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INTRODUCTION
Heretofore, the principal object in hsving a

I.

controlled bomb cerry & motion picture camera in its
nose hrs been to study the film for evidence of roll

and to determine by quelitsztive exswinetion whether the

bomb went through cny lsrge yewing or pitching motioms.

Up to the present, rnll "quentitetive” uezsureaments of

yew, pitch, snd roll, s we shzll define thew, were

mede with the full reslization thet the geometry of the

measuring method wes only & crude spproximstion to what

it should be.
The object of the film unelyzer shown in Pig. 3

' is to determine the trajectory of the bomb in z set of
rectenguler coordinates w«nd to determine the orientsation

of the bomb st =ny desired point on this trajectory.

Beving the ebove detz, some of the types of queations

that can then be answered sre:
(1) Does the bomb fall with & certein pitch angle even

though the elevztors ere set &t zero? In other words,

how stiff zre the bombs r.ow under development?

What is the roll torque produced when the bomb 1is

felling in combined pitch c¢nd yew?
How long does it tese for the bowb to reucn eguilib-

rium yew end pitch &fter the controls tre spplied to
give it this yaw end pitch? 2nc do these equilibrium
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velues of yaw end pitch egree with tihose deterwined

by wind tunnel wmeesurements? Wnot is the motion of

the bomb from the tiwe the controls ctre &pplied to

the time equilibrium is reeched?

(4) Summerizing: In what respect does the bowb's motion
depert from the motion zs predicted by trajectory

calculations? How should the equztions of motion be

modified to more accurztely predict the motion st

high speed? What eére the observed values of lift,

dreg, end moment coefficients &t high speed?
Thus, whereas the theodolite records give only

the trejectory of the bomb, the [ilm eznalyzer will, in
It is only by having

addition, give bomb orientetion.
both pieces of informetion that aero-dyntulc characteristics

at high speed cen be deterained.
It 1s the opinion of the k. I. T. group thet film

enelysis, s herein described, is & very potent tool for

the determination of asero-dynemic charecteristics &t high

Hence, the eleaentery aspects of film enslysis

speed.
theory &nd technique ctre covered in detuil in this report

in the hope thaet such informstion will «id in further use

end development of the method.
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1I. PRINCIP.LE OF THE FILM LNALYSIS METHOD
The Tilm from the nose of the bomb is shown in

a projector system capcble of motion in the six degrees

of freedom. The projected freame is mude to coincide with
the appropriate portion of & mep of the bombing renge by
sdjusting these six veriebles. When coincidence is ob~
tained, the position znd orientution of the projector in
a8 coordinste system erected on the mep will beesr & known
relationship to the position snd orientstion of the bomb

in « coordinate system erected on the bombing range.
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I1I. NECESS/RY EQUIPKRENT YOI FILW LNILYSES
The bomb under study should r~arry t motion

picture cemere in its nose, the opticel &xis of the camers

being coincident with the longltudinel i¢xis of the boab.

The lsrger the field of view of the cetmerg, the lower 1s

the error in the fintl trsjectory &nd orientztion dets ob-

teined, High shutter speeds ere desiruble, being most

importent necr the end of the bomb flight when slow shutter
If & bomb were

speeds permit blurring of the film image.
dropped from 15000 feet, & shutter speed of 8 frimes per

second would be setisfectory down to wbout 10000 feet.

From 10000 to 5000, 16 frewes per secona; from 5000 to 1000,
from 1000 feet to the ground, 64 fremes

32 fremes per secondg
With the present use ol spring-driven cemeres,

per second.
(. the upper liuit to the fraue speed ls determined mainly by

the length of time the cemers wili run =t this speed on one

This speed 1s ebout 25 frames per second for &
Since tne freume speed goes

winding.
bomb relessed from 15000 feet.
down during the drop of & spring-driven csamert und lignting

of the object cén change considerwbly and nigh imsge resolu-

tion is aesirable, & wide-latitude, flne-grein emulsion

should be used,
There should be incorporzted into the cemere system

¢ method of timing esech freme, und £lso & system whereby it

cen be determined &t which freme the controls were cpplied
In the Gulf

snd the smount of deflection of the controls.
System, & stop-watch dial, indicator lights end/or disls,
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end the terrein are photogriphed simultaneously onto each
freme. In the M. I. T. converted M-44 Bomb, & series of
timing spots were lald &long the mergin of the film by &
resistence-condenser-neon tube circuit carried in tne bomb
nose. The timing of the ¢pplications of the control wes
made in the plane, this method thus weking imgossible the
determinetion of the ley between tne time when the control
signal was sent from the plene to the bomb :nd the time
the bomb control surfaces went into motion.

