and ng. ying. .and @iﬁﬂ%,fg;'”

pendent: 6F all oonditiong -of firing. - Aﬁtuallv ‘dge - to Soume

7&13@?9%&3@3’%&% Ballistic cpefficient may dependializntly | :}”' :f%

- ﬁﬁﬂ&&?ﬁﬁd‘

- nentzan@& anove.‘

.4grau§l5f ?ir;mgﬁ*
,”resistane s ;

- Tupon  the ing canditfons. ‘Save for this censtant,. i%%&rpyataﬁ 2
‘as the appiopriate ballistic: coefficient.of each ppagﬁatile ) ’ﬁg
”ém a§r>resistgﬁsm law is éeterminﬁd {fgr Al gi e

ndard trafectary i o
the 3npr@§rﬁate ?esiﬂtance l&W as datermzned in the«maﬁqﬁw
E@Wever tbe %neery for practiaal p Qﬁ.

.....

igﬁajéﬁ @ fa@'a given)mnzale velocitv and. qaaﬂranﬁ &ﬁgia af

Aﬁé_{ezeepﬁ; nﬁrare cases) this‘%&liis gfm .

“‘%ermznat*gnﬁis obtained f£or egeh‘sepanate
and&r 1ike” 1n1tzal eaﬁﬁitianﬁg ;




'spandlng varying r&siatanee, Yut with cﬂnsﬁan% b&iliatic.fA'
~‘wcoefficlent ‘Independent of velocity. Yet in practice when we
. ‘adopt the law so obtained, we retain a constant ballistic
L. coefficient. ‘along the trajﬁetory but ignore all, changés in”

- resistance due to actual change in angle of presentation., Ve

are conesgulntly compellsd to accept the possibility of a
change i the-imferred ballistic coefficient not only for

 ehanges in muzzle: golocity out alsg for: ehapges in Quadrant
. angle of é@@@rtﬁre and consequent changes in length of - ;
,trageetery,g Egrthﬁﬁmarﬁ on any one trajectoery a ﬁiserﬁsaﬂcy

L. may arige between. tﬁtml horizontal range and totsl time of -
¥ Flight. ¥While 'we may sslect a ballistic coefficient to

secure sgreement for onme of these iwo quantitiss, such a -
chotce may nat reeoncile the. others To handle such a treak o

"7 hétween theory and observation we introduce an empiricsal
- additive copstant in ene of  the faetore of the resistance.
- law, whien gonstant, togethe® with the ballistic ceeflicient .
v are then daterminad go as to barmonize both computed total
., " horigzontal range. and computed total time of flight with the‘

carracted results Roriy QbSE?ved Pange firingaa

“‘ﬁ ?)- fha aatual trajectory iﬁ infiuﬁne&d oy wind

=;ef varyxﬁg'magnitﬂﬁe and intensity at varying altitide layers,.
- gysn after effects of momeniary gusta and loeal geographie .

gariations ara’ ignorad,  Alse ignored are: -the effects of

vertieal wind often considerable but msually localized. The

wind at any one altitude level is asgumed to be moving -
uniformly (at constant. level) over the emtire portion of the

-, vterritory imvolved smd throughout the duratien of the

. projectile's flight, - The wind velocity veclter is analyzed =
. at each sltitude into leﬁgitu&aﬁ&l and Iatérsl components,
;Althcugh not entirely aceurste, one assumes.foy the reduction
~of firing that tha longitudinal component- orly nead be - g

- gonsidered Tor effects within the plasie of firs, and the.

C lateral compenent only, fer effects perpendi@ular to this )

- wertical plane. Furthermore in placde of using a wind varying
gentiruously with altitude, the aamumption is made for C
reduction of observed range Tirings that .the wind is .

. wnifdrm throfighout each of & sequence of verticall y'adganeﬁt
© -a4ltitude zones,. . The standard trggeaﬁery, ag might be a3paat35,=
© igrieres crogs winﬁ effeeﬁa aﬁé aasumeﬁ zexro. range wind o

=fesm$aﬁﬁn%‘ S f,., S ESs e

_ o 'fﬁ} %bﬁ actﬁal tr&gecta?y is zﬁf&uenced %y & Iargﬁ_- o
'guwha? G knawm yarisbles and’ d@uﬁtlﬁﬁsly by an indefiniter o
_host af Qﬁ&%kﬁﬁ%lﬁ@geé faotors. . The idealizmed irajectory

g obtained as the solutfon-of a. formulated (fimite) system
rfcf simultanﬁaua algebraae &Eﬁ dxffareﬂtﬂal ﬁqu&tiens withhl



Q%&\

_‘nglvan boundary canﬁ
“that the~qqantitat1vﬁly impertant’

.]fbali1stiéiah‘to reviaa‘

 'in mete@rologic&

o ?ithe vel ci

-ana, There 1aqgoﬂd reason ta belaeve ;[.‘
i nflugnces are takem into. -
e, ‘Teekbned from the” instant of flra,ls acceptsa

”endent V&Fl&hl@-j‘f'%T'

Lo In settlng up ‘the formal System af s1multaneoﬂ
- algebralc and differential- eguaticns, the. thﬁary invalves
gbesida familiar pri“clples of ‘rationalimechanies (with =
' 7 to. be' smpirically’ determined) only'
. hyefcal functions, (a) - the.ai
‘SER levelg under ‘gtipulated standard. o n-‘
\ irlﬂensity and temperature' (b}”!the va-‘ 1ty
,&;1:a1r alaft ‘&8 3 funttion of- thayaltitudﬁ»
fstandavd sea lével eondltlana and- with standard relative RN
temperature structure for atmosphere alofty. {e¢) the. density
~of air alaft as‘a function of ‘the altitude, under: standard

s 7”(93 As ta€ hel’ir reslstance endaavor is made'tn _
wae ths most seccurate available: infermation concernihg the [M

':]’5if resistance funatlon eencernad. ¥his is-partitularly

ause of the magnituﬁe of the effectﬁll

rrectiona e?éept ag’ these enter through
. of gound-or in:air density. . $o far as °
wowarﬁ,COncern@d, 4t i not . 1nmortant for the ..
'5"standards for velocity. of sound. '
densgty alaft, with egeh, improvement‘

dimair aleft,

3 nge Tirings, #70 o

n ) ctiong«for astual non-
aratad in the ‘trial runs for

“the ballistia caeff101ent‘x=

mil T cmrrectmmns are called fur. A praetica1~ft
”t?the Bt&ﬂdﬁ?ds ‘adopted for sound veéloei
n : “gimple form sulte
peration of the'“ '

Fop .

- ,,und 1n air at Al itude y feet (abnven o
';level) panding velocity at. gea level,is assumeda%,~’

~to be ndard. metaorﬁlcgical chriditions) YWoa
',;fermala fa(y) ' ,~Ngwhere Bl (1n reeiproeal




d 1t0 be oroportlonal tha h
Thus 1ndiract1

l'asaum?tia ﬁmr

New the:

”ggiven a

:‘aloft.

speed’ of*ﬁ_

-1evel {to the copreaponding density at seafx;'\
- be-given -{under standard metsor@%0§ic
¥ f@rmula of the form hiy) : ‘where
B cdis-an empirieal constant., For Af hl
imenslonless, a8 desired, then hly A8 dimensio
h$is in unlts r061pracal tn thoa& A

‘ necessarilf equal to the angle at Whlch.fhe bore‘

(indiecated by quadrant: angla o evation)a .

.. due’ te,%ump of the carriage. and’poseibly alio:. in1ti
. droow o

" dinitial. datautilfze the quadrant angie ef d%gartur

‘the VYere isiigmored lr‘theistandard, trajéot

finvolved 1n¥£abu1at1ngi‘ﬁé‘
f(atandard) retar&afian caeff;




R '?hzszmaitnr'yill e di:;ﬁsged an det%ii latar»h ”f‘”?”'ik”

A ‘f}a;empirical ccnﬁtants tﬁ he ﬂealt with individmali?
¢ %_ansida“ﬁd nowr in sequenaee__i ‘ :

Co (1) g, the gravitatignal attraatiﬁn, {in fsz)*

A range bd at:sea, level from 9, 8“19 at the' pole 1o 9,78Q0
1“~~-at the‘equatar and.‘is 9.80085 at Washingbon, BYFE G;L~ Xn‘nnita (
L off rAas, the numerieal” equiVaEent vaine ig (togeven ﬁigﬁts},r

L ‘[g-ﬁa lﬁﬂl? *saneefthﬁ meter 13 exaet L SQ.G? H; Sﬁ'inchﬁﬁ;*;vw%,&"‘

R "'§A~aen$taﬁ‘rvalu& fop. gy . independent of altitude and of
: :‘;L‘geographi ;latﬁtude, ds acaepﬁed for b&lllﬂtlc puvp@agme Th&
y “~j§va1ne 98 {5 taken &s. eﬁgﬁt, AAL-sea 1@?&1 thﬁf&ctual

"} h&;ﬁthe expanential cﬁaﬁfiﬂiﬁﬁt in aci raggl
‘atandard air density ratio formula, hiy} =

3 :
he” agggg&g% ballzatic gtarndard’ formulal Yields exactly

‘where ﬂ;s the altitude: in,mgﬁera.ﬂ . 'zgn
ﬁaﬁuralAbaae ] ia yielas a graximat51§ a §0335§%§§
g ﬁ?ﬁrﬁléﬁ g Feet, the Tormula yislds- itﬁ‘fﬂﬂx

*its} hl & .aoesdlﬁazs, (l/i}ﬁ ,;i,

wL EYandard ﬁff.e@é ratio f&vmula, aiy) & 1 -

aﬁégytaﬁ;haiizgiia atandard formula{fom, ririmg} 2k
ooy ut&tiﬁns ori’ the Differential’ ﬁnalyzer} 3ia&és ki
e ?8ga?ﬁ$ﬁ B8 aacurat$;ﬁﬁy IR

s,%gaaaﬁogs (?aék/%§e‘3;, This

h;a ?ctatianal veiccity s uged in.: R
e its comphtatian;i,f-w

'én‘ iR uffﬁ} ?h&~ge@gr phiﬁ latitude ﬂf thﬁ (main~§rﬁnt) ﬂ;-ﬁf
;“jif&rinm range at - Aherdsen’ Proving ﬁraund, taken-as 3§ 3& PR
3*?0:15‘ ‘h, (am.ugk.gk thew fazally f{ﬁm w”S‘} St e V-'-f':

; I S Y8 ] .mantjened eertaiﬁ empiriﬂal
;T:ﬁf§aP&$&t$r8 t?éafﬁ& 7. fixed ‘on- ally ‘pne irajectory uﬂder “.,.
. staﬁd&ﬁé mﬁ%aa?alagia&l capﬁifiﬁna but not camstant ag ;
Lo hatwe e ’t?ajﬁ@tnr p S T . s

*5 gg dayﬁﬁ{mean solar time) or 555¥?g“:‘5*35



A
o

" and” ﬁ = 1atiﬁude {fwm Abardaen Pﬂeving Graund} are a,

';fT%s q&adrant<aﬁgle Gf &ap&fture,'"g.{nap}“

_ ;.Tha @Zlmu%h of bh&g@iana Qr fira rackane&fﬁ
'ljnar%h threugh eaﬁt, "ad e

“7T,§5}f;The amnirieal ad&itiva a@n&tanh “-Y yielding
X *»"(thezﬁatual? retardsation. Qsefficient biuf =3 hg{u}
‘jf?ﬁm th@ standard. r&tardatxan‘enefflciant, o, {u

‘ v-.=_“A@p?ﬁwimate‘ﬂumarical vwlues fd?nthe ma?e“u ful T
Purther combindtions 61 the prryeical parsmeters g a% h} fj-
1

<o

ﬁwsi

A B E.flcbs L ﬁingﬁ 5 6, 0@311262 sinzﬁ iL/séa'J

| Where as &isauaae& :dater, ol 1s the. &ﬁimﬂﬁh.af the plan@ af i

fire recﬁﬁngd fra& ngr%h tﬁTOQQh eaatt ~.“if‘;

s o wsg yoe{ (;emfae"e'.) L
rw‘hl B L E T
‘ 2 - ,$9é9899 j(dimﬁﬂsimnleaa}ff?

:igw ighl - Sl 381& (saca}?;

hﬁ vartiéa& giane of da@artar 5
particle’ ﬁrac‘a w amaptbl 'tarwing &ra
d ; iid 3 ; Sy 2

{

8 it‘ tﬁh Qainﬁ $°
ﬂl‘) &ﬁ?erxgin. o ’



V'f-'emg;in, a’nd 2 szzbacrmt s:sta.r {* for vaiues At t‘fle lavel 'po:f.ﬁt;

o de? 2 dxB o odyR, ax s ﬁa cos B , ﬁ?‘ & ds mm@ ’i‘he mi%ial
‘and tamin&l yalues are. ivaﬁ Isfy e ST

"'i._Bath };' z%ntf’t @ éeereas@ ameathzy a.long t}*e gtandard tz:*sag gtm‘y;-

at the - sumz*it and Finally both* reach

: value .

évalusted ‘dlong the trajedtery, where hiy) is as gpived.

be mﬁa&uz’eé {in feet) hmriznﬁtally fom&rd :in th;s var tu:a.l

- plane, and let .y, the ordinate, be measured {in fest)

V&Pﬁlcallj upward, .. The trajectory’ ia.then given. by a cui*‘%e A:m

~the First quadrant of this ( y¥) Blane, with y a ona-v:alued, S

continucus finction of x on the interval from x, = 0 to Xy
the horizontal range in feety which is the abw%aﬁa of the
Ieyel point, . Here the a*“dinat@ starts with vy, = 0 and after

"z’e%hing 2 maximum, 2%’ the” aamffzi’c, decreéases. ggain to Tuz Q.

In general ths gubseript serd will be used for values-at the

Lat *p desigmte the sslage of *the tmmctwy a.t a:riy

) '{me of its-points, and '@ the imliﬁatiﬁn, wh(arca 3 ig A,
‘restricted to values betwéen ~90° and.+80%,  Then: tan B L
- het g repregent arc- 1651‘1@'&:?&, in faet, aleng t’fm trcx,;acr‘tary._

Then “in the notation of ithe valculus 'p = baf @ % dy/dx,

angle ef depar‘ture EREER ,‘j“. . S
tmgez&t ol mgle ai‘ departure IS :
0 B
rnegativa t}:f’ smgit% af fall Lo
negative of sengent- ol a‘zzgls'af fall
'length of trajectory. {0 level yaint)

" i:_"'ﬁ i ﬁi w

starting with positive values. ngw _beth p&aa'mg thma;agh 7T
15 ) : ‘

g 3 .
Px and ¢ @aﬁ raﬁpeetavely. Furths:’mare dp /éx 1&%3@5

m*»:‘ina'fe y masured in feeé:, a.nd thmagh y haa an
ﬁtznqard alpr” density ratio. hizy, . given vy the fomal
rly) = e "hld' ‘as mentioned sarlier. For wast of 5. b&tt.k '
neame  let the- *‘mnistm are lencth®, jle), be uged 1o & ;aignme;
the weighted aFc length expressed by the integral (L/@nly ‘

and € is the {csnstaxnt} ‘mllistm coafficient agsoeliate ST e
with the tra,)ectory. The tétal ballistic are. 1eﬁ§;1&hvuf the’
trajﬂctary may’ "z:«ef ;@XPI"&&E&@L s ﬁfC times the ge;-om@tp 4 L :




'masS K‘Lllnear} accsl Fatlon in §

. ¢y where. the :ITinear acceleration. is the

RS e di 'thf mitude of .the velocity in the. given
S iirect i.the “vels fin“th‘“ ivem direetfon} is. the .
i i e ' lacemert in this directlan. L

e “the ma velﬂc1ty., Then‘r Lo

¥ naminal muzzla ﬁelocity, aid vy final - wﬁ."-
Qaﬁ‘la eX” pelnt) Let the horlzontal and vertieal e

-af veleclty ‘be de&igﬂaﬁed by x‘ amd vt ; respﬂctively. R

“E deaignates the dra g - ‘
uations/ofimqtiqn‘for the stan&ard trag ctD

.Lproaectile (constant on. th‘l}‘s
tational attraction . . o
- ‘9 ‘oA 152171 /8l (a.pproz,,),,,-,:-;(;._,,
B de Qnds;nat only upon the velocity’ Of the S
pos (i S ther dan51ty of the alr: whicha‘&ries




Let B stand for D/(mv) The first of the two given
equations may then be written as .

ax' /dt = -Ey,eos@ = - Bx' = B am/dt,
thence as _ i_ ' |
dx'/dx ‘E |

he may b“Timlnate D ard 1ﬂc1uentmlly m aluo from
the orlginal two: equations and obtaln :

dy'/dt '—'(d_.'/dt) tane - g,
and this may be cast 1nto the form
dp /dx -g/ x* )2,

_where p ;,as befove, s dy/dx aince dp /dx is determined
as a. neometrlcal characteristic of the trajectory, it follows
that x'/fg is also geometricalld¥ determined, and hence save
for the 1ntevvant*on of thHe expetimental phyblcal constant g
{vhich does not depend upon the gun, amwmunition, or meteor~ . .
ologlcal ccndltlnns) that B which determines the drag also is
determlﬂaole Trem the trajectory as a ge eometric arc.

_ , Anothar ullﬂhtly Varlant form for t}w equatlons of
motion,.emphasizlng X, ;, and t, is as fOllOWﬂi

dgx/dtg :  - 1., dx/at,

- L dy/dt - go

if

dRy/at®

‘5'. - i’fféctw of the Rotation of the Barth.

- ‘The effects of the rotatlon of the esarth upcn the )95 et
Jac+ion of the trajectory on the plane of departure (and as -
heretofore.ws contlnue to ignore defleations out of this plare)

: are TG repéace he naﬂ? of equationq :

X T B, g0z myt g,
by the follownng _ o |
EER -Aff

'. Lyir =‘]F3y' _— ‘.;,_. ')‘ X"



-7 established: by experimental:

- of ‘air density gloft to alr d&ﬁﬂity'

by v/é, wha?e An turn a,

) wh@re 21 2 ﬂea&?& :aimC H’ar‘e .0.- is the retat:i ena.&, "'ar To i’ty'
of" t%& emrth L 18 thﬁ 1&ﬁitude of ‘the gun, aﬁdaﬁ is*the_ S

60 53 24 864005 | But for the- r@tati&n of the e&rth.ﬂe 1+ S
to QﬁﬁﬁidéT %he &n&glar veleei@y of the- eaxth?s,r@ﬁatzaﬁ, ERAEIN
messured not for motion with respect to the sun ut absols sly,
tﬂaﬁ 8- wliﬂ ra%p%eﬁ to thﬁ st§“$¢= In ea& year a~mﬁr§ﬁlgﬁ o L

in radi&n mﬁasuwﬁ

‘};g E:l

e e m
Mf’xaexxsaaw o

'Usi e ﬂfﬂ a@“ 26 &' rar Lhﬁ A&@?ﬁﬁeﬁ‘?ro?ing éfﬁﬁaé,~
" .l t be useﬁ lu given by ,

e Diu o DQ&IIPGE sinﬂ(‘\’

s Xt ia ?ggulaply aﬁsamﬁ&-zhat thsfygiafaigy'
”drag For 8- magsive Sﬁhe?iﬁﬁiiﬁ'riiéle is ﬁ@@@gy;% ﬁai?t%
ajr density, &1&hgagh this.

pizes, and masmes involved i h@-.is‘ic themry, thﬂ aﬁ um@tlon
i3 not seriously questioned. -For stamdard conditions, ‘the pat
ne ground &t lesst up
- “to the’ tropopanse’ (wnieh marks the se ation - betwsen o
- _tréposphere and 8trates@hﬁ?@} g gasnmed L0 hﬁ gi?e
expanential funat:an h-as mlready mﬁﬁtiéne&. @ ' g

S I@ is agsumeﬂ om’ &ﬁﬂ%li&ﬁﬁ th&@?@ﬁia&& :

that ~the dr&g depends UHon - %hefveloc ty @ffth& ﬁ?ﬁgﬁ&t
guch & way' th&t"ﬂ/(MV“;,‘ : :
the "adjusted speed®, oa

ugl 1;£tiﬂnéd, is tﬂ
: ] “the actn@l te&g&rg@aﬁ
. ms%&ﬁéapé ve&&eiﬁf @f ”ﬁaﬁﬁ itthe gr“ nﬁ, oriat: st
aﬂ‘tﬁgye?aﬁuya ilﬁﬁ 8. 359 S ~




o aaeuma that, atf,_”“‘ PYR .
| yariesn directly 2B thﬁ,ﬁenaity ‘of ‘the Hi

VQréjeetil& simlla? ﬁ

. the air ﬁ&nazty*rag&?ﬁeé ap a’ fﬂﬁﬁtian of thg &
We then write for standard) conditlons ;" D/ (v")
- wherd Pyl accounting for dir dendity and, eharacta '

L iprojectile,s cise acespted by coﬂventian, to be’ (fﬁr Ngthn 'rﬁ
_ eonditions’) =n QXp@n@miial fupction of the altituds’ in fes!
- The constant, 1 5

© and the ratic Flyj/

*;meteawalcgfeal stagﬁmmd fmnction.fer balltstie’ parpasasg;(\
‘nonwatandard. conditions of air. denﬂity aloft, the ratio
- modified dpprapr1ate1y'by an additive correction. tarm,,”
a funation af the 1Ititude, y,~ PR

‘”-Gf tﬁ@rérag caeffic?éﬁt;

Kyregshéng 1te max ST
“pallistie. caefficient, the terhinal value ot tHe- ragressian, r* $
‘ dscreaaes B G is increas&d, reachim@vaara Tcr a vacwum ﬁT&jﬁ&