The bombing range should be tnoroughly covered

by rouds end other contrasting lendmarks. Tais insures

that sufficient detail will elways be present to effect e
setisfectory slignment.

The processed film 1s shown from & projector
cerried in gimbel frames permitting the six degrees of
freedom, the projector carrying & lens hzving epproximately
the scme focel lengtih &¢s tne cemera in tne bomb, Roughly,
the greater the differences in tne focal lengths, the
grecter will be the probeble error in the trejectory end

orientetion date.
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IV. GEQAETRICAL CONSIDERATIONS IN PHOTOGKLPHINu Tiik GFOUND
FROM THE KQSE OF THE BOMB /ND 1N /LIGNINu THL PROJECIED
PICTURE WITH # XAP OF TUE GEOUND

f 4 4 To .

Assuming simple lens theory, let us exémine the
geometry in a plune determined by tne verticul to the ground
through the lens center znd tne optic zxis of the lens system.
Assume a distznce on the ground "s"™ lying shead of the &xis,
end e distence "e" behind. Let the sltitude of the lens
center be Zc and let the optic &xis meke in wngle 6 with the
ground, the distence from_tne lens center to the ground,
measured along the &xis, being u,. Let the image of M"z" on
the film be c; &nd the imege of "e" on the film be br.

See Fig. 1., If the object is vury fsr wwey from the cemera,

then the i1mege distence is very nearly fc, where fc is the

focel length of the csmeres. Then:

beaA &
ot




Gt = f AN  (-4)
be = & Tang (-2)
b= Uc Tang C=UcTana -394
FRom THE LAW OF SINES &
snT(qg_o-p) =5|-§l(:eTp= -C:s_p' | (II-5)
ComaniNg (B) ano'(3) ¢
e= Yo Swi (- o)

sin (8+8)
ALso:

- :
: ﬁh%lm) T SIN(G-A) (N'7)

. CovBinng  (4) anp (7)

= Uc SN -
e Sin (9--() (N 8)

B. Ihe Projector Setup.

We heve ¢ siwmjler diagram. See Fig. 2. Let
the scale of tne mep be "s%, Thus & distance "d" on the
ground is of length % on the mep. Let tue projector focel

length be fp, inage distonce be vp, and object distence
b. “pl




THUs ©

C'= Up ranu!

1. Ypsing!
@ SN (6=&)

b'= Up TAaN p/

1= Up sing'
€= SWiew 'éﬂy
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Now in operating the {iim znelyzer, we edjust our
six variables until the projected picture ls superimposed
in exsct glignment, is neerly :s we cun determine, on the
eppropriate portion of the map. I[ence for the "e¢® end Me®

lines our conditions of metch becomes

a=% =%

Hence Erom (10) Anp (12) ¢
e= ST o= 25 (-13,14)
We THen equate (13)To(6) ano (4 To ) :

SV IV Ue 5m% -
emie'-fp'g SiN (848 LCONDITIONS Fogm— l5

Up s PRYY = Ug SINA *RANGE" MarcH
am(e'-a.') SN (8-4) GI'M’)

.

Thus if we consider only the conditions for match in rapge
we solve equutions (15) end (16) simultaneously for 9, the
glencing engle at which the frame wes tiken, in terms of @Y,

the glancing tngle as recd on the gimbels. Dividing (15)

by (16):




Tous 1if a' = a end

pr =8

then @ = @' Zor :11 values of Of
Cr b o
Since ten a! = T &nd tén a = §=
i p ¢

to egutl a:
= fc, waich, &s cen be seen by siwiler trewtuwent,

then for af

u
[
is ¢lso tne condition for 3' to equul 3.

Thus, Af we gomsider getch in "renpe" elone «nd

since up virles during our filum enzlysis to ueintein focus
on the screen, we draw the following conclusions:

l. Ve cen et exect elignwent for, et best, one position
= fc. 411 other slignments

of the c¢nelyzer, thut 1s when up

will be zpproximcte, the operator in somewsy distributing

the distortions so s to give & Mbest" fit, or distributing

the distortions in & predetermined menner.