11, Cand in#ersely aﬁ the '. "
éﬁr@&spwnding"v&lﬁe of B/ Cav=) for.
onditions and for &y %h&a&mii@ai‘ﬁﬁmaglﬁ'
'be given pﬁﬁjaetile ‘put f, ome S

~~~~~~

caliver and one gaun& wﬁight.¢ There remaling to- he cmnsi&aT&&{ ;
1‘% ftﬁ\&ﬁ &i@n& *

JE(O) w enlled the ballistis cosffisignt, ¢, -
:{ﬁ) indicoted by hiy) ds .called the’ at&ndaré‘
derisity ratio aleft, Here hiy) is. independent : ﬁf'ggsjeeﬁi”a$~» o
angle”of departurey; ‘wnd -muzzie ®e1ocdty. It ig & cwnvanﬁ;&ﬁﬁiized

& large value far¢

SE at,.

*:f§;1»41/§yfvbhlas g}fétn/c)v at *Mf%(h/ﬂ) dﬁ zdg% g§ffi5ifi2;}

“Herd 1, » 3, and ™ iﬁcreasea aiang the- tragectary,
? mun, Py, &t the Level- pointa. ‘Relative to the. .

t“ta:t‘y.“

&Rxfhﬁg ‘,WE axzat

or on. intagra§iﬁg§ gg; 'néfffﬁ_;=,

?a)éﬁgira th&ﬁ ™ be ézmensfenlassg It th
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'-?ﬁisgiac
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Reduc;igwfof oy serVQ& R&ﬁg@ Elrlngsej”lf

. Im am acta&l saquene& af range: flrlngs, thsre will
be many conGitions differing in some measirs Trom those &bﬂ&ﬁ&d
ag standard for the firing tabdbles which are to be proﬁuead.

“Bome of the caanged &ﬁnﬁltlﬁﬁﬁ, resulting in slight ulecrepaney

in: waight of projectile. or in muzzle velﬂenty, are inferréd -

‘Afrom carefnlly noted measuremsnts and can be accounted for: %y

adjustments based upon theory and Jjustified by experimenst.
The most gerious ﬁodificationa are thoge due to nﬁn—staﬁduré

“weather conaiéions. S o o f¢?h

Im uaing uhe leferentzalf&nalyzer for th@ reéﬁctzon ‘

-"of firings,‘only. the renge gffectas. (acﬁurrlng in the vertieal

plane of deyartur@) aré dealt with direetly’ gn the machine, All
lateral d&%plach%nts from this plana are worg: easilv handled '

5ey&ranely, a8 has ﬁaen auggesteé earlierg N

é‘ In p?actice thre& slowly ghanging ecrrecimsns,d?w’
ga, ﬁ, (to:be explained)-are h&ﬁdieﬁ by:-Tinite - 1naremem%s'_
introduded at presssigned altitudes. ” Tne air aloft is o
regarded as subdivided by horizental planas into a sequence
of ptrata called altitude zones.- The use of these. zcnes .is .-
burpasely &tagﬁerﬁd rmong the three corrections 86 thal at
any one shift from'one zoné to the next,ome. correction only
{or at mest two) nesd be made. by hand c?ﬁnka, the. resaining
erarks (or erank) bﬂlﬁg %Gekadﬂat t&is p&”%iﬁﬁl&? zone bound.
Elract ebs@rv&ti@n is made @f ﬁgrectlaﬂ and .

magnityde of wind, femperaiure, apd air pressure at sltitudes
up .to (or nearly up to) ihat of the sumsit of the trajectory.

' These observatisns are then Anterpreted. te give for' esch of
the corresponding agopted zongs, ‘the aver e c¢m§mﬁent of wind

velocity in the directien of abscissas, -~ . the average
algebrale 1ncve&sﬁ dnithe air dansity, nanwly*gh, and the average

-algebraie inereusé in the Spéﬁﬁ of sound in air at the observed

altitude 1o that 3% the . ground at staﬂdarﬁ t@myﬁratare,

g @n”§i§ﬁa fur non~standard
onditions, harﬁaﬁter et v ra ‘sadnt the megnitude of the .

oeity withrespect to the, meving air, ag ﬁlstlﬂguished from
VENeity with-respect. ta th@ -ground.’ Hence y is go longer
TerNzentaple as x'2 + y 2, hub. Tather as w' e » Where w'
1g L) xé}iaontal velocity ‘vomponant. with r&apact tp the air. -

w' dt we&lﬁ«@eprasent the ‘horizontal ecomponent ‘of

Nth regpeet ‘to 1he wir.  Hence W* - Xy t8 the tatalﬂmfw?g

Nt of the air during thé txme of, fllghﬁ, Thﬂ i :

travel

A i .\ . N . A'.V - T
= ‘i.',:/_,_‘! -t . .. B .
R s ST :
AU e ,
S
:



ia thﬁ VEloqjty of

7? ﬁe head wind:wit a§~ré§51aﬁe aigﬂy Wﬂllﬁ o 48 the .. .
Hor CaThe : ',anga cam@onent cf

Lo Jpa. and
tariea is &3

'8, 3 | amp&taé'for auitahly e
’bitmriiy chasn»mighqung valuea of a
; " 3 :

&YaPB carrie&'out
-;-If,hpwever, as

:‘lgs‘raieqewnaﬁant

o -Gt practies 1t is*ﬁaually‘faund t0 be
= unnacessary to make any ‘additive cerrecti :
: g d Y S wsrall oz 7 |

! ] p .‘ ; N : b , »7“4‘ ,’
"as te rﬁyroancegacgept&bly.” R

_1ﬁ tha aPPliu&tioneyjf'”?ﬂf




“5gﬁﬁg The Frimarv ?hyszual ?éniables.v

s Th& f@llewing ?hysiaal ?arzahles are given axplmcit
?¢<“,sym%ela;- Elao For conveniencs. iﬁ later discussing the thaﬁry
sy v, oef the mechanidal’ g&rﬁﬁrmaﬁce of the Differential Analyamer,
SR Umosd of them are assigned numbers.  Temporarily we:list these
0 7 v in s morevpsychologieal ordér whils indicating the. folﬁi&l
7 mumver (if amy) in parenthéses at the right. e -

~{ x, %hﬁ abseissa {iﬂ feetﬁg or. h@rizoﬂtal rang é,‘df.'l
L any des%red ﬁeint of ‘the trageetory. o e)

’

'§;ﬂf%a aydimaﬁ& 11& faet} or vertical range or o
altxtude, 9? amg &a$1fed pcznt of the:'?agectary.‘( 7)

hﬁ, tn@,atamdard ratiﬁ af air den31ty at altitude ¥
“{in:aYsolute units) to the standard air density
at dea leve e aaaumed ng expressible in Lhe - form-

S hﬁty} " g 1?’ (y in faet), hl given numﬁriwall
 ~.fab0veu . RN L (8

é}u an &} Eraic additive correction to hs (in abaalute
e units aina& &y observatian alaftt aff‘ iﬁ‘) :

héy}, the @mrrﬁetea r&ti@ of nir éeﬂsitv at. aﬁﬁtuﬁe N
o ta the standard air density at 35 level 8X§?ﬂ$ﬁéé
oy elyreEng (gl o0 as)

f\t?s;ltha geamaﬁrin arc 1engﬁn iin feat} sf the trajectory
:with rs&yact to the air. _“» e {1}

3;;Alj§7ﬁhe %aliistia are 1eﬁg§h {in faet} of the tr 3 2to
”5”41Wiihg?33p§£§ t& ihe meving air, given ﬁy i § rﬁﬁsda

“‘iﬁ“t,_ﬁhe elapﬁe& time (in aa&anﬁa} frgm.the.zﬁstanﬁ

f"l‘i}af fira, (0}

'?5=§3} the v&rtieal velncity (in feet per aeeend}
L correetﬁd for the aartn‘s retation.-‘ ,,,_": (16)

s " the hﬁrimantal velocity {1n fest. per BGCOHd) with
-ﬁ respect ‘to th@ graund, sorrﬁcted for: the garth's
- '\:}‘ I‘Q‘t&ﬁ ii)rl‘ SR e ‘;5‘-"",1-:“ - P (l'?)

-"ﬁ* ys: the vertical v@lma&ty {im fe&t per ﬁacondJ ‘
s uncarvaetea fer the earth‘ﬁ rﬂtatian.- S -(12}



Qriu the horizcntal velaeity (in feat per aecend)
- with reapact to the ground, uncur?ected fop:
- the sarth's retatlon. : DRRRE .m-;,(ﬁjﬂ.

W' . hariznntal veloci‘ty @f th@ projectil& With
ol respeﬂt to the air (in feet per. aecond). j(l5l‘“

'féaw{;:ﬁthe Tdlg nitude of the head ‘wind® {in feet per ﬂi:{
S secand at: altitude ¥ Afeet). . (1-';);.‘

uuf magnitude af the velogity of the Eroae&tile w1th,'
._respact to the aﬁr ¥ W' LA (9?'

, ‘the. correetéd ratio af the velocity of saund o
- An gir at-altitude v in absolute .units to the ‘
“standarﬁ velqcity of sound in axr, at sea level,
‘a(yﬁ &agly) +£a where agly) 21 alyo N (14,)

| an algebfaic addltlve carrectlon ta &s (in :
'absolute uﬂit&] obtained by obsérvation aloft. (2')

e ‘the adjusted{r G velecity With,re&pect to -
*‘géthe air (in faat per - second), n 3 v/ﬂ. e (10)

. bbu),” the corrected ?etard&tien ceefflclent (1n g
L reci I'cccal feet, 1/f), blu) & bs(u) + ¥, where
g lu]y: the standanrd retardation cuefficiant is a
tabular function of u alone, and whera - (11)

_;‘;]}Amﬁfﬁan algebpazc additive constant determined empiri-kx
7 eally in. such a way as to brlng inte harmony.the
L eaYlistic coeffieient reproducing the observed

. total. hurizontal range with that reproducing the.

o onsérvedftétal tlme of flights EEE (wﬂ

?_f;the P@g:BBSIQH, (in abswlute units s r fJ(i dJ. (3)

"k, .:-the cumulatlve vertical velocity corrﬁctlen due - _
S 1) regression (in- feet per eecond}, k= 1{y' ar., “(4)

"L;ﬂ:[l =; the earth rotatlon caefflcient, used dn the" :
”"w"'—"’z*";'-gl'relatiana ¥yt eyt AR E, X B oxgt ./{.y, (im -
. ?reCIpfocal aeccnga) c SRR < 1 B
’lWe have also the fUllleng.

Vo ¥ the magnitu&e of the nom1nal muzzle veloc1ty, with
- r&spect to the air (in feet per second).‘u



,c.ampﬁnan‘h ot th& naminal n;uzzie
‘vﬁlwcity {in~feet aar aeeenﬁ}. o

ﬁ¢fthe har:zaﬁtai campanent 6f the ﬁeminal mazzle

E'rasﬁect‘to the: graandJﬁin feet L SRR

reﬁpect to the air (in faa:t, @e‘p FRUERAE

;{%gnltude 9%t he :
;gﬁint) with reapact ta the air“

© oo Flually.
éan{mi BN ?ari&‘alas ”E, X, ‘E‘,,,
i&"b}e_ N = - r 4

,\aaanﬁ, ?a F ’ X', ?gs : 34
f’mﬁ&"..:‘ o




:g,\xnaturaliy Tirstieecur, toan enginear in. setting up his problem <
. In physie¢al variables here dealgnefted bty small letters axﬁrasae&
S in unity guch ags ?eat, a@conda‘ﬁfaetfpe? aeaﬁhd,,éﬁgrées of ara,:

"jsffactive handling by @ﬁdﬁnﬁieal eemputlﬁ& deviees,”dﬁyﬂaiz
- chafigaofunits the . equations may B phraﬁeé in terms’ of

;,“regaréaé.aa having merely the number; wnity, as its,ani%'
Howaver, it is often convenient to’further medify:ithis .

" some dimensionless ganonical upits notinavessarily sunal’to

" by capital lett&?s,; Of thepe va&iab&ea one . will be’ thé.,

‘The canerieal variables apﬁaaring ‘explicltly andigive:
. its own.identifying, aymbel, may b ealisd the primey;

. ‘8anenieal variibles .are the recordad yariables here' ded xggt@

,ratiea will be disaussad latar;

-_&sacciatad ganonical variable and A the corrﬁspondlgg Pﬁﬂﬂﬁéﬂdif
variable ‘Tet Py be the Physical nranertian&lity ﬁ&&ﬁatk for
~which ove’ physicsl unit s aqgivaiant 10 -

h& algshraic and dlffarﬁﬁti&l equatioﬁajthat migh

ete, ) shonuld usually . be modified to. adapt ths prodlem for. ﬁare

sbeolute -dinknzionless’ v%ria%keé, eaeh ol whieh m&ght be.

plzugible ‘dholice of dimensionless wariables by introduciy

unitys The equatitns bénome thua redueﬁd &3 gggﬂﬁigl- form
and sxpressed: In, iafms of panonios 28 hara:ﬁgﬁigﬁ&ta‘

independent veriable, the ofhers veing all dependent . ﬁhemaf
Q&ah

canenieal variablag.. As ce&traated to both physital and

by undersodrad C&pital letters. XZach recorded variable is
proportional to a earreagending canpnical ; ‘variable, with a
recorder raties The purposs-of. intraducfhg ﬁﬁege recerdar

For & given physieal v&riable*say zi, 18?3 b“=thﬁ

absolute
dimenaionless units.  Let k, be the aananiéal G@%fiieienky

for which .one absolute unit’ig equivaleni to k Gaﬂsnieal "
units. hanca ane ¥ sica& unit i equivalant %ﬁ B

"~ canonieal uﬁltsg or p.k. 2 g Ist . be the ?egoréer ?atxﬁ,

for which one canemie&l u%x% ig eqaivaiant te ry-recorasd

‘unita.” Let us dosignate by my the total g@ggmmumg,

where m, = p k., ? » - Then saclh’ phyaical unit is" equivalent to-
mi nnite of %he cnrreapandiﬁg reeor&ad Varlable, or Ei ”,mizi'

'g»é;ﬁ The GannnaCﬁl ?arim%&mg and ?&?ﬁ@ﬁi@?&;"

+ AR ment;aﬁed abave, aaﬁenieal variablas and: paramaters

Ewill be indicated by capital letters, am exception being ¢ for 5‘;;
wthe talligtic ¢cefficient, not a eanﬁniaal p&rameter, 3nd which ;G
‘raqai?es no analegaus eananic&l ameQI, : : L




. e

LR Thﬂae canag&&%% vari&biag and parametar"whiah are
B ébtazneé a;fectlg f*aw;ﬁf%@ﬁﬁxanlesa physxaal qaantitlea .

7;ff”l‘ physiu&l'comatant,hl, used in deaign‘ﬁ
Coair 5@1 1ty alafb i/ in .units of reciprocal feet,:

im air al “ﬂQHenne'the'ratla ‘hy/
g@%ﬁ?ﬁi&rm ‘This multiplier-ig uged ti
"’f&@ﬁmd %peeé ratia?& y) aﬁﬁ ral&%a

£Y), 2 a(y) (h:f& }, ths canoniail ﬁary@“ L,__?7Tf
ﬁ-?eXQﬁi%y aloft ; i#&m by the - formuls, A{X}“" {v) +A
\@53‘3 &giy}; % ag (:f) (h:ii{a*l) :
standard. sdund val@clty alaft given by tha
ﬁ%}_m Agi= Yo ¥ 18 discuseed belew.: '

,"w 12 /é . the cwnaﬁzcal sﬁgﬁdard 3Qand yalee;%y '

sz(h.f% }, the c&nanxcal algab?aie a&ﬁ;tive
cabrﬁvtlmn %hﬁ canonical s*andarﬁ aaané valoeity
,é’LlOft. . - . . Lo et (2’)
I PA& ﬂemarkaﬁ abﬁve, tha nhyslaal constant h v uaa&
| ‘ iﬁ d&signm*nmg standard air density alﬁft, ig in uni ﬁ of
- reciprecal feet. ' Hence any. physdical measure in feet, if . N
‘ " multdplisd by by, gives = dimensionless quantity. Wq abtain SR
_ t%& f@ilawiﬂ@.a&nani@al qaaniitﬁee 1n this m&nn&r:if‘w,_. '
X, xh\ thﬁ sanéﬁieai ahacissa; or h&?iﬁ@ﬁﬁ&i o
raﬁga, ﬁE aﬁy ﬁesi?eﬁ §eiﬁt of thﬁ %rag&ct&rga (g}
xg-_;.h‘_

‘ ‘., ..‘62—‘ - _“- ‘ ) ’ ¢ :__‘:«.' . 3.? e S - “ ‘”




Csaconds, if multiplied by
We obtain the followmng c&nan%bal qunﬁtitiﬁs in tnia HANNET i

—

?; = yhys ﬁhaedaﬁonical ordiﬁaﬁe;fcy'veftiga; AN C8 4 L
o ar]altitmdé of any desired poiﬂt.af the%ﬁrajee%o?y,‘

by ® ah . the C&HGHlC%l geometric aTCulength of the
tr&gactary with T@f%?&ﬁCu to the &ir.,( )

v.K*, = x*hl, tha canenlcal total horizantal I*:mge,

éﬁﬁax. yﬁax hl’ thﬁ c%nonacgl maximnm orélnate.‘f{,
“‘3{8) z Jhl, the eanonical ba1118%ic arc-length cf the

I trajectory with raference to the air and in
cemparlson to a unit praject&l&.lT~' ‘?‘:‘. (2)

o,

bzﬁll&ﬁly Dy ualng the reciprocal maltlplief 1/&1,_
one mecures the follcwing éanonzcal quantitiess f:;‘ e
| B{U} v{u)/n : “the canon:cﬁl carrectaa reta?datian‘.'
R eeefflci& : , - ,.,;lk;f lll)

Hers 3(0) = a(‘f.,} H" where 3 (UJ, = b (u) /ny, the
canoniesl stan&ard retaﬁda?iap ceef§xcmént faa
tam lar famctwn o'f U ralone, -8

snd T, = Y/, 15 an algebrazc aéd:tive constant .

. determiﬁe% in sueh o way as to bring into h%rmenv,
 the observed total (heri?antalf Tange @pd the .~ -
observed total time of flight, L A{ii)

- The'oﬁysiCﬁl canatant g ig in vnits of f}é " aﬁa ‘hence
1gh1 lg in units of 1/éecaiwhﬁnﬂe any physical measure in, :
» glves a dimensionless quant ity.

T; = t’#g » tke cﬁﬁonzcal elapsed tlme, from.%h
o instlﬁ of lire. | S : ‘1(93

T%; =t ?ghl the total cmnonncal bime of fllght
; (ta the level point).

bimilarly by using the reeiprocal mﬂlﬁiplie?, we have

as canonical parameter;A,s A/YEhy, the canonical earth rotation
,ccafflezént used in the re}atioﬂa Y’ n i‘ %Zké K‘ s X':-J&i

Fram two phyaical canatawts g and hi, we. oht;im alqm
the, factar, Th % which is.in units &/f. Hence o ¥ physical

measure in fee% par geocond, if muitinlled by‘1h17g gives a

. o . R
. A - H oo T .o
- ' o Ty - "
~63- * w
g . . .
.
.



By
¥

-~ o

3/gy bhe: cgma"'ieal h@rlsenta velooity
VirEEpect: to thﬁ,g?mdﬁd, une oxTe tad
"rth‘s mtaﬁﬁmm -

/@, the canoni@ai cnmulativ& vertical
alé%i%y*ao?reetian dﬁgfte ?agreaﬂiﬁngk;
"K‘-“- Y"dﬁu

f:f b /gii tha. magn

‘?tamn%aa valaa eit ‘(

“the airs




f“ﬁékintegr@tﬁ

g
F

A 1ittle 1eas dimct than in tb,e cases sust T

) mentioned is the relation’ betwe@n ] anﬁ U, gince here the

- ‘&im&nazoﬁlaga mnltiglzﬁr Aoy ® hi/hl, is also involved..
S0, e u sy AN ghy ® u /¢ Xﬁ » tho cznonical adjusted .~
:%horizﬁﬁtai ?elocity with rempeat to the air, U = V/k.- (10}'

o ) 3. ,1h$ 56?1&& 1iat af ﬁananical agust:&na and
=sagnlameﬂtary varzgﬁl&s and parametars‘ '

- e . liat aarlally &s foll&ws the canonlcal aquations,
_ and suppxemﬁntary ?ayiab&ea aud’ parameters, The order chosen
L is augg&ateﬁ by the ﬁla&slfication according to types of |

c ~epﬁfat;sns perfarmad, and in the cess of lntﬁg”dtieﬁa, Ty -

| the desirsBility of listing cloge togethar any two Co

EL TR ions vhare tha" integra} rennlting: frazu one supnlies '

";‘g?hs dlff anﬁial cf the otaer. - :

ﬁ%r pr@llninary éaﬁa, we have'

£ FY .9035542 am.{

-.r”, obtaineﬁ empiriaally, by }nvarse ;
iﬂterpalatien , : .

"EIO (ﬁ.&f?;}hsmf_éﬁ@,) ® .00@%91(398

X W (Er.v.,} ega.{,weg ) o® .no&%gm%

A ‘EJ*, abtaimd ﬁ-m mbaarva{ziwnﬁ Lo

i f},é\ﬁ x:;’btained.._,fmm ebser?aﬁimm IR
';AH, | omaimd frqm ez:amrmbigns :,i'

Tf“g. F&r thﬁ 51m&£taneaua syatam-ef g&gebraic aﬁﬁ
diffarential eﬁﬂations, e ﬁavs, a8’ tﬁa raader may chﬁck‘fur

;ﬂmég;';gj-i;‘_:;

B G



Ty

“E;:},:?{'a i )
A‘ﬁ{‘?‘fﬁ --é;{§?§=_:;}~§?a$f;f(%' )
CH(T)® - H(Y) +AE

R "‘ gff* + DX
‘; ;3' 'f ‘X;‘~£¥Ylf*~(Z1= .GO3ou4 singﬁ)

gt
- g

2T 10.5274)

v lAE ;0{3345&2 smec}

Whlle the correctlon terma,ﬁ WY, AL, AE m&y be pesiti’m,

- zaro, or n@gative, ‘and may e 1ncreasing,~atati@n&ry, gy
‘negative, the eiphtesn canonical variables (save for X' and: Y*)

are all nongegative threugheut the trajectery (as far bz thHe ~ ”j‘

~ level point),

Their behavior along the ﬁvag&etory,_as functlmﬁé a

of 'may he”’ ﬁeacricﬁd as f&llewa:

'_;g; T
@ s

{2}

{5)“;3f'1'3ncrﬁasing from 0 ta 3*«’fitif“‘zwﬂ}

Mﬂ

E Increasinﬂ' f‘r‘s‘f{: % te "f*rﬂ AR R

, Inereaszng f?sm Q ts %w.gf"




- (14)

‘Qfﬁ);;

s
(8)

{7}

(8)
(o)

V?i{il};
a2,

ij§§3)

| -_ £$6§[

PRI C

_ Intréﬁsihg;
decreasing

 Decreasing

'Incréééiﬁgﬂ

Increasing

-vDecreaaingg
tOH;_'«.

Decregsing

Decreasing

1nﬂreasimg:
» Lxee between B i &ﬁd B .

;ﬁxﬁee?e&siﬁg
' negatxve value Y’ .

-7 Eﬁc?eaqzng

Decyeasing

K 1ncwedq1ng

LfDeCTB&Sng
*Tiincraasiﬁg

;§%¢39$s£sgf

frmm H ta H

\ ‘fr m V to v, in’ then uaually
' increasing | SR

«
-

fram.o to km(at Bummit) then ;“

tﬂ K*v . ,-
_fyam K* t& iy ‘E 4 xm}

fmm {} ’i:a Fou s

‘from 0 to Yos thﬁn uecraaﬁdng

mln’ then incrﬁasfng

frcm U ta ”if .
13!) U*qg, min

n ¢:JL§1

ﬁ‘mrﬁ Y'Q t‘i&mmgh z&m} tc tha;, IR

fﬁm ’ei’* to ‘Eig . R

from A +a,¢a ta then'-i.,;'ﬁ-.- ‘“
to ﬁm- = A g Amin?'

frdm H '*AH t o I{ , than'f'f_;.;.i._ R
Loy H«m &t ngi amm e o

: @&G”%aﬁiﬁg fram ¥é %hrﬁugh 2%?5 %a thejlfﬁ;fd.
‘,;:;‘;“f.inegative v‘alue Y},,@ e

from X! v %
f _ﬁ-,#




wd,
2,

-;)f;caeffiaiaﬁt, y-Fhich aenvéris an slementary dim®ﬁ8i9ﬁ1§§$4
.. unit intéra. caé_
which cﬁgw&fts & canbmieal nnit into a reeerder unit.. ( v}

,fdiractly 1ﬁta a¢TBCQTd@f anlﬁ. :

;r@fevence to the mechanical gstructure of “the Differential
- Analyzer, . J¥e ‘now- turn to the queztion of emnverﬁiﬂn
;'coefflcienﬁs which Whilaqanalggaﬂa 40 the Preceding.
- muitipliers are not’ {in,mgst‘aagas) immediatalydexp
,in ta?ma ﬂf them.;f}-‘a* jn',‘, R

,,g”variahla enters into the physieal operation-of the marhine
enly ms. proportional ‘to the tatul turn. of some ong)or mare

o rotaﬁing bus shalts. " If a given hLus shaft reprdsents by
. ite total turd the. canonieal variable Z;, then the eeeffieieﬁt

K yi&lda Qi ‘wnits fnerease<in the- variabvle, is ‘called-the _
v ocgnveraidn cogfficient- fer’th& combination of given. Bhaft
. .andgivén canonical variabla. A given variadle has a aaparate
- corniveraion aneffieient with regpeet to each ghaft representing

”'cgaf Teients”

'”‘ﬁi&ﬁﬁmhaveé : - .
- leerrespondifigly- numbered pulmzening and machine slément. an "
fﬁiﬁﬁtﬁﬁg : he:regresaion R 14 the variable with official PONIE

‘h?zefly faar %ypaﬁ &f mﬁiti§lier$
{4) The

?ha esﬁnnlw

it 1&%@ 4 d ézsien1$ss un:t,_ (ii

onical units {1i1} The recorder ratio, £

Thﬁ multlpliers meﬁtiaﬂad &bave hava o, special

”]In th@ Differential Analyzer each,prmm&ry eanonical

¢ Whigh- 13 such that one complete ratéﬁ:an of the ahafﬁ_

it, while-alsoc a givan shaft m&y*rspresant several. ?&f1&blﬁ$, s DO
(nscessarily mutually yrcngrtiaﬁalj wmt with a,sepam&t& S

* canverﬁzon co&ffagient for eaths " The symbals ¢

§
,qtig’ﬁ 'Ctit Will ba ﬂﬁad &QP th% %?er ﬁﬂﬁ
%Z cﬂrﬁggyanﬁing eancnieal V&riahis& (1*;2*
LR P - P, X K,i.*?l "BE" regﬁesaﬁteﬂ ‘on’ the eor“espﬁﬁdingly
%ﬁyimary“ tus shalt which serves as output for the .

¥+ X% is the -outpit of the.intégrator unit #3, whmh :
thé Sutmachine. #5. This primavy. output shaft is zlas |
ement #3.. :The conversion ‘coeffieient from primary

";shaft L %&ria&ia fa d igﬁataa By ga, & sigﬁed quaﬁtity.»;J,»H;j'J



eoupling coefficient for: the gear coypling #JF. Thls

1 ceefficzanﬁ from the primary bus shaft fo

M P
e L
PR

The conversion ao&ffmaients (as dlstznguiahed fron rsaaré&r

coupling coeffieients] ¢y to ¢y, are for the recorder: ?&fi&bl%ﬁ.

The gear compliﬁgs have been éeserihed ear&i&r;
Bach im si?har a- single pair of meshed spur gears (them..
constituting a simple gear cou§iing) or. else 18 com aﬁﬁé
composed of a %rain ‘of much’ ‘gear ‘gouplings. VWhen two tus
shafta are .gearad togéther through a gear counling, bﬁﬁﬁ,
ehafts servs to represent the same canonieal variable bt
with conversion factord. in general different, The change
in conversion factor intreduced by passing -the varisila .

“through the gear coupling is multiplication hy & coupling

coefficient {always a rational numbsr) entirely getermined s

’by tha m@gh&nia&l ?él&iioxa within the gear cgapllﬁg.

- Th@ goupling aaeffzclent is éefineé‘as the
{8igned) numbeT of revolutions required in the tus shaft
entering the gear coupling to groduee one revolution {in the
same sensé) of the busg.shaft. emerging from the gear couplings.
Since the bus shafts are parallel, thers is no ‘ambiguityof
sigﬂ involved. A coﬁnliﬂg caﬂfflcient has determinate signjg-
t is, for instance, negative for each Bimple gear coupling,

The gear couplings are givan serial numhers* frﬂm 18 -
through- 56, ecorresponding to their position in the comylﬁtelﬁ

list of sulmachines for output. We . may desigrate by ’
g%@égeea

no confusion with the conversion . coef icient gsinee -t
setg” af su*script numbaringg sansarn&d do ﬁﬁt avar1&§.~

Te illustrate. tﬁe ?elatians amang the va?iab-eg
csnaider:&, the physieal variable for horizontal ranges &

. the corrésponding canonieal variable, and X the eerwespgnding'
" recorder variable, One has the equation, X = mX," eennscting
- physical and caronical variables. - It will be seen that gg
g«-«

is the conversion coefficient Tor ¥ and ¢, is the aaagli
92% to tne us thaft
of the recerdar var;abia* ?@r the v&riaéles herg eansﬁderadfigq

* There Wﬁﬂlﬁ &e é%tﬁﬁtiﬁﬁ& iﬁ @h& ac%u&l numkeriug af maehanlcal
| gear ccuplings, exceptions which do not affegh. tha ﬁhaary but wh
.simﬁlipy iha p oﬁlem - setiing u@ ﬁhe maahine* T .

’ N N ¢ ’ - e Lo .
.o I " x L .
\') e . T -
e P : . . .
.




¥

o there is s comhon. zeTe’ origin. Euw o ﬁurn of the primary
. bus shaft gives by d@fiﬁztion Cprinits Imerease in the -
canonical variable X. Hence @, the tosdl turn {im . 00
-ravoiaﬁimgﬁ) in the primary bus shaft for X, is 'equal to’ )
X/c But 1t takes- €5 turns of;this primary bus-
sﬁa %ffégt one turn in the’Tedorder bus shaft, and hence
Y one unit of /inérease ia the reéarﬁerfvariabla, X. -Henge pha- .
: - owariables, X and.X, whén carried together on thip rederder bné o
- - ghaft a7 50 ?eiatgﬁ‘ ﬁat X * XX 52; &2 hle( }. ﬁéﬁée E L
‘ flﬁally o i ) e

R T
, ‘E tiena& Frinclplas Relating GanVersiqn LA ‘
oa fleiﬁﬁﬁﬁg~ e .

Ve amall iist ﬁerewith %ﬁﬁ% p?iﬁciﬁleﬁ aéagiﬁa _
- coneerning egquations among the .conversion. eeeffieienﬁa, aaiﬁg
S the lettering in most cases analagﬂus 50, that fcr +he :
L varzahl&s and &ubmachinas. e . R : :

_ {a) Far a givah @%nanical varlabia, z with e
c@nva“ﬁlan cosfficiant g eon @ glvém Bus-shaft, and for sy ;v
: givell non=zero . eaustant, n, the conversion coefficient Tor A
Lo ; the variableyd. on. thias same bus shaft is ng. t?hls fal1@wa S
: from +he ﬁefinltion of: conversian m‘ze:‘.‘f:tc:Lem;:_\.‘”;..~ . :

: Lb) For the- calihrating drnma Yie. canversi@n gl Gl
;GOEfflClents for the separats cananlaal arameters, A, o e
X‘ (rewpecﬂxvaly numberen (i? % (iiiﬁ, ?iv}, ;¢~' s
(v)f omn their respactive .primary bus ahafts are taken . ‘L‘*F?‘
without loss of generality to.- “be the  same respectlvaly LT AR
~those for the primary aananzagl variabled 4b which thesa -
 parameters ‘are respboatively (a1gebraically}-added, on thﬁ%e
“same shalta. [?hi@ reans mersly. that no fgrth&r c&a@ilﬁgg ,
care actually br nominally interposed b&t@esn the. maeha§£3m o
of the eslibrating. drem unlt, and the ahaft whssa p&imary
canonical mr-mme is ”seing &&li’ﬁl‘ata‘é‘] -

{e} baﬁ fk}

- \ : (&} Qn %hﬁ ini%iﬁi %ﬁs gﬁafﬁ {chain-&rzvsn by tha7
e . prime motar} the convergion factor for T.is taken without . - -
' L loss of genérality to Bﬁ a?%itrary pave for inferier limi atians
to be discussed l@terg “It:is ususl to take this- conversion
as small as. is aomvﬁmf%gtly %%rmgtt@d %y %hsse inferior S
* ;i-&zmiﬁ&%igﬁs‘ ;1; A R Dﬁ S e, P

.Qf“z

o) o (n), co*%z‘é‘md;-bs:;i;):éaa‘ to ()"

‘:;;704 e




£

- eanonlcal vVariaple serves

agsociated. 1aaﬁ,screwﬂ, then U is also-at 90 reve

' speci

“sa¥ By,

iJ ll} Fer any integrataﬁ{}tha cnnversinﬁ=e
K3 timss thé prad&at of Lh@
inpat. variablea of ‘the intsg )
shafis. E‘Iihia mnmw mzzz amﬁ‘

gmit 28 a 8a%~m3chineg

QQ} ﬁhan & givwﬁ Ganeﬁleal v&riabx serves
&if erential input for'mﬁre thaﬁ one: integraté% mnit 3t_,t
conversion coafficients are 1y’ en ' :

varialle on these several; input Sxafta;

one . antagratar unit. e et

(23 Epr thﬁ ni?iﬁiﬁﬁ Table {Tab&e #2) thﬁ ﬂaﬁ?srsion 1‘;$

emeffzci&ntﬁ 6f the thres . variables concerned; VoA, E}‘sn
their: respective-us shafte of thiw machﬁne.&ma 50, rei”
the toeffielentyfor the @aati&nﬁ,‘ @
~of the" reapeetive canveraiaﬁ aafficzents faﬁt‘m mﬁm&w tbr-vv
snd for the denominaior, A. '[The fattory: l/ﬁﬁﬂguari ;
Cthe following remmon, when V and A are sach at thel glim;
pogition of 80 pevolutions of their regpeetive shabis’

its own 1288 Ecrew. .Put this lead serew. intura iaxgi”“§§
the mechawleal “meteup .of the table  tteself,' & gesr ratis™
yraﬁnaxng four turns of- %hﬁ ‘eventual cutput.shaft toiegac 5
“of the- G&tpﬁt lesd- screw. Henee 360 turms. of %he av&ataax
output shaft ié rseuibad tn4yielﬁ Qﬁe unit;'ﬁaraaaa :

;'H%’{Sﬁ ﬁate.l Fow ﬁ@ %s@@l&te Tahla (?&%1% %Y 'ng
;1iﬁm1e;iﬁ invnk@d. = P :

’ an;rzk whasa relatian Z
by the, adler: upanﬁ the respechbive sh&f
on’ their reapectfve ghafte: the sams:
[ihiﬁ iﬁk”bvisas fram inavﬁﬁtian ufﬁ




. '\';?“f&'

ﬂ»3raspectivf
oemetions among canversion coefficients, inVOlv1ng 2.8.

Cletters (1) &
discussioen;

| *Emult Sugﬁe_ue;ts A and B.

‘";I?his ia Seen fram thg follow&ng twa faets: {i) Thﬁ two
varintles. are.- relafed vy-an-eguation of the form 4w 1Ly

where r4s- by definltian the eorresponding recorder ratlog

. n[li) since’a cnupling comnects directly the primary shafta :ﬁ'

and :Z, -ore has a relatipn.of the form e
3197 the goupling coeffitient concerned ind K+
ahe thﬂ uOhVBrHlOn GOELfiPlGﬁtB for ,and Ztg

?he suhmachlnes #1 to I? inclualue with : their
guations:and variables lead to the follOWing

mltipliers the coupling coefficients concerned. The
{1} are. barried over fram the general

i

IR Ko-illuatrate +he method of . ebtalning the equatlons
Yo conversian geefficients, it will prombly suff:ce to
L”tha firsgt relation, namely ey = 32 e @ 9, 15
~This 15 found by reference td the fe a%1oﬁ
V dt pravided by the first integrator unit. . The outpﬁt

Lof tﬁls iategrater unit is € carried on the primary. shafit -

 for:ag, namely‘shaft #1, end with conversion coefficient ¢ _
C . The” shmfts catirying ¥ and V respectively into this integ r%tor
.onit. dre not however the primary zhafts for thess variah]es,"
. The var1ahle T~ hag heen passed through the gear ccurllng'#lg,

" which bhag the. coupling ccefficlent ¢ :

“shaft for T the conversion coeffic1e%ﬁ is

On the nrimary.
? henee. on the -
#

differehtial’ “input shaft for integrator uni 1y, T has

. - the conversion cosffielent c,c -In an entirely :similar
" way-V hag on its input shaft 1%%0 t
conversion .soefficient o gs the ¢y being the conversion
ccoafficient of W om its gw%
- thé coqnllng cuvefficient for the gear coupling whic
-V from it own primary shaft to the input shaft for integrator
- #l. By PTineiyle (1}, the integretiun gives 32 times the
Lo Ciproduct of “Bhe By €nCyps OF 32 CaG wh:ch in turn is "
“vfﬂfe be equateg %g claagd%gired. ¢ g 18 19 : .

hig integrater unit, the

nrimarj shaft and the ¢ 8 ‘being -
% carrieﬂ

e (1) (1) |

| ;f_ From s =‘[v ar, L 32 c0c9c18 19
.61_ From J =4£ﬁ dS ;, :  *-*  CE_H 52 cl 15 20 21
34 Fram R ajfB a7, ey m B2 oegey 0t
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»- #&$? ense.”
,?ﬁlﬁﬁﬁ fa

 eath othé

"de%s?miﬁaéig,.zg rational iin?slvzag $§ sav& fer & gdn;

N
w

III, From X =

sy " Trnp
IV.,: : 3’;{‘{}%& ? = . ﬁﬁégrﬁ}? -?,;’;7 -
V. _“%?m T B %5"“% |

;.4

&alatiﬁn of %h@-ﬁguaﬁaang fé%iésé?ét§iég3f
@ae?fiai@ntas o RPN .',*-n

1 ?ha 5yatgm af- emu&tiang in“tha p?eeeﬁzng'sgcti§ﬁ

'invalves any more unkrowns than equations. It is &eszrabia