2. There :re three ways of gettinyg wround this 4iffi-

culty of inherent mlis~fit:
&. Use a projector lens heving v tremendous depth
In this

of focus -~ in the limit, & pin-fiole projector.

way up cen be equeted to £, &nd neld fixed; thus the

projected pictures will elweys be in focus regerdless

of the projector-to-map Gistince.
b. The operator, in zligning the projector, cen

distribute the distortions in & wey thut permits en

accurete calculation of © through equstions (15) cnd
(16). Tuals method will be discussed in detsil later.




ell-
I'he error in O cen be mede negligible in

c.
comperison with other inherent errors by proper choice

the projector. Tunls uethod

of the focal length of
will slso be discussed lecter,

there 18 enother line of length

Let us now assume
ng" on the ground, perpendicular to the "a® - fef line and

intersecting the optic txis of the cumerw.
Then, the wey "&" will photograph on the film will

not depend on ©, =nd will be of length (£- —5) on the filum.

In projection, thls objeet on the film is mngnitied by the

v
fector (3B). Hence for Mlutersl® metch:

] -4 =
o= Lot (z-17)

AINCE 1“‘ =‘fc+'b'——

Ue = StUp [ 5] (v-18)
Now Tana'= %P {'.‘T“""‘=Fm¢ﬂp 5= (TT-13)

®] @-29

A = TAN" [‘f’g'T‘ANcl (%,

forana (t.- %)
Nir £ man’a (-5

ana =

(z-2.1)




Svestirurng (18),(19),20, avp(21) 1 (6) We GeT:

SIM[G'-T‘AN-IA-HI-?A"' _ s (0-d)
TAN & = TEN

Expending the sbove end sinplifying:

sin 8' -A cos @' = sin & - ten 3 cos @ (IV~22)
wuich gives the relctionsnip betneen o' tnd @ in urder to
huve gimultsneously an oxtct rin.e wsten for ¢ perticulcr
point in the upper helf of the picture «nd exict letersl
metch through tine optic axis. Gince @'Y 0 and A is
never grester thzn about .l, Eq. (22) becomes:

sin 9' ¥ sin ¢ - (ten 0 - A ) cos @
or sin o' ¥ gin @ - El - fc(%p' %p;_l ten @ cos @ (IV~23)

From E¢. (23) it is eppurent:

1, 9' is t1lweys less then @ for £ L fp snu grecticel
values of Vo

2. Thet tue error in @ increcses witn a. (Unfortunctely,
we wint ¢ lcige a1, since tinils insures plenty of ground
deteil.)

3. Tnet the error in 9 decrecses with increcse in O.
flence, the percentage error is usuclly greater c¢t high

tltitudes where the btowmb is wore nesrly norizontel.
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& B fc = fp, the error in © will decrecse with incresse

in vp.

Equation {77 .liiisit, miuna error in 9 will

be kept to ¢ minimum if the projJector focel length is

slightly less thun tne comere foceél length.
equetion (22), for @' to equsl O

Sl g

P fc— f
If our totel renge in vp is from 10 inches to 100 inches

Thus from

end if fc = 2,000" and fp = 1.804" tnen for O = 45 deg.:
ot

44,3 deg. st Vp = 10"

Q' = 9 = 45 deg. somecwhere between
vp = 10" ¢nd 100"

l.ssuming

A=

o'

45.8 deg. &t vp = 100"

Thue we can Leep our error in @' ut a winimum by the proper
cnolce of tine focel length of tne projector.
To get e¢n idez of how fer 9' is off f{rom O for
the H. I. T. converted M-44 boubs, let us solve equztion (23)

for the following representetive datsa:

0 = 43.8 deg. a = 7 deg. (umax = 11 deg.)

fo=1% £ =20 v = 46,8

P P
Thus, sin @' = .692 - l:l s (% 2 Tz-—s):] x .1228 x .722 = .646
Therefore, 8' = 40.1 deg.

Tuus the operetor would set the
projector &t & sasller glencing zngle thin thet &t which

the picture wzs tzken. If this difference in the 9's were

not taxken into eccount in computing the trejectory, & consid-

ereble error in :ltitude would result.

By & similer treutment using eguetions (18), (15),
" end the 3' equivzlent of (20), we get the relutionsiip

between 9' end O in order to heve simulteneously &n exect
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repge mateh for & perticuler goint in the Jower helf of the
plcture tnd exect letersl wmt tch through the optic &exis:

sin Q' +\/ cos O' = sin @ + ten P cos O (Iv-24)
or: sin ©' Y sin © + E - tc(-tle- - %——ﬂ ten 3 cos 0 (1IV-25)
where ¥ = £, ten 5(%; - %;) = gan 3"D
(24) end (25) ere similar to (22) end (23) but dezznd thet

@' elways be leTger thnen 9, contrery to (22) wnd (23) ’
which demtnd theat ' elweys be smeller then O for fd< fp.
llence we hzve three incongjistent reletionships
between ©' end O:
. .For simultsneous fit_in upper :nd lower renge:

1 .8 fug? - .
sin a' sin (8'+37) ~ sin a sin (9+p

in

er renge «nd lstere

B. r_simultenoeous

distences;
sin O° -Aﬁ cos ' = sln © - ten a cos O
1
[A £, tan a (-t: - é;)]
C. [For simultaneous fit ig_lower range snd 1&
distencg:
sin @' +\J cos o' = sin 9 + ten 3 cos O I
EV £, ten 3 (%; - %—p—)] ;

Hence, in perforuing an elignment on the film

analyzer, the opercttor etteupts to get tue "best" solution

from the tbove three inconsistent relztionships, snd he hus

£

essenticlly but two vericblas by whieh to get tiuls fit:

' end .
8' &n 'p
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C. ethods of Getting & "Best" ution:
Suppose our &lignment 1is wsae it 0*

frou Ecuztions (6) end (12)

vp*omp _ Ueeinp
SiN (. + S s (04 = -l sin (%4 g')
: seuop‘ & SN 19495@ 5mp' (N-:'Z'G’)
N( P

= frectionel error in lower range ui.tch.

&nd v:‘ » then

Prom Ecuctions (3) und (1u)

¥ s U sina
SN (6%-o) _ semle=) _ WeSiNg SIN (O* 4
¥ <000 - 6 G (O-A)U' snd/ (m' 2-7)
SIN (6%~

= frectiontl error in uppe> renpe metch.

Now for &« letercl image Lf on tue Tili, the projected

imepe 1s: ,[: = 1

end the correct projected imuge is:
v
sz = Agf Eﬂ
P

Ind the coincident figure on tne wep is given by:

(b u,;*) (r-28)

= frectionsl error in leteril we tch.

Now {or &« given 0* snd vz" tuesc errors av not
tll heve the seme sign, hence, one ol tue possible metnods

for « best fit would require tne yegpitudes of tucse
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errors to oe the sawe. Using eygustion (1), we get:

. _Up(t-i-) _ & (1-1)3” s (65 8)
' Uf“t""u?} = |+ ﬁ::) up™ sinp!

fe v ('1’—"- sing SIN (9’-44)
=ii- = ;N ?elfl) U sIN &/ (N —23)

Using sowe détu frow tine film wntlysis of the
4, I. T. converted =44 let us compute tiec distortions
sccompanyin, csome of the possible "hestm elignments.
Let @ = B = 7 deg. a! = p! fc = 1" £f_= 2" v, = 46.80"

r p
Q= 43048' where the £bove v eénd @ vould be thc observed

velues on the tnelyzer system‘: provided ¢ perfect fit were
pocsible.
Cage 1. The enelyzer 1s edjusted to the correct velue of
vp end 9. lence Vo=V T 1.6.00“ end 0* =9 = I.3°1,8'.
Error in leterel direction = €, = 0%
Error in Jower range fit =€;g = + 5.92%
Error in ypper renge fit =€yp = - 7.647.
&end since zc = s fc vp[%; ~ %;] 3in @
letting s = 10400 our tltltuue would be cowm uted &8 13 437¢.
Then if the blue liines represent ueteil on the wep cnd the
red lines our projected picture our eiignment would &ppe&r

es follows:

T
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Cese 1. diminigh v_end very 9! until the megnitudes of
cse 1 We Vp_.,._. _

the errors by equction (29) zre the siae.

Thus for vf‘ = 44270 = 4P

eLl = - 5.99% Ind the elignuent would look like

€10 =599 Yo this:
Eyp = " 5_.9970

i, = 11& 72!

Cese 111. We Mp__dnu_mx__g_‘_ untﬁ “the magnitudes .
of the errors by equesion (29) sre tie suuwe.

3" = 50.35" and oF = 47%00

éLI = 7.34 74; ind the zllgnuwent would loosg like

5L6 =734 P this: T

€pp =-"724%

Z, = 15529 _l_

Cege IV. We keep vp equel to its tneor:t;ically correct

Then for v

velue but tdjust @' so thet tnere is sjwultineously en
exget fit in lower range ind lotersl distence.
x

Then for v = 46.30" ¢ = %0

L =0 7. , Inu the elignwent voula look like
€p=0% thiis:
Z, = 14393

Cese V. Ve keep vp ecusl to 1ts theoreticelly correct

velue but edjust 6' so there is giwulteneously tn exect
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4 uppe e wnd el

Then for Vr = 46,807 9*5 40025'