o separste rélaticns involving counling cosfficients alone
. from-thoge” nhich‘invalv@ primary conversion QQELflCiﬂﬂtS«i_~” P
. The CDe?fleienta e ‘e, mnd gy ﬁc Cpg WAy e eopsidered -
r_segarately ga

Lwd, l be r@aallad t Iz in adine Gnses &era,
and is in anyrease tased.upon the absarvatién of - the azimuth
vf fire, - This number negd not be easily’ reprasentqble QXaotly

by gear: trazn Taetors.  However tha use of thée machine reguires .

tor Lo represent /A, Since the effest 18 iﬂ
‘wi- adjuet ey, and tgg 1o giva aceeptahle. v o0
’ f&ﬁ@ a?fieﬁg, ag wixl diaeasaed ?reshnﬁiy;:

an iﬁde@e& jﬁﬁ §ar%métar; %o be aﬁjﬁsﬁed;later s&hﬁeﬁ% ta
inferier” iimitatﬁenap ‘Leaving thig parametar: 1§ﬁﬁﬁerﬁiﬁﬁﬁﬁ$
wimary senversion coefficient in the iisty L7 5y
‘may e defernmined in terms of @é&plzﬁg ewafficienta.

qaaératia i'ra;i‘naiity, %ﬁich.may be



iy T
From (16) snd (5)7,
Lo % T ety

Eraﬁ (§3'an¢j§5l?;




B l_i?Tom {6)

(15)', and [8 1), |

(8)*
: =1 -1 -1

EN 32 6 g l c %‘ *1 _‘,c.
o eles 29 32‘33 34785

oK _1 P
32c
o°sa 23%34 u5° 59641 47 o

WEPH (21}' and (32]'

@
t'.
Ut
,p,
OD

S-E

. nTurnlng ; aily ta the*gegf cnuﬁlin eeeffieients 1aad‘ng,fr m
-M.ﬁhe ha-deranka, we have fram {1 %1 “-{ ). i k.




i
i -

c ) "G " ""l

"’QGG) dgg © gv 5¢'”

35 3@

%zc

"'9 4@
1

B 25352 a7 ”5

:’73.';_-':53 5‘3 4"

e 2l -les-l
21 “5 3°v 33 ‘05 T




259 c? 2 = 2 : 3
(23) o5 °% ¢5) C5o ©2¢°35 “4n o (23)
To this list we may aprend for ithe recorder ratiog "

?I - B

51
Tir T Ca
Tyxr ®  Cp3
iv T %5 ‘
| By T gy
&JVI = eﬁﬁ |
For ths eran% gear counling coefficlents, we have
(2a)r —01- 45‘"’ é ,,;51 55% 59° 4?
(25} ‘g ﬁ &é“ (1X5w)c,g 33 C,q
{26]1

%5%6™ %%

B. Inevaalxties for aonverﬁlon and Geunling CUfolC&@ﬁt

i. Travel Elﬁits.

: S Lh@ travael 11mitq for the separ ate sa%machihea were
manﬁiapnd A7 the deeeription of the Differential Analyze?; Some
&dditional cemments ars cnalled for in this connection dug to.

the fevﬁ &ﬁﬁ use of the caneﬂlcax aquauieg&.

The following Hallistic f&nCtLOBb have 0rd1nar¢1y
for their maximud valuss on any one {trajectory the initial
valuew, snd in any case (a110w1ng g little margin) the
initial values may be used az satzsfact@ry approximst ions
to the m&ximum values. This holds even in thé case of

U= v/g, d@spzte the dscraass of A with altitudea :
o UXE Eg, Ve U, YL, W, A, H, Y, % |
The Wegyecfive initial values may be designated as fallmws,

gince in partienlar. XE and &' have the same initial. valaa, ‘and
also Y*_and ' tave the same initial value,

ﬁsﬂﬁgo, Yéf Uo, ? Wﬁ;‘ Gv<g@i ¥ Ké' a;ff'




"f:tha Values of the variables given“
pargin ef safefy'the value ‘3810 in
IATE -

'{datarmlnate;‘w *nf H. If 13rgar valueﬁ of U are needed on
'some - tragao 3 neW'template is ealled for, This maximum
el valuetof U ieh the given template, giving B3{U), can be -
- -used ‘may be designated by UBu It may of course happen that ,
& giventrajectory does not use .the full range of the tmmplate,
80 that U§ may exceed Bbi If héwever a. gr@un of. trajectaries

~ ‘have throlghout: a commanvmuzzle velocity, V_, such that V. /A
=28 S £ 3 very'much ‘less than the Uy of the gliven %emplabe, 8. new
(.., - % template may-be used. dlsplayﬁng the same functianal rélationship
T CB{), but with greatly.rednoed numerical range for U and. hpnee
5“‘M1W1th ﬁredtlv 1ncraasad scale and corresoOndlngly imprevad :

o .

:éfﬂéiﬁilar ﬁannéf;fﬁﬁe'may Teﬁark thﬁu

,:3g:Ig%ﬁgﬁggﬁepaﬁtuagwﬁﬁgp qne tragectory

L &d o eg%r ure ‘are ugually :
ﬁ ( 'nearly 09 to neariy 900, the meximum Value,
.~for K' and W' ﬂhthe s6t of trajectories is - ° 7
; oy ond similarly the maxima’

o 'iscf Y' i’ also *ikely to be ‘approximately V.,
“Ljeven theugh AL g X eannot bmth bP used oY any alngle

S a ﬁnf the 1ntagrat1ng unlts the. 1ntegrand a8
-ressed 1n revalutions of: the lead screw is fres 1o range’
3 g - The discussion feor ‘thy firet
GV dT may serve 4o illustthe the ]'
ﬁ:ThG maximum value of V 1s V . Low, by

- . 3 .
v : N .
LT
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 definition of conversion. caeff:cient, one comp&ete turn of the

primarvy shaft of V yields an incremeni of Cg units im V, and.
also ome domplete turn of the secandary shafi carrying V,(whish
shaft 18 gear coeupled Lo its primary shaft by‘a gear coupling
with coupling caefflcient - 5 it yields Ty g wanitgialgetwaic
inerement in V, “Hence 40, t%%ﬁs y&elds éé!cgclglunztﬁ 1ncreaﬁe
in V, S0 -that one haeg " - e

a0 l 9 19} 2" B k | R J{‘i)*

In a similar’ manner for the sﬁhﬁr 1nt&gratgr un;ta sn& ahtainm,

40, |e %5 ::.7*1]”‘I

_k%ﬁ J,llaaﬂ :%ﬁik-::i;yiiffk';a=é§?f?i;?
40 Lﬁ 9.3‘3Ymi“i:.””f!“ “ RS
é& [c13 ??uhz twiﬁiﬁcifée’*u "
3y * 16 31"‘- .

'.*’?0 ‘csesglf’ﬂm | , _ ,‘
“3The?e are similar 1neguaiiules &ermvahle frﬂﬁf&haw'
11mit9tzon8 on iraval for the tabl&s, as’ Fsllows.‘ﬁ R B}

: ZB‘{W the Ve«c‘m:c‘ Ta“‘le, g'zﬁfirlg V.&
.alléwed fo vary over pesf{tiye values up te about X! ?hﬁ Table
' ﬁeemzmgly olfews for positive valﬁﬁs measurad frornﬁts senter,
240 turnus of the abscissa lead seraew, However, the radisl bvar
earrying V on the fade- of the. table  is adapted to only a-slight
margin over 4 travel-in V of: 186 turns of its lead screwe
Slﬁce hoth W' and T remain-in absolute value eszentially

not greatar than ¥, we have as practical limits, ¥+< Vo

ivy < Vs VL Ve Theae lead resgactxvelv to. tha 1negualitléﬁ

B 1'3?
mo Iel;’: sl 2V, 0 e ) (o) ,
j ;8*3 * el’” 35 { 2:1;?3 “ BT ‘ _f &(IG}'*

'Fap the D‘vlsian Table ﬁl?lng U= V/h t%e axkrema
hound is impoged . by’the initial conditions. At the start A is
evaluaaed Far thﬁ g“sup ané kag the known const&nt valua A 0®

. N . ) P ¢
: . JEE
. x W - ) .



Fad

- iﬁequaiity

'-H@mce we write

Hare V i3 bounded by v, To make the most uee of tha ,
range provided by. the a“l%, the initial setting should be
for the radial bar which carries the follower marking ¥ on .
the faee of. the Table o be in approximately a 45° pesition..
Then Ay 18 out at 180 turns of 1tg lead serew, and Vg at -

- 180 turns of 4its lemd serew, 1In this angular positiocn the

follower for the quotient, U, has its dESplacemeﬁt fixed,
The output of tHe maching iz provided by 'a heavy lead BeTrew
placed parallel to the abpeissa lsad serew and with = ten

S turn per inch piteh, The nut garries a2 sleeve in which

sliées & bar set rlgiﬁly at Tight ‘angles to the radial bar

_in the fade of the table. In extreme positiom, it is aleo

& llttle wore than nine irdﬁeﬁ from the center on this lead
sorev,, and due. to a 4 to'l zear ‘redustion built into the
table, rechbrds the .value of 360 furne for the output shaft,
Hence for the Division Table we h&ve (save for s littls
ma“gin} the fallowing, ' ‘ - L

,,:, 186 |014 %|> A
o “h;;;laﬁ {c e ?]:b ?’&;‘
Lm0yl x> AL

._The axaet valua of A ito six $ignif1cant piacas ig 10. 52?4.,
Howaver. due to the. a%gilab}e margin, we may use 21/2 in -
‘placge ‘of &@ For”the plrpose of thege inéqualities,  In place -
'ez the firat ineguaii%y aate& abave, we-write an eq&atlan B

s leyes B

aﬁé,in pl&ce ef the third w& wriﬁé the 6llght1y 5trmng§?

56@ IQ | .;% f23?gfél;j

o {18? .

| |‘-'f§_£4 zsal *?/139 TP ey
Ea l "ml m/s?%- R m )

: _ Tha ?empl&@% ?abie_WJV1ng d&rectlj ? as' s
functiaﬁ of. ﬁ; and through ealibration givzng %(U = B_ {U)-+fw

',thﬂre r*ls Hi ﬁm@irieal constant on any given tragects?;, L
zﬁvolvaa {in caﬁtraﬂt ta fhe ather. tmbles) only two lead -0

. "o,
3




;;’43@" i:urns

) e ' ,teﬁal tr&vel of
@r@aégandipg to values sr U fram 0.t6- Uyo: -The -
é?ﬁiﬂaﬁ& l@aé BePew. has a tgtnlutraval sf*aéﬁ ﬁurﬁ@ carrﬁb ﬁj L
1az1mnm at thg gﬁarb ““ﬁﬁge& fcr-the famplat@ T
nstdad @f'ﬂﬁin the dirgct Yelation’ 4301& ggglé-ﬂﬁf ﬁa, SRR

vw;:amd‘?aﬁalilﬁg that L8, 5., We adopt the ﬁaman&lfym_
wk'ﬁf' nger 1&@@&3 o

3,:f;ty ’{‘15?’ h@i{; s write . .

:773uhatitu%iﬁgkf 16
Ceronouverglon eoe! -'3* ;‘ ¥ Gh%ainad in beeti@n
'“ﬁ~wa ahtain' K'ﬁf@llewing (ﬁ¥&

to 416}t respaet ivhlTL”
uation: 113), thagaiara all iﬁwquai %ias,
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- : fl&eaeé 1nternaliy ar. &@aﬁate

e &ﬁwsﬁg ;nﬁ aﬁ~ﬂmati@ fal;zwer with-fresh. pawa? inpute =

T oguestipns of-back lash, friction and load. arize, but rou hly
gl : fmachine-{other than an integrator unit} .
411~ under g -miven laa&, 4% opsrates ﬁaﬁisf&étﬁri;yﬁ

5£ aa integra@gr aﬁit,ghawa?ar, whs?@ fnrthaﬁmay .

,f‘w1th(1ta own - matok ,
i engrgy, and power,  Inwopdbrote o -
c‘t:ssisn e:iear it ig well for the resder o & ©

' Tavgsolooch thﬁ,distinctimna ameng these term5¢q~ L
Het Mforge! is adequately: undﬂratamﬁ, 8
ﬂ“ﬁo‘id re&&ll thaﬁ”toﬂaua ia'a momant.‘ The -,

14 ;;The 1ntroduction 0f a gaar caup&ing

‘fargae tranamitted.é The dutput bus shalt of ..

‘ “on the Bgfferentlal Analyzer has the- gamﬂ*
4 ‘

19
.@rcaf%y being 56" geared a8 to- turﬂ lesa’ ‘.ﬁd'
e~input shaft, Thelenergy, however, save far
by frietion, - remaing’ congtant on psssing: through'a . uw«r
: >..iing@_ﬁfhe enargy of n steadilv”rotatinw bug. shaft

#.tnewtia) 1B praperiional %o the praduat of'the =

' terq&@ ‘bythe angylar digtance through which

nt} torgée acts, . When a ‘gear coupling 1&&?&3553

1 L A t.thé comt of reducing the Telative:
gpeed of rotatls ,pro%o?yzenately ‘thus ‘keeping conﬁtan% .
S the energy ‘(save For :1gss through friction). The pewer =~ oo
Cagwn steadily rotating shal¥. is. its rate of suppling CHBTRY, ¢
“re fanilimdly, . of doing wark.  One.could, if desired, .
Jof pawer rather than snergy h@ing fransmltted t&rﬁ&gh '
a aﬁainaﬂand Bne - W&ﬁié~@&?”§ sut all computations &
el “wower. . Thé. power. sagglieé weuld depend agan
;nthe apee ' tﬁhé prifer mébor gt given: torgue. Since - the . .
famtionmg O e ‘Differentisl’ ‘Analyzer iavolves esaemml}y
‘ gthar Eﬁanwgﬁas&gﬁs speeds, 1t seems betier ..
! ng ‘of powar as such, - If. saﬁk
a ffths grzme metar ﬁeald

3&?%6 B




,‘f‘ w%h~

‘and canslder easeﬁﬁially mnly taﬂgent1a¢ farcas, or mare,

'cenv&nlently since tug shalts are concerned, only targueﬁ.K_[

.".‘

‘Tuis -ig appropriste for frietional leads under steady .. -

totatfon. A’ sutmechine glement  being driven by an 1ntagraﬁar

output shaft .eonsumes to maintain its, operation a eertain
torgue rather thah a gertaihi quantity of energy. By sufficient -
_rséuctlan of relative speeds, any éi?an set of submpchinegs '
- ean be apemdted by o gingle iﬂﬁegratar unit threugh its:'
itaruue gm%lzfie%i L e el R

i

It se&as saf%gte BEIUNG - ﬁhat in ara;n&ry praaiiee
tha laada placed upon motor.driven elements other than the |
torque asmplifier épérzting iptegrator ouiput never exgesds "f~

~-the torgue provided,.gince whén no {urther nrecautlana on.
@;}aaé are: adepted4 tharﬁ is BQ atsgp&g@ of bms shafts.

R Raw thﬁ Ia&é bar 8 "ty a mﬁching élemﬂnt srd;narilyfﬁf-
is caﬁrie& no-furthew, = The machzﬁ& element: sither 1§ a 5
naturdl térmings. s in ﬁna d¢ase of a printer urit, or else.

the sukisachine ‘of which it is an inpot eleément gagnlies

fresh vower-to its suiput. . The adders, hﬁwever, cens%itﬁté B

& votabletexception to. this gemeral remark. Any lowd -
sarricd by-the output. alemeﬂ» of an adder is also car*a@@

¥ one or the.othsr or beth of the input elements of this™

2dder. A8 & slmple, although erude method of -gbtaining -

an estimate @f tha totzl load vorne by a given: integraﬁa?

coutput shaft, we adopt the procedure of computing any loads

¢arried by an-adder which ia gear-connecied to a given
integrator ouwiput shaft, ag theuph ihe second inpui of

Cthis adder remains st&%zonary*- save for one exmeptlaﬁ&l
- type . of cass which we . now note. In the case sﬁ}y of  the

addors yieldlng eartl rotetion effects, Y = ¥ + A X, and-

X = X ~AY, due to the smallness of the eorr%ctisn termp

Fa% afd =AY Teupectively, ths load ¢n the shafts bearxng
tkese aoryection varisbles 1% JTeckonsd-as not ineluding any
Lu?+hﬁ“ 1&&&3 caryzed Hy the eutpu 3, YT and xr “anectively.\ﬁ

’gﬁf 4. Tﬂ& Li&% of Loadﬁﬁ'ﬁﬂ&? Cmqglxngs for ﬁh%::
' oepﬁrate Antegrator” Bﬂﬁput Shafts.

. Thera are 3i&ht 1n£egrator units which have haén -
assigned the' numbers 1 to 8. These same. numbers are alse .
aaﬁignﬁd tp %the respective ocatput ﬁhafta.. Eacn of" thepe
shafts lead to at least one input msehihs element through

a gear-coupling, The input wochine element and the

'Kcaupling ﬁhrough.whi@h'it iz drivén have bean &asign@é'a

common mumber* e shall PF@ﬁﬁntly 1ist, these numbeTs.- b

Tm ﬁxmglif? tha pre&lam mf t?&eiﬁg the 10&&

SN




: caryied bg»& given iﬂtegrater 6utpat, e aﬁal} am@e?gcare
in each cape-.the . number. of any adder whose output bas ‘344'
4 further- l@&éslaagt?zbutiﬁgaté the total load of the. znt&grater
i ;ﬁ§%§£%$:1€ﬁﬁ'153rﬁhe? logd.’ . be indicated by placing dn:
_yaraﬁ%ﬁeﬁe he Eﬂﬁh&?a ef_d,, 1%&3% mach&ne @lemﬁnta &s

‘{”and 1ndiq te'th ir,total nawb&r.‘ The typ&s will h&'aa
5 {i Eifferential inﬁut to- &n integ?&tar ' 7;

,,,,

ave;@n;ignt@vlng 56 trmcﬁjﬁhva gﬁ‘an
- _,ﬁ;‘leavlﬁg'e&&ier caa&a

)f3§a$ ahaf% fﬁr Kl gg, 4%, %&,_;
grand input for iﬁﬁag?&t@r Tnis #6, -
g ‘Sigdlarly #58 gives the, P”iﬁte?'?Z i i
,; ége arey ta?min&l for load,  In cantraaﬁj;ff

tothkdder #%, yielding W s Xt +4W: >
io alsy: v h@wﬁaurteé ag gart cf hﬂ ;
&tiﬂﬁ “th 5.1

ihmeectar Ta%le,
‘rminal as tﬁj
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Thla list cansists af 6 1aadﬂ, cmmyriﬁing 2 intégraﬁd innats, l t&ble input,

2, &ﬁde?xiﬂputﬁ, anﬁ 1 printar.

fThe compiate liﬁt is aﬂ ﬂoilmwa.z”

iy

. Gaar L
'T”Goupllng &s

o alsol

T %&thm S A I

,Elam@mt ﬁ& “.g‘ahag

Integrand

. Inputs

tmf-
B
7
3
R
&
&
v

5
=i
L

“ Ta%lellnﬁufﬁ Ai'ﬂ
' Adder Inmputs

‘??intéra'ff-

R

e
21,26 , |
- 20(47(2s, 5},$5 5a}k;j;ﬁ'7”

yod

b

49(ze,41 ,56(27,% }?f;"”
48§5z<: o

fad [ foud i

f SEQﬁésﬁﬁfaa,{aa} R .
3%,45,(21) | ’{‘ff-:ﬁ“g

o

. “Total

o = lf:
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?;13 éﬁta?miﬁiﬁg"g_s?ﬁ- &lth$&g¥ the- raatrictxﬁﬁs on enargy

guantltmtive Pr1n01ples for Load Limits.

Lot T‘r&preaant ‘the (anprox1mately canatant) _
tcrque of a- aiggle dorqgue amplifler output in operation... Ifr
a gear coupling with vmuylzﬂg coefficient e be introduced,
then. 61" yasaiag thrawyh the geaw coupling, the aﬁgulsr-apna&,
iz divided by ¢. . Some torgue is cgnsumad in f#idtion in aheﬁ-'
gear cﬁﬁpllﬁg, at the torque delive?e§ is approximately ¢ ..~

_‘-z timeg thé &ﬁi%xal %%?Qﬁﬁ‘ The energy remains ansh&ngeé 33?&:7
- fpr loss. %y ffiL iﬂn in the gear cou@llng.

R Esyarixeata wﬁth the safd loads upon the. torqus ‘
amglifze& cutput of ‘an integrator unit have led t@ ﬁ&e,,y’
fargulat1gﬁ ef *he fﬁllﬁ@ing 3Pinclplesz

(1) The to?que required to eperesie ihe dlffér&nti&l‘

‘ ﬂinput ﬂf an intewrmtor unit z&nd 1ts 1nteWpo%ed Feaw cougiinga}
B ;1s approximataly &qual ﬁe ‘E/E.A

(E) Thﬁ towque reduired to onerate the 1ntegrand

.;Qf;;;nnut of ‘an. intgzrator unit (and its interpoaed P&a? couplings)
'-f;iﬁ aﬁy?ﬁﬂ;m&t%ly aaual ta T',_ . ‘

sy ,fﬁ§,%§zﬁas reeui“ed tﬁ ager te ﬁﬁefiﬁﬁuf to a

-"?":"i‘?‘ ulg {ang-1ts m”“‘”‘@:‘f‘*eé gﬁa"-i‘ %uﬂzwﬁ) is 'ap@xﬁmimtew
_"‘}'éc;{;&}f ti’} ’(“/g‘ o . , : S _ "

“f&;-fﬁﬁﬁ ﬁcr@ae ?e@@iyaé to operate ome iﬁpﬁt to an

R 'aééev (and its ﬁnﬁergs&eé gesr sa&yliﬁgs} ia aypvaximately
-:..zf',._e@m:t; o ’E’/ﬁ. . n IR |

ﬁ} In G?dé? to avuiﬁ anmecegﬁary feeaing vack of

?_vzbrﬁﬁianggéxparience seoms £6 suggest that the gear ccﬁpling

Trom an. @utﬁut of an integratar unit to the differential

"input of e in£6grator unif should yield a. reducticn af

ralative ﬁpe@d to at m@at 4/5 of tha output Bpﬁedn

’:ié} ln e?deﬂ ta avoid unn&aeagary vimratlun in an

. :f;aé&er, ii»‘ﬁ Pégarded as degirable that no thaft 1eading into
o an” adder ?Q@%t&@ at-more’than halt the aveed of an 1ntsgrater.
-,* o§t%§t Sﬁﬁft ériviﬁg & “,,; _

-a?-sauy&ingg

) ”1§ractiaal yf@cadn@e, &f an’ 1nﬁegvater
&ri?es‘sevsral 19%@3, M in pumber,” then one
feﬁha tetal energy outpat ig allotted te each léad .

: 2 The lomnd due to & printer is counted




U AnPouzh an aé&ey ﬁ@ a? '._5;
i tHough it F&?ﬁiﬂeiiVEﬁeﬁ:f
'wﬁ ﬁh&ftb S

be used leadiﬁg imweéi&téiy into an adder if tha,eatggt;
adder i% te ﬁe ged¥ﬂ@ immﬁéiataly w;ﬁh a. gﬁarJn“apling,’h-ga,

o $@, s illﬁﬁtrate thﬂ mathod of obtaiming; !
ineaualitiéa‘éue o lowd limits' by -resuming the. tw@fﬁﬁﬁﬁﬁ
S ot ihﬁ laade u@& Lhn eutput ¢f-Integrator Unit #ﬁ, %hi?&

‘glves X&' X? LWt dRy . As'we have seen the load pumbetrs
For this vaplanie, KL, care 49(29,41,56(27,34) ) and consi
of slx Loudh, namﬂlylzriategr&nd fﬁgﬁts, 1 table: iapuls
3 a&dér Thputs, 1opr  *§?;iﬁ§ﬁﬁx “One sixth of the origl
ﬂutput BTePrEY. fﬁ@m Interrator Unit #5, 1s-ta be axlatxg
L dirsetly ‘to- sachiiof th e logds,  1n a&eardanee with,

o Br iple g, The, vé&p@ctiva t&rqﬁea supplied are then az R
o o Tellows, agduming that.in the. case of each adder cansidered,QJﬁ,"u”
B L +he athar— il may e ,rg&f@ﬂ aa%ﬁhmu%h ﬁt&ﬁiﬂﬂﬁ”jg - -
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. {“M 43 %0l (e -2 Yz, |
’ ﬁliminatﬁagfr, we h&y& éhﬁ*fallawiﬁg fl?a ineaualitias;
>§ TN RO
,.:.z‘f 6/ -

' 5% 491

,flcz'? 41 491 2 6‘?2;*

" g1 Cel 2 3 |

”"’.Fnllewing the patter@n o0 this exar:r}le, the ?eader
. my verlfy gg0h of the following. complate list obhtained by

,L use of’ Primiples (l}y""fﬁl {&). (eH, (’?) alome. .
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. ;m PR
e, R

{g}y

(537 44} 5
(8)r (1)

(4)* (ij"’_k
@ )
(4)" {111)}i§;
(4] (iv)

.
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‘ li ;;1 ‘qn 49{

."‘1¢ 4 %41 ®]
};ﬁor Integrahar #6

‘ 48' = 3/5 lﬁ.rzt;: }“"?,Vj”\’  4:4 s*fKCai'

'?;For Intﬁﬁratgr #?

EIURTV R
LA 1)
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o S ERNCELETY
,“Ml a1 45’ 1 él::;‘» R f8}”(iiid"‘w
';xépﬂlying«Pxinciﬁie (5) e thain the fellswingi o
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\'inequéiitiaa ara ‘Mot all independéft.  For sxample
.Frcm {Q {i} and (l)‘
 From (9)7 (rii) and (2)' (1) e,

Prom (10}' (iii) and (8)' (11} e,

C By '1n01pla 8

From (10)* (v) sad (5)" ( }

1:FV?53(837-$¥1;)"u ' v; L ic |
e e

I COLNETY
{"10 ' v

i ‘ F (10) (vn)

It bﬁcomeﬂ m%viaus evem upgn eurswry 1nspectlon tha% tnaaaﬁg

{1)Y states
25/

T
T W

iv R
B3

that [c?G[ / While (9)‘-(1) siatéa th&t [ gg{

AT fﬁ?l%@@ 118& mmklng &se alaa @f the fﬁliﬁ%ing o

:,lrelaticﬁs, §Pe?zau&lj stated, 9y RBegae Cg ar ‘and ¢ ~é' ,1
- is as folloma arrenged -in. 8?&&? ef ?%evgg % %5 51

&iﬁg ﬁg eript

any g iveﬁ agﬁliaﬁ’

X

N

‘:3---
3
i)

Bron ,aa' (11)ana (2)1 7ilc

:»»}»»
o
R

| U31np1224~926, (9} {iv) and {a )' 111) yield nothing new.i"“

Prom | (9}; (v) ),(?)*f ) ‘;_Iasé{ :jszz;jlaw,j?;i“éé}ﬁfj 5
eya

..«.mﬁ

'ﬁiﬁl-gf,"
ey

o (10)

iﬁi;‘ ;f:_“ {11%

2 ﬁl&il

z\<F1x,
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By ?rlﬁglz}le 8 Lo : e

v v

Foom (10)7 (11) aﬁd {7 iiii"”ie

- ‘ ﬁ*~~53;_:::347‘
From. (ID}‘ (1?) aﬂd (6}’ 'ié;ji!eéglf

oA
'méfﬁz

4§[“
From. {1&}* (vi} and {?3* (zi}

.l\dg

e °sol

§ezt fa? pyaéueﬁﬁ @f %@0 ceagling aaaffiai&gts,
ar?&nga& as to lower, sﬁ%gayﬁyt o _ "
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From (4}‘ (111} |
 The eenﬂitx&n (4}* (iv) f@l}gw fmﬁm (i?)\:

From (5)* (v} fﬁFf“F;fg fff{f*
‘3?033 24)’ {v§ ~;~~3Ji ;;-w oy

,:,Eyaeﬂhlimitﬂ.\

"‘J xaotev th&n 88% r*p.mj (a&%amatiaa&ly assuraa-at preseat}oagn

Frox. {?3' {1 } | (Méa &%t } 5/2 lt (lﬁ)

- The. cenditian ié) (i1} fol}bwa f?am {6} and (163‘ The o
. eondition {ﬁ}‘ (iiﬁ} aiw1lar1y follows fram (?} and. {12}‘uf

1 ﬂpxﬁ fer predactg DL th?ee caupling svefflciéﬁtsyT:T=.x

equatzﬁn,_eas ok

Gt

fc&a 416 &91

35°40 471’3;*§' t

- .{

?.k Spﬁeﬁ Eimits af Prime ry B&a ahafts.‘f

CAm staie& ngV1ausly, the. actual S@&eﬂ at whiani_ﬁ7’”ﬁ°‘:'

ﬁ&e nachine ig Ton deoes not affeet. the recordeﬁ r&aulia,

if one ohserves a few saf&gnards. -In practice the prime.". . .
.- motor though rated at 1726 r.puan. attually attaine nearly’’
"R2400 pipem. whenever-it is. driven at full speed . Ent wi1Y L
 mot rum st grester spéed on the g@esant eircuit.’ “Several .
conditions werve usuanlly %o, kaep the spead marﬁ ﬂearlw ati“-f;&

or unéer The rated valu&;

‘Let usllis% eXpiT itiy a@ma pfincaples cancarning

{r)= Tha primary shaft far T wheﬁlgmnevar rstate&

(2) At the aﬁart 6f A tragectafy tha grimg?y

_ ahaft fsr T should not rotate faster than about AB0 ?‘yxm.,-i S
=“ﬁme 10 the numher ef integr nds ﬁhen at th&ir extreme ?alue.‘ﬂ,d}"

: . gé} xar thﬂ ﬁ?ag&? warkina of the tavgue amnlifiarf""a
in cenpection wiﬁh Y] 1nteg@&iar unit vutput, axperience - N

indicéites an uppsr Jimit LE gl tel ek r.yum. for. thﬂ autput ahmft

of any inﬁegrﬂtmr Uﬂluv}@rzxi ‘gﬁknlm

In aﬁpllﬂﬁtiﬁn sf tha @hird of thass yrincip&ss

'jﬁaﬁ u@pﬁr pound of BOU repem. for tha.m&in “titme shaft’ mightf
- be made the basis of compuiation of gear couplings.’ In
,j:praatiee, howavﬂ?, tha oueraﬁer w&tehﬁa fhe taﬂh&meta?g
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'xTﬁ/@ times ag rapidly. as the -diffsrentisl input shaft

-shaft rotate gt
AR (tu?ﬁﬁ)y and. for givey rate of diffaran#nﬁl 1nn

AT e “the fipst
’iﬁtegrataw unit will be turning at not more -then 600, r.p.

‘;;a%%ft for ¥ ds reztricted to. {5/¢ 1600/ ( %;% 0 or 750
£

- is restrictsd to 1875/(2

-;_&p§?exiﬁa§ely stationarys; hcwever; ap above, and withia. R o
. changs of "sign, the ﬁrim& vy shaft for XL is ?ﬁﬁt?lcteﬁ R
.ahaolutgzy ﬁo 9875/ (B¢ : , o

' simiiar m?nnar‘saﬁfc ToPeMe BB maximum for the nrimary :
-+ . shafi for X, For’ th%saesaved angle of davaﬁzara, t&a gpeaﬁs
. for Y, ' T

| mttached to ihe 7T and X shafts, ek ahafta alone shéw eraticaa

speeds and verify that not.-mare than 480 r.Pem, is reEisﬁé?ad

~ for T at the start of the trajectory and 600 r.p.m. for X

at 3ny tiries  In ecage of either vound being suifzssed, the

. ppaad. of whe entlre machine would be glowed dovn by the. haaé S
ﬁ.cantral antml values halev *ha allaw&ble limits are rsgchadﬁﬁq;‘:Vlgf

§ﬁ maklnthhe cﬁmputaﬁlﬁﬁﬁ vayieus aggrcximate

o %stzm&&aa gre adopted. Ons may note that far an 1h§§gr&ta$

‘unit the mﬁxim&m value of 1+ he intégrand 13 ap;raxim@ﬁaly Lor .
ferty tu?ggfaf the intégrand lead screw,.. For the. iﬁicgraﬂdfg\; TR
dize at this position the output shafi rotites 43/32\t;mﬂa,133‘ o

a8 noted edrlxer, the output shaft and difﬁarentia SR
the. game rate when -the- integramd Yag them?alua

nutﬁut 1& § ouarulonal tq mhe 1ntegr&nd

: uurﬂg “for 45 @ngla Gf depar%ur?‘
nase, _ov verilcql fire.( - o

This limit, ‘given by ??iﬁClple 3, may be.actually obtadnea et
the start of the trajectory. At that mament tha input, Bh '
for T will've Totating at about the rate 480/ QL by Pri

{2}, ﬁﬁéugﬁe*efowa the output zhafi at abdout }Zﬁ iéaafgl )
~68QX§1 g Py Th&s output 1s slowed down te 600/ % r.p.m .
bﬁfﬂre entering as differential input into an integra: a“ unlt._-'
With H at the edge of the second 1n+epram0v di&c, thﬁf%rimary)

Tepeiie LB ontirely similar manner ( 1t P i= pot .018 e
'nacesaarily at a maxinum - 1n1%1a11{) ke primary shaft for R

gg Coq) T Patt. . Since we BPe DOw -
taking zere ag the value %‘%Q %h& primary. ﬁha$t Tor. K is @i-

18%0%:2' zé} g L -
3%&rﬁ;np afrssh.from ths T 3haft, we abﬁain s

Eg, até‘ S afneglxa1h4e.

:E“Wﬁmwmeintm ur%fm@m;%éﬁﬁﬂ%%%M5ﬁﬂ{"

fr

Lo4a ' . I




eatimgte of the maximum fcv Yt ynder conditions Tor which

Y 48 zero or nearly zero. This involves reference to

Lt

”W4=ggywying his 10 Bdaer #4y and ighoring “ng"

B &8 u?}?ﬁ_’“ .bound ‘35?5/(5‘30% Ca@ﬂrwmaaﬁe } T;?‘q'ﬁgg‘ and

~i»the primary shaft fer W)

e manimum 9375/{8c 30203“2336 g) Tepom. On ey
- Tadble #1, the shaft Tof WY %%&n a8
'faﬂ%raxﬁmats v 9&75/1 ey Ege €yq)s which

. therefore-is,” under ass&ﬁ&g é% %&@%rt

;ﬂpp&? %Gﬁﬁ@ ;sr fha gvim&ry ﬁ&aft Tfor V,

. Adders #6 and. #1l. In Adder #5, one can ignere for the: pre&ent
_purpose the zero term, =AY, a0 that, from what went, e fore

the primary shafi for xr will have an its own priﬁar shaft
é?efere

» wne“{*in{g fthe term AW, w
an. upﬁer Tous

v/a

ii,'.t*e 3 alsord 3!1

{b} &i daﬁ angi& of d@pavﬁure.

&i the ngla of departure of 450, tue preglﬁua
%@ﬁér boandg for ¥, J, and X continue to hold. However,

Ytia ne lﬁﬁg@? naﬁligible. Jut the maximum value to

e used fon¥! on this trajectory cannot be regarded
as lecated o the edge of the disc at 40 complatie. turns.
Indeed the maximmm-value of Yt when used fov the 1im1ting

o eass of Vertical ' fire is s and only V o/ ¥ i3 available
o here,. or about. (7/10)V .. wh
S turns of the 1nteﬂrand 1eaa serew.  Since 28/32 is . ? a,
' we have for/an-sstimate for K, [}9?5/ 2ey

ieh will e St about 26 complete.

¢ o0q, 1] (7/8)
Ty ¥l This' the primary bus shaft for K, uﬁa tﬁ%
conditions gtated, is. rLaL?icﬁﬁé to an ‘angular speed ef qst

.mére than sbout 13135/(16¢ ¢2 Tep.ne - Similarly,
" for: the primary bus shaft %%r %& msw
-ﬂ%’ﬁnﬁ 3§§raximately 13125X{16c

nbtain as upper

18°%20%22 ggl TePomls

Fay 1ntagyaéar anit% #6 and #7, placing X' uﬁé

4 at 38 furns of the integrand lead screwg we ebt%in,_
, under conditions aosamed %r

o for By and Sl%ll&rlf 428 ¢ o, TeTally .

- respective primary ga@fts‘ “We . shall not need an eatimate
L af@? an &ﬁper %aund fev H

/8}(480/c,.) % 420/c r.p.m;'(
g Y, on thEir

?a ﬁotain wh Hﬂp@? bound for WV, weuwe farmula Jg

_,ffqr @a%l@ #1, and follow the variables through adders until
"'.Wﬁ‘r&ach integrator cutputs. Ih Adder #Q, we have initldllj,'

‘for T, the .upper bound 480/cyq Tap.ms and for K the upper'.

'ﬁhiqup& 13183/(1661 cﬁocngc?éc Oi Pepoms Hence on the
| peimry ehaft for 1°

We Have. af, apper bound on ' the apeai
486/cn 2 [1313@/(1&01332‘3 58y €y ) S 0 .
n?tially gsra -

kt v X, we hEve.as upper bound for Y' the 'valu
46&/ 35364?)] % [lalzﬁftléclgeggﬁgzegécégc¢? § r*p;m.




wl’ - Y"*'-. I,Y—

-'i above: with'” fresh -gaar: eoupling caefflclenta.fg?émsﬁk

[4€ O/“’“’as 39{-47

7 we a%tqin.fer e upvar

. “,\\‘ :)“{

In. Adder #5, neblectlng the 1n1t1ally zerﬁ term,; o

Tt§

f’_-IXY an ‘upper bound for X§ is 13185/ 1501 2Ocﬂ)gc ) rop.m.,
.- which va lue 48 also an ubper hound for X' %n o@% pPl

- - shaft,' Neplecting the correctien teﬂm,tﬁW' wone then Nag -

C from Addpr #1, the value of 1aldﬁj 18ey

mary

4 ) I‘.p.rﬂ. I
W’n pl’lma%y' gﬁ % 41 49 ‘

asg an uuperrbound far w' on 1ta*
= W'g + Y'g, Wa havs

?Tom the relation V~

'. V dV du' + Y' dX"

where furthermore, ‘ander the candltions hexe asaume& inltlally.‘ﬁfﬁl

-13.' Uaing thls est;&ate we! h&ve SRR
| ‘ ..1/{— dW' +a¥'3 e e
Substltutinw the upper bounds for apaeds 0¢iﬁf;aﬁa'fij£@qhdp-; -;iﬁt
T u Table #1, '
one abta1ﬂs ‘ag &n- upper aﬂund for the deedqof“thngrﬁl oming

1+ [1'312“5’/‘"16818 20 22°24%35 Cy0° 4?3]

e [13”“’/ (16“'18 201 22 38! "4:?’41 49)] I”“ el

e )"

fous upﬂar”bounds for EREARES
- on. Integrator Unit-#4y . v
11 now be Vi oand will “te set at theedge ofithe’ - y

e For verticql flre the nrf?
",;Rgeantinue to. apply. ~Fap, Ky

'integb {or-disd, Hemed for K. on its. own,primary'shafé an.

it for.the speéd ynder the‘conditiona here aaﬁuma B
?s/(sala QQcEEI%%};Jm;; f{;iurn}nglnexﬁ to . “f#Q?"

§Bn passing;

Rt




A

"utated abave, we havd

.‘ﬂ"are Expressible. in térms. of gear. cotpling’ cesfficients {as =
o far as eperatlaﬂ after ‘the initisl- slaw:apaed ‘stage- for the .=

~and no easily wsable form of. inequality Tesulia, Instea@r;-:

“thamn | }}, wili ?@gulate the deimum tm be used for T.‘ We‘ﬁu”‘

From {J/ﬁ) 6¥07|°18 20[ < ﬁ@@, welhave_

lf};;Fer Y WB ha@e“feady,-an~1ts.awn grimary ahaft 600/030 r.pam.

i :ns ot the thlrd prin01ple .
Sl ualitaea*‘rlginally phraeed in
terms ‘of 'speed, -tut by mee: of ‘the first prinoiple, these

prime.motor 1s past)y *Assuming that thé wimary T shaft

"‘y--‘ro‘ha'tefa‘ at  spproximately BOO. r.pems, the condition’ At To

o unit. opfput shaft’ shall rotate Ffaster than - 7
600 r.p,m., tould be made to:yield . 1nequalities.\ Howaver;“ '
after the-initial slow speed: stage ig- past, the integrand =
va?iaolea w111 not in. gcneral ba..at- thair extrame wyalues

we use .initinl- conditiorg only. Primcipla (27, ratheér

fé,@ases dlstingulshin' among the three ﬂpecia
5;(63 discasaad &hﬁ - Ut e

J;}%ébg;fﬁﬁ‘hgﬁé;“ E
{3y For 3

ﬂthe only caae of significancewf"
m; we have L) s R

g 600, glving

820 ';o,‘,wl

1/)"18 20 zal

- ’97** -




S ymcasé Qf sigﬂlxicqnce fg
8 ”nuﬁ, Wa hava the same situat;on gﬁ
‘} £ 6@0 we fiad i ‘ R

: ) In ﬁaaa {c},:ﬁhe gnly case af Sigﬂificancg}f
© limitation of value ef Y, we have 51m113p1y' frgm .
. waﬂaaﬁ} 5 aoe : o

__.-:.;_cﬁi For. S Y
Iin caf;e (c}, fpgm 5/436{}0/1 39 52] < ﬁﬁﬁt, :
” l Ja ey <

- It will be sufficiant but not. wholly necaasary, to,»
&ﬁ%apt zn piacm of these, the foliawiﬁg ‘ oy

Togh 2 leggl 22 Can

’ %'i';f




This Holds for,ail cas&a,"a (b), { )ﬁ? 

- for

Ty the CQPP“Sﬁﬁaéiﬂg apaadﬁ &f tha hespﬁetlve ous
ths Canonlcal Vza:t’:lables I‘ X Y, V ¥r, Xf, ‘

aytimal detu?ﬁsnatien. On the . hmaia of @xyerlment tha.
:f‘m.le'i 1nE, prlnciple bam ba&n ﬁnunciaﬁed- R

: Pr ineiple. For the %ecu?ate hitti ‘ ‘
of sore PECOTPUET | Vavlahiﬁ byl e printer, there iz s Pant p&'&
for the-printer which weuslly 116& vetween 126 r,ﬁ~m¢ and .
150 r.pime © Ho prxnter ahoul& Q& operatediat:fa
sdf.}O ;Ei slle . N . .

We shall matain ﬁeﬁgrately ine al:ties:far ol
??iﬁtﬁr Cérreﬁﬁﬁﬁdiﬁg o t%ﬁ ﬁﬁﬁﬁiii&ﬁ% %&}, (b}, {a.
tﬁe g?eeeé;ng saeﬁzgﬁ‘ '

a‘,w

“5(13 Racaﬂde? ?a?xa%X@ T

Since the primavy shaft fer T eonnects wi
pvlntar shaft for T thvmuph tha gear coppling #8581,
c@apliﬁg'easf:icient Cxy ». it follows thmt o
g, printer. spsed of not” mara ¥han 200 r,p‘m.~{“ ot
ﬁrag&at@rv. z. reduction to one fnurth of thﬁ max'mum ﬁﬁ&
%G@ “.psm., fﬁf T, is ﬁ@@ﬁxrad. Hénce L

‘}(IJ e51,¢ ri } 4

(II} Raﬂnﬁdar ?armaole X

’ FQ? K we éistln 1sh 86 ta e&ﬁas 5
mt {o g is tri¥ial, and (b) is covéred by (a
(a'“{ﬁhs only casge ef’slgnlficaﬁce} ‘

ﬁﬁﬁ/ﬁz Segg

: Far X &s - far X wg kave~anly ana*l{f
thls time (ﬂ%, iving : )



ﬁ‘F@r (:j

f(lv) Recorder varlablaf"

“ZAThﬂ inres” ensbis for Vymusi be. handled Hﬂpﬂ?atelyﬂ
from 9575/ (8oy egapoqc S . : i)
awn prlmary ﬂhaf%, e é

bed 4618 20 22 54
léﬁie-gf;};‘ o

'”ﬁ:ﬁm 'f*hquatians and 159@3
ﬁupling'Coeffmalents,};,ﬁ .

1nve1'e GGUpllngytoaf*ibﬂaﬂtB in’ many waygw

%.arg‘?6t¢a}1~inﬂEﬁand?nt?‘as was =we&n in a.partiai'r&duc




- ticulamiprogran of trajectory. computation, {or even .more-
immedigtely ‘gpon the particular. tradectarJ) and those .
'Vﬁivh.reﬁﬁiﬁ egsentially constamt for the machine as a~
>5Whole whan amrviﬁg for the camputntlvn af tragectorias. :
‘It is found ‘thati “the freedem of choice is ample to permit

‘is indeed a freedom-of choles in odbtaining mathematically
~a solution of fhs fermal system of egusticns and inequalities.
“One is not interssted, however, 1n. all such poseible theqréﬁical
"solution@. There are practical considerations which wonld

serve to reject asiirividl many formally carrect selutionsg. .
It is gesirable %o avail snsself of substantially all the

' permissible travel of movable parts in grder that the scale
- be throughout.za large as ﬁGHVéPEﬁﬁ*ly ‘possivle. For . . !
cexample, ~iT a gliven templatc weTre SHGh.th&t for an-extended.
“ program of trajectery. cumpuaatlan only a small- horizontal
- «dnterval of the template wére used, one would opdinarily
prepare-a new %emplatﬁ rapvaﬁueiﬁg ‘the same funetional -
. relationship in ths part used, Wt spreading this used
dnterval of th@ yardible, U, over the whele ava;ﬁahle ”
.hera?oﬁ*al range for this. tgble..g o : '

b :wIn &ac ing % solutzan 1% is can?enlant tu L
élstingﬁzah Yetwaen those data which depend upon the parw[ o

whalgning at onee cerisin yalues from among the limiting

. values g?a?légﬁ by ths 1nequ&11t1%3 already given for -
travel, 1dad, aﬁa,spead. ‘We might proee¢ed arbitrarily . .
bo assign aerﬁain values and relatiens and justify this &
cholee by Ffornishing leter & wmethod for: matisfying all -

the ecuation& and inegualitias alraady stated,

N It w111 be convenlent, hawever; prior to such
%?%itrary agsigming, to list for refercnce all those . ‘
eguations and insqualities smong gesdr ceapliﬂg cce*flciemts,

other than those for crenks and prin;er&.; Qomparing the llsié

previously obtained, we have the following, involving. (save
for A\ in 7 and. ¢, in 8) coupling coefficients only:

Eguabloﬁst Fram the final liat in ?aﬂt Y, Bection A 4, WE
copy the follﬁwing - _

. From ‘ o )
. {quﬂ“fjf ?géif Cop e | | ,{Elg“

®o5%40%7 % %27%1%9 " o)




{23} 625334 ﬁézeég - W@ggcf}r‘ﬂég :

. - *
@ . Tx?ﬁ =52 7*@ 9‘3‘? P "“"ﬁ"%ﬁ 9‘?4?
ilg) Aﬁ‘ e «42‘3

lc ' @ e
Q 2& 20 ;%P éﬁ ‘"34 :53 :59 41 4-4
ﬁlso fmm E’ar**t V, nwtwn :3 2. Equatlu_‘
:38 [c - %I
Inegm__;t_i,__g, '

.ﬁ?ﬁm

BT (1}" | |
"B 6 {1} mésﬁa?f £23’
L {2} azzd B ? i:%}'

I e e e



L R
B (18) e gt s

o BE (20) - fesay
o ¥rom (e),”




Lot

om ...

Fr o ~
B2 (o) Legleleg] 2 mmsa,
B g:{é}’x‘itgﬁi’¥cz£cgsf53‘ T/ 40
3 2:{9}‘_ '§¢51«ic55c39a&gl Y ¥ /180 |
::§'2 SR ENE 5335 39%a7 I [eyql 2 vmfae, o
?2B_é flijfag}%él' ®55°50%a7 1030l 2 W/lﬁﬂ'
513{14}:“,¥001"C35 30847l lezol®a00s50 os
sa sy e e oo hleg ey pong0 56 %4
B ' '

5 l“aa 33 !

~We nave also from Part V, Sec¥ion B 2

et BN VM&&@,.'__
l I 581 > vm/‘*’ﬂg

the following involving parameters,

{Integ. #8) (22)
{Integ. #2) ~ (233}
(Vector Table) (34)

- {Integ. #1) . {38)

(Div. Tavie, U)(3%)
(Templaie.TéblﬂX5@y

2_%%;‘1; 16 i logtugtsn] & T/, ‘(Infag.-#4) - (39)
| B?aufﬁjffu_lug] l.s%ag 4911“2?' By }caAI/do R {Integ. #5) (@)
B_é'(éﬁ*f',lc - e qc 4o 2l 125 g|]o 1| 2 X! ;034\/40, o (Integ. #6) {41)

2 i“az ss] 2 198 Enleg |- \“1@ 2021 ®02°54% :5%40° 45" 4?5/5' (1ntes. #3) (42)
3f2'(;5} 128 B, (o 8' Icgﬁliclgcaa 91Q2?“54 5% 20% 45471725

{Template Tablel45}

The 1HQQhalit1®$ bara may ba scmew%at simpl flad hy‘ﬁp&?tting 30 as to obtain
a set of sufficient conditions, nc one of which by itself can be strengthened
qy a numﬁrieal f&ct@?, but whzch are not a8 a syst&m aamgleteiy neéessary;

SR STRICTED

(Div. Table, V){26) -



L Recalling that by wﬁi,la l S %, and that ay;ﬂi”,'
le 1 } .3 from the information g%ven above we: replacs. the _
§$ Wﬁﬁinequeliti&ﬁ, {52} and. (35) by “the Elngla 1naqaality

7f§F§ﬂ s Hﬁfizﬁ j.*f- “'*7'-v';.’ (44)

< rgereduce the five ind alitxes, (34) te (58] g
res activeiy, to & common fﬁwm, ?Bﬂ), wa aeee@t in a&ditiaﬁif
to ?8} auava ;ha fo&lawlng, - : -

'1“38

Whlle it A t?ue thaton-a - ﬁzven tr&g&etor;‘Xé m&y dz fe
Cogreatly ff@m<¥m§‘yﬁt a8 - remarked earlier, under ﬁ“dinary
. procedyre there will be a set of- tr&Jeatcries for wﬁi¢h

‘gingle arrangedient of gesr couplings ig to-be used }V' S
thraughbut I“PESprtiVE of the angle-of departire, - ﬁg‘“:V:’
ﬁhaaa sngles range through the first auadrant, the value - : =
of &Y% whith covers all the tragecﬁﬂrias of the: ket wilk: be

prae ieally squal to V‘, and similarly the value of ¥k- w&il“f“~->”’?‘

‘be practically V, For .aueh a set of tra*actorie%, & ra?a»;,‘
ig ne esgential @53 of menerality in'taking Xl as eqaa& B
ta ﬁ& and toth. as anproxmma%ely equal -to V. With this' *7
conaz&ewa+ien in mind, we 'seek o redude La a 8imilar form.”:
not only inaqaaiities (40} and {él), invelving X¥, Wt alsq;fﬁ
{39) involviﬁg ', and all the%e three 4n comparison ©
with (aé;.‘ %e t @ﬂefo*e write ‘ ,

21{&2?[:‘9'034‘" 7 o 'I
~ el !ezvgél‘” o

‘E’gg” Sigﬂm @ﬁ Ge&r Gaupilng Co&fflciaﬁts.

_ CAm was ramafked e&rllaf, ?hé hus ghnfis lge

mntua¢2y ?aralEEE, A bus shaft is regarded as Pﬂtaijng :
pogitively if, and only if, it is rotating in the sams &ﬁgﬁl&r
directicd =3 thd primary time- shaft, or what smounts to-the
game thlng A the. output “shaft of the prime moioer wheh thzs
~rotates - in its normal diredtion. A gear coupling wnichr,

rreser ried: asenne h&e & positive gear ceupling, caefficiﬂmt, :f._;
,Gne which Peverses’ ﬁenae s a Heg%tl?ﬂ aoeffmclent,=,1t,18;;
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T

'.;hpgz' e4p, G&£3 G%hé sfy’ Gy Crgs Which ars ﬁefl
'”*gr& guch, that;ﬁ,cgg ia n@gativ& an

2-.?eaéepgmay start te wonder hew 1t7¥ .

- can-change “sigd when all. the gear trairns are left unalterea
-2nd henea when Mo gear. c&upiing cpefficient changes sign.

.- The varistle. may change sign. mechanically as a sonsaquance . j-
- for. example af” spy-one of the following three eventss C

o One should redalls that the élreetiﬁn af rotztion of &

. shaft determines: whether the variable is inereasing. o

_.vdecreaning, {Eﬁén once the assceiated comnstant’ aan#rws;on
eoefficisny i

. . g
‘mav indead be:g

.aalihwatlng &rum;*

ftwua thgﬁ cna mlgﬂt x&vers& ihe sénse thregghbut acme

subnetwark o the analyzer by changing the gigns of allu'

- cennections: ﬁ@ﬁnecting ‘thig subnetwork with the rest of o
o the W&éﬁiﬂﬁ. shall’ ass&me however positive geéar connections .
wgwhmrevar naas1ble. Increasing funotions. of T will then be

. carried on posltively turping bus shafts. If on yaaeirg

through 8 géar eoupling ne._lpebr&ie ¢change of sigd for the -
vavlah&a oecurs, thig. gaa? taopling bas & positlwe coelfficients

With these. ‘arineiples ip mind signs for conversion coefficients
_and &ear couﬂlzng aaefflcﬁcnts BIe readily chasan as f&lluwsz‘- '

« ".

The aanver510n e&efficienta 0} 4o cq; s& tm cl?

‘;&re alz puaitiv&. The gear coupling cosfficiénts o g 10

Crg ‘aye gositive with the. rallewing gxceptions, c N
Thersd”
neg’ ef Cane Croy {when A i3 not aere)

”Lﬁ i1vgy Whilﬁ
Jﬁ.ﬁﬁg is pﬁsitive,1 ®

ﬁe?iﬁg conﬁﬁrﬁzmv c@ez*i@m&ntﬁ the .

Whl&ﬁ*cﬂﬁf -
appens’ that a varisble

{1} “The integrand dise carriage in’an integrator anit m&y
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EXPLANATION OF LETTERS USED

QUANTITY I SYMBoL FORMUL A
EARTH ROTATION COEFFICIENT A 0035342 SIN AZIMUTH
SOQUND SPEED CORRECTION AA (FROM OBSERVATION)
DENSITY z?ziff/o C‘O%?i?t()?‘/()/v AH (FROM OBSERVATION)
HEAD W/Afzi} Aw (FROM OBSERVATION/
TIME 7 (INDEPENDENT)
“RANGE (HORIZONTAL ) X / XdT
(CORRECTED FOR ROTATION) °
ALTITUDE y Vo7
[ (CORPRECTED FOR ROTA ?‘/afv) o
GROUND SPEED X X - NY
[CORRECTFD FOR ROTATION)
VERTICAL VELOCITY v ' +AX
(CORRECTED FOR ROTAT/ION)
V’El_ OCITY, WITH RESPECT T0 AIR v Twiry?
ARC LENGTH WITH RESPECT 70 AIR S / Vo T
SOUND SPEED RA 710 (AcTUAL) A | (A-Y) +AA . (4,-10.5274)
TR DENSITY RATIO (STANDARD) H, Hy [ HdV  (He1/C)
AIR DENSITY RATIO (ACTUAL) ~ «| H H,+ AH
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fﬂr the lnt&gratnr Hnita.

Ealliatac Repearch Laboratorg - Gompnting Eramch ‘
Gomputxng Kota No. 2 : - Ravn.smn, Fabru&ry, 1943

.;xggiggaa iwx m;llaﬁg Gut “3acard for Egglxasg

' ;gxgggﬁggmgg " This Note is for the purpoﬁe of anabllug a
computar, Bot already familier with the proécedure, ¢ fill out preperiy
the form entitled "Rscord f6r Aralyzer (Set~Up Plan of January, 1943)",
This Note presupposes the use of Campuiing Note No. 1 which latter
exhibits a wequencs of deeimals representing gear rautios obitainable

by pear traeins cach using not mors then three of the gearwpaira now
‘available for the ©Differentisl Anelyzer. The present Hole alfo relatesn
to the notions and concepts in the BRL “Report on the Differential -
Anﬁlgzar , Docepher, 1942, . En particular, of course, the reader of
‘this Mote iz mpsumed %o have at Hend s copy of the blank form, “Regord
Por Anmlyzer", mentionsd ahous. Sinmce for practical cenveniencs the

- motation oo this ferm dﬂparﬁa in some respects from that used in mest

af th& Report, reference to'the final diagram of ANRLYZRY, Bet-up

‘ appaarlng as & Bupplﬁant af thati Resport is apgreprlgte,’

5&?@ for ‘the haad;ng aﬁﬁ the final BP&GE yeserved fnr S
“Rsmar!s" ‘toe blank form of the "Reeord" may beo viewed as divided xn%o
Cfour parts respectively (l}‘"Baia (2) "Gears®, (3) “Number of Furns:

“of Lead Scraw per Physical Unit", (4) "Munbker of Physieml Units per

Printer Unit®. Emeh of thess parts will be discuszed in turas - For
brevity the nemes of thesz ‘separnie parts are not printed on the
MRecopd™, & Pifth aection of this ﬂote displays aenverslau factOrs

B '1;~'§ggg‘

. At the tap left ia a glaee for thé “hﬁhedule E@. &f the
Sﬁﬁﬁﬁn Eagh shoet fermulaﬁes & separate "Sehedule” 3 these schsdula& c
ars. nunhered seriallys . & "Schednls” applies to m group of trajaatmr;es L

 dezigned for the same firing tadle but having fer exampla dmffarenﬁ

-engles of. departure. Sametimes the muzzle velecity is common to the .
whale gioup of trajactarlea eoverad by B given schedula, but often thaore -

f will be ditferent "zones" each with ite own distinet’muzzle .velocity.
- Furthermore ihs ballistic coafficient may vavy slightlyiwith the

Buzzlé valaglﬁy or elavation, A given “rus” -prysents numar;cal values
ow & singls trajectory {for glven muzzle velocity, sngle of departure,
hallistic cosfficient, azimuth of fire and metsorslogieal conditions),

" The rund ars mumbersd Berially im & single list,. The seriel numbers of

. the many rums for the same eghedule will form 2 gonsesutive set 1o be
. indicatsd as usual By writing the first and last nugbera cﬁ'tha aat§
:;;3&parated By the war& “te at fha uppar rigbt, - '

‘-f*l’» .
W

In earryinu aut thﬁ separate runﬂ haaed upan (2 aemmau aehsdale,

- .’:‘-:
i




: 7‘grthar égﬁa bgyaﬁﬁ %i 1 .
. “two additional phests of dets are prepared for edch rum.’ These sheets,
not- further discussed in this ﬁata, incarporate the- exaet muzzle - i
" ¥elockty | {rather then mersly

ié %h&ﬁ fﬁﬁ& %h¥<“ﬁaaar§“ ars nsede&. ﬁaualiy

e bound), end the exmct bellistic
eﬁﬁffzgient iraihsr than mar&iy u iawer wound); thé angle of departure,’

... and s9-Torth, sad'show the ecttings to be towd at the warious tablsﬂ, D
! 1&tegr&n&$; anﬁ,hgnd cr@nka,ffﬁr tha parﬁiuular ruu,cnncerned '

Thﬁ ” T"at the 1eft refern o thﬂ ﬂfflclﬂl Flrlng Table

: d$sxgnat10n; aﬁch gs "FI. TS-B~4“ whieh is for w certain 75 ¥E gun

© gnd sEmunition,” THe ®Gun", "Projectile”; and "Fuze" epaces at the.
| 1e¥t ¢gll ‘for fo'further explan&tion,. The "Drag Function® makes..
“.reférance 1@, the appropriste one ofthe six functions Uj,...s &‘ﬁ
Kgiur sumetimes Bleo: &esignatad 85 . 47 wees V) of which, however, &
apd Géars practlcally ‘chsolete, or elaa te % ?an
';divlda@ by ¥y ealled respectively By sese Buw The. p&rticulsr ﬁr&gx

he gorresponding funet

Punction .used depends upen the ‘shape of the §£§éﬁ§ﬁileg Other

.. chardeteristics of ihe projectils are for gractical pﬁrgasas sasanﬁxally QV 
.16 bé lumped  in with the ballistie eéaffiﬁiﬁﬁ%, Lu o B R
' ig neant an (appraxxmatq} maximm veloeity for all runs to be qairied

g t'}.ﬂ’k ﬁafd\ 1”

out on’ the gzvaa Bchsdules This Haxl. ¥ is either & muazle telanity.
or else sn "adjusted veloaity', also called u, obtained by" conparison

“L 0 with bhe ﬁal&city of epundy it is to be carefully é&stingalahe&

O fropt "Maximan o listed in the right band evlums which is a number.?, n
fixed for any - giﬁen template independeont bf’th@ 1ndiwldual ruva of a‘ o
‘Bohediles “For ‘a-meay-zonsd progran this "Retim, Max, v wonld be the
‘yelocity used Pér the farthest zome. The ballistic coefficienty’ oftan -
rogarded as o comstant detetuined by the prOJectile alone, k538 -

paremebsr adjusted to fit observed results, and in practicée may var§

~with angle of ‘elsvetion and muzzle wolopity ever whenm mccepted as:
‘constant during smy one run. In order to secure the sfficient use of
the permitted travaL o the tables and integrator. units, {here is need
mot guly for an upper bound on muzzle veldeity bui also for = sujtable
~Yower bound for the warious welues of the ballistic soefficient {C) -

sorreapendxng to ¢ifferent runs on the givem sghstule., An estimsis of

Clthe m;nnmum value of C is to he reeorded in thé space merked "Estim.
‘Miny ", The actual muzzle velocity end ballisti¢ scefficient aks - - :
'éveﬂtuaily used on sach rum, but those ere listed om other sheets and

" enter the computetions in e different comnection.” By ™Az, Fire, 8 ," .
'is meent the asimuth ef the vertical plane of fire measured frem north

through casts - Unfortusetely the practice at the Proving Ground is to
report- a2imoths. clockwise but frsﬁ ‘the souths. The mzimuth is used for

:alimiﬁatxng ‘the-effect of earth's rotation iw reduction bff pbserved . -
FPirings or- feor- esti&aﬁiggfzts yreéieisé effact. vﬁomeﬁxmaﬂ mora than
- one aziwuth ig involved, Dui simea the mzimuth is used, if et all, im

determining ome df the gear ratios adepied, any one schedule is sub-

- stantially sither For all mzimuths or ¢lse for a single sgimyth only,
‘A rather cbude apnraxlmatian ta ﬂhs amimuth will be adequata axeept
,xn eaaas of vary 1cng raage. S A s




Va‘.

mha ia éaeetian oi ﬁhe ahaem. A ngen arsg functzan, Say 83 or E. may
be e resanted 'S mﬂre-than unatampiut@ aarraapundzng to. thelrange of
vel¢¢§tmaa embranea. B ‘ia- prafezahle to usa o templatﬂ Witk ‘M

L | “limbed velocity about-ten percent im exvdge of the maximus Ay be -
o . -encouptered 1a fhe runs for the glven sghadules " The: tamp&gﬁas for n ‘
o L. givén dreg fupdtion are themselves numbered for example, " Template #14(3)“'
cooe 7 Chfyer deciding:upen both -the "Drag. E‘um*ﬁiﬁﬁ” and "Eetim. Heke ¥, one- :
_ =% cen pick an sppropriste template awong thesp alrspdy on handyler :
o . m’%&aﬁz&n &m&mia, gan arrange fjo ha?‘e a. mw tﬁmpla:ba cut'-‘-

&

AN . A .given tamﬁlgﬁe fnr a ”B” fanﬁtmou has a& 1ndepauéan£‘argument, -
sa-a ?eié@m}! {with pespoet. to- ground -or to airl, but. the quotiant '
Cu R vfa,. wisi 6 ¥.48 the val'ocity wf ke ;s:‘e;ectile with’ ra__gsaqt to ’thd N
}air, and e \the sound speed ratic} iz’ the velocity of seind af the S
“given a}titude. {for standard temperatura structurs) divided by the

<7 eorresponding velegity of gound for standard sea-level cenditionao 

ool L A pivenrtsuplate. carrieﬁ the valusa of u in fest ger second, from .

B - n eertain 'ﬂaxmuw u, {mmum £or the particular. t’empls.teh &

 Tne*lakteun W for one teuplete differs i‘mm that for ancthers Im... -

" “thﬁ rgaaﬁa of sompubing the'effect of (i) inereass of muzale valﬁcxtg,

0 wr (34) ‘desrease: of - tempeveture kae affecting elesticity) or (iii} head

oaese :-'EWind, ‘there.may we}.i result am in¢vease of Bomo 10Z in u over that for

o the stenderd: trajectary, since w ¥ v/a ‘?1?331‘& v is the veloeity with ( Lo

CE e ‘reapaot o ths, airy, and 8 is the ratie. of the velocity. ﬁf'ﬁﬁuﬁﬁ S

Lot glven temperaturs i the alecitg‘“ ‘of sound at cea level under stmﬁard vy i

LTl genditions, © It 48 necessary: therefere te be sure that the estimstsd L ;
.o ma ximum mmzla velcmity Ber net more than ebout nine tenths of the *
maximum w pervitted by, ths! tm;}late.a With this precautios u will mot

fall heycnd ths template for the wtudy of auch special ai‘fectﬁ. L

. - '_. - ‘I’he mluaa of the- "B"‘ ;fumtym in tha aelee'bed domain of u,

: fl}_e batween & minimue,” {("Hinimum b*)-teken on for u shwtly balow the
‘velocity of sound and 2 meximum ("Meximum b") taken for w sherily above ;
the velocity’ of sound. THe tmp'ln.ta i preferably so pla.nned that the - S

- meximign and minimm are rospectively at the top and et the bottom of the

'~ table, separatsd by 18 imehesy or 360 turme of the ordinate lead serew, -
Let" 5 be the actusl mumbsriof turns of the lead serew separating the’

. the meximun frem the idnimam.  Thé range of. agpendezrt variable ekhibited .
by the template spuns the éz.rfsrsnea, Bfs = b The "Record”
sxhiibvite the yalies of éa§imﬁm u",- (for the templat&? n“gﬁximﬁm ",
"Einigim b", and (vertical! "rangs of b"; in turms of verticsl lead

fserew, taklng th&: 1nf&rma%ica fram,the legené cut en tha tamgiaﬁa»

<

LT U The s;jaaas "ﬂornputad bg “and: "Ghacksd |3 ca&l far 50 specnl
remark. -The "Date” refers tp-the dete of computation of $he schedule
gheet;’ rathar then to eny data of ceémpletion for analyzsr rmm, f:a.rings,

' .raductiunﬁ, or, othar aompuﬁationa. . :




_
-~

:’*ﬁ"‘%ﬁ:f, :
jf‘ "

, 'the punchy or (e

7 2& Q.m- i

There,ara four ﬁc ﬁix gear tr&xﬁa to be datermine& afresh for
oech schedule {but left umaliered from run te run in the schedule}, the

%

other gear treins in the machine being laid down in the set~up plan,
‘and remaining unaltered from ons schedules to the next. Zmeh gesr train

is either (a) "Nmbersd™; being one of threo merked respectively I, II,
ITL, (b) *Puneh®, belag ‘the geay train consernsd wholly with opersting

§ ’&ot s boaing one of two gasr trains identicul mave for
location, aad concerned only with effeete dus to the carth's rotation,

- -end hencs lmbelldd brisfly Rot™; &aaacmatad with’ the gear tralns ig
.8 namerleal prcperﬁleﬂ&iiﬁy faetar gelled “p" . LE ;

Banh of thesw ga&r traing. yields 4 ccupl;ng cueffzcie%t
eagresalblS‘as a praduct of simpl&“ nagatlve ratios where sach of
these Elmgle negative ratios iz given by a single gaar-palr. -Eagh
igtone of the following: «4/1, =2/I, -11/7, -3/8, -5/4, =4/7, -83/22,
~1/%s. ~22/23,0 wT/8y =4/5, ~B/3, «7/11, =1/%y =1/4. Here ihs ?eelprezal
of ﬁaﬁh ratlo on the llst zs alee an the lis%. - *

"By useg of the &eco&paﬂy&ng list of ratios (Comgutzng §eta fl};

ane'flnds & sultable product ratisé for sach of the distinet gear trains
in: the 1liste.. ¥e aiagass these 1néivmﬁgaily.k ’

(a) The gg&_éggg Gepr i; }iﬁ: ﬁ%& thy ngﬁ_zﬁ;_ga__iz ﬁﬁsiéaa
iI} Gaar traiﬁ I c&rrgxag blu), reduces the speed of" rﬂtatian

1£r&mbtb8 gutput shaft of the ?@m@l&tﬁ Table to the integrmnd of Integrator

Unit 4y shome oatput in turn is ths fagrésﬁioﬁ, r (savé for algn)o HNow
on the Tempi&%é Table, be oceupior u giver number of turns of the

ordinate lead serew, usually 360 turns, but wore generally some Bpeciﬁlﬂd ,
‘nunber; say n, not exceeding 360, The gear train I ip chosen 5o as to
. reduee "Maximum B* on the “integrand of Integrator Unlt 4y to about KY:!

turige  Thie permits an approximets increass in b'of 10% over recorded
wximun 1o fell within the 40 turnms which conatituta epproximtely -
the meximal radiel distance aveilable on the iotegrend disk, = By this -

- means @n additive correction may be impoasd. upon the "B functlgn to
,~'adgust far the . ehserved tlmaa of, fllght af the p?@}@?tll&; ‘

The first prahlﬂm is to £ind hew'many turne of the vertical

‘ laad derew on the Tomplate Table weiild correspond 1o the interval from

b5 0 tob = by . It may be remarked that only ratios are ‘involved,

&0 that the unit® in which b is meadured ere immateriel. Suppase to

make the probl&m genersl, one reads on the template that- (in cystomsry
unite) b = 0.00008430, end that by, = 0.00003407 and one finds on

meksiring upon the iemplate u spread niy 16,5 inches (imstead of guil 18}~
Lot p % 330 t&ras fron hmin 1o kmax‘ Here gg = &m&x - diin 2 9,86605023, -

“and this spread in b is covered im 330 furnms. The number of turns that
 §9§1& be raqazreé on the same scals %a reach from b = O ta b ia then




i (8430/5023)330 or. aheut 554 turnsa_ “The ga&r uoupling c&ei‘fmlent of ;
-\‘whmh m to reduca thiﬁ te anme 56 ‘hurm"—cr LOBE 5 ;gwra‘hmrt‘;‘ls & _4

ory fap the whele -;wupl ng coefficietr&:; & it g
R . ‘ ‘o two gear: pairs’ of =4/1 ek .Had )
U bhe couplmg sl iant t0 he apprbxim&ed besh ghigut 18 wiq would have
" removed- 4% and lookeéd up in ﬂam utingfﬁata Ne, 1y 13/'1  Qo8ly appr@x.
g wuulgi -ft}und 0.809% 5 (2 ?,’11?3 Henee (£0 keep the nugber of
' ) we~gould in tHis ‘eare heve. used, the po v “gear. traiu
C-.«;/J)(«-a /1) (-2/1) (-8/1)(=7/11) (=1/11},> Thisy however

?hiah ie unpgcessarily hesvy :,Imtﬂead\, we. .

- a._( fonr gear-pa,

,avm nu,mhe ar gear pﬂira, u_ ﬁlly Eaﬁ
sboyt 36 turn '

) : epradwe for ha integmnd the prapar.rat,ia
= che by ubrtragtion, ene rns

reaponding teh ¢ al
Tne general, forfml




. less than unity, and at 'the Smme time to nake III/
‘approximation to an expression Aavolving I, II; and ph yeical aoastxntsa
Thus:.p way be regarded mws taking up the slack uhga.u&i&g for IXI, a

. gonvenient ‘availsble spproximetion. The Pormulm obtained By comparing
the number of torus por secend of iime along tHe trajectury, an two
mutually ge&rad bug shafis, 3.3 a8 fa’ilm:

€11) Gear traln 11, aarrying y aud a,y regulates the trava} of R

. on Intagrand Noo 5, endof h on Iutegrand No. 7. : The cenversion coeffisient

giv;ng the number of turns. por unit of hoor by is in aacﬁ,gf%ressikla

in the followisg gemersl formula - ngﬁG I be }X(Q hy II n}, - Here by 188

‘phys ical constant, @ 0.@99&315828, I, bey ny are aa-ahcve, € is the
ballistic coefficient, waitd Il iz 'the gear coup&ing,ebafflgient under
discussion. la order t8 allow for as much as some Mk mergix, sinee for
reduction runs, © as first chosen. is' only mm estimste, thia travel

-ghould #iet exceed about 36 turma. Using, therofore, Gm&n’ avallabla fbr

the entire achedula, e hnwe the. gﬁgﬂﬁl fonmula, 'x!

(ESG 1 bﬁ Lf{ &1 a) a&yre;;

‘eéf' fif,‘ ‘l;‘, Ix,a (T gf /ﬁ}{?.szsa x ;oézgain} a;pra:. {3}

Since 1 /n ol N 38, &ppr&x., and ordzhariiy ciaaaly approximates the .
1a$%9?$ ig afﬁan sufflges té takeziha 3implsr farm&la AR

- .. . j_,_“

’-‘f‘=z.1§ga r's 195 b I/cmiﬁ* o (z }

:'Far & nnnvauient typlcal suhadula, with b = @aGQGOSQQB. n = 360, and -
'h' = 0. 00008430, as uaad ahﬁ?ﬁ, ang I = 1?,43?$~g§ ‘shofe, we bave a3
'ﬂulﬁable value of G n¥ tha tumber, 2,15. (Heage K%gg:8,§8 spprox. from

the more. exast farmui&, ar-$§§;»$,éz Bpprox. from the less exact fomnula.x
The: number, 8,98, we approximets from abavg hy ﬁﬁa f&ur faﬁtor.i!&s '

' gear ceﬁglxng ¢aaf£icaent jg_'~ =

L Irs ==§¢ml‘ & {-a/z }3 (-4{1) (-1/‘1)

A 5imlar cﬂmput.atwn wuld appl? iﬂ M ate

(IJ:J: p) &ear train m, car g

the numbter p which entérs emly as s conversiow ceefficient. The faetnr

%p;(eaterad in the leftehsnd colymn inmedistely nmder I, I, 1II) permits

anwbes a5 mich us'e of thﬁ tablss ae y@ﬂsiﬁia {the qaximym value aing

‘egtablished bg %ﬁapiate ‘while Ahers is' a safaty mﬂrgin on the-

integrands, Howe¥er, it is desirakle: to’ kaep P varg cl s. to hut not
1)

very ‘olbse -

I:I,fg (32 1 by uﬁ)ﬁB g)

where 4 is takan 513 be 32, 1522 f/h Hence in general L

» ? .1&&3 tha adéar far g s satst# _

. -the, cumput&tman enly in the ratio: xxxfp . Eﬁ?ﬁ@ P i the grap@rﬁ1en&ii§y ’

.+ fector mentioned sarlier. Tt would be poseible o keep III conetent and
© . ahsorb’allthe varistien in this veriable genr train determination in .

.
4
b
o




'“ple eansidgéaﬁ aimvs I:{ = 9, a.nd "m ]
‘templates. Hened imm amm;pla N

For py we b av s n thiﬂ, mﬂla, tha talai:,}én

3 - ~gear ﬁram :::a 1&- narxqtsaary 1o uge 8 v&ry
fmntion 1o, -the ®irue® valud.” The pumeh cperates for
" equa) intorvels’ (umiglly; 500° yar&a) of ‘the berizontal |
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