=0% Lnd our elignuwent would look like

=11.23% ° thist

=0 7h

12586

D. ‘onelu e metricel W uerstiol

From the foregoing trectument, it is cppsrent thet
it is both desireble ¢nd practiceble to sdjust the focel
lengths of the camers wnd of the projector to mecke negligible
the uncerteinty 1n 0 end hence in vp. From the cclculstions
on pegeld, it cen be seen thit tue uncertcinty in @ cen
be held to less then = degree torougnout the range of vp's
end of O's found from tie tnelyzer ¢s now designed., From
the experience at &. I. T. witu tue enelyzer, uncertsinties
of this wegnitude ere probebly within the huwen errors
introduced by the oper:ttor when he cells «¢n Llignment sztis-
fectory when it theoreticully is not. The uroper reletionsidp
between the foczl leniths wmould considerioly speed up un
enelysis since the oper:ztor could slweys find ¢ good alignuent,
while 1 there is & great difference in tue focel Lengtns
the o,eritor sesrches u long tlme for & cood clignment vinich

is inherently non-existent.




88 in example. Thus, even though the values of ¢ gpg vp

obtained were not the correct Values, the correct values
could be obtained through the equiations &ssoclated with the

Perticuler csge used.,
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V. DESCrIPTION AND OPERLTION OF M, I. T. ZNJLYLER
$. Description '

, See Fig. 3. The projector is cerried on three

. gimbel fremes, (&), (B), end (C), the &xes of which inter-

sect the optic &xis of the projector in the plene of the

film (D). Eech gimbel cerries & protrector, £, s°, c®,
by which bomb orientetion cen be determined.

The ovter giubel (1) is supported on & truck (E)
wuich is pushed beck end forth on tricks (F) by tne operu~

tor. The trecks ere perpendiculer to thne plune of thne

projecting screen (G), whicn carries the mep of the boabing

renge. The screen is ccptble »f motion in the x zna y

directions, being driven by motors controlled fyow penel
{#) on the glmbel truck.

The gimbsl truck cerries & pointer (I) which

' runs clong & tape divided into feet &nd inches, the tepe

being ptrellel to the trecss. The projecting screen

cerries two such tepes (J) end (K), one ¢long the left edge
for mecsuring x displucements,

énd one :(long tne bottom
edge for mezsuring y displiceucnts,

The verticel tupe 13
per&llel to the x-umotion of the¢ soreen zna tlso to the

fixed string (L). Ine horizontal tupge 1s psrellel to the

y motion of tine screen &nd alsc to the fixed string ().

- e

Thus, the intersection of the iorizontel string (ud) with
the verticel tupe (J) indicetes the x dispiccewent, ind
the intersection of the verticel string (L) with the
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horizontal tepe (K) gives & reading for y displecement.
Although the line :long which (D) moves, the projector 2
motion, does not intersect ti¢ string origin (N), She two
strings end the line :long which (D) moves, i, form a
fixed, rectenguler coordinzte system in which displacements
&re convenlently measured.

The perticular foru of gimbal system used wes

chosen because the roll &ngle could be reed directly off

tne c° protrector. /s will bc shown in the Ninth Progress

Report, the directional gyro systew used in both the Gulf
end ¥.I.T. bombs requires, for z bowb in 101l equilibriun,
that the line perpendicular tc¢ the longiuudiqal &xis of the
bomb end lying in the plane ol the verticel fins slways lie
in the plene represented by tnc verticel fins at the instent
of release. With the usual weinod of relegse, this plene

is coincident with the plsne determined by the line perpen-~
diculsr to the earth :nd the line represented by the bomb
velocity vector £t the instent of relesse.

The intersection of the three glmbsls is capeble
of being moved from ¢ position wbout 120" in front of the
screen to within about 8" of tue screen. The tottl motion
of the Bcreen in the x-direction is sbout 44"; in the
y-direction etbout 22.5%", The x end y motions cen effectively
be increzsed by zn origin shift. ?his is uone by either
moving the mtp on the screen or by moving the tracks in the
y-direction.




-22-
B. Performing ep eljgnment
1. Place the center of the projected film in upproximete
coincidence with the mtp.
2. Make epproximette elignment by sdjusting x, y, 2
distances and /°, B®, C° gimbul engles.
3. ©Now study slignment and ge: ind c ent,

edjust +°, B®, ¢°, snd Z until the rosds ind lendmerks

in the projected picture &re "parallel" to the corres-
ponding mep detail.
4. Now keeping 2°, B”, C° and Z constent vary x :nd y
until the formerly "parallel® detail is superimposed.
5. HRepeat steps 3 and 4 unti. the elignuent is considered
setisfectory.

It is important that:
&. The map be flat &nd lie snugly wgeinst the projection
screen.
b. The map scele be so adjusted thet the operator can
work as fer beck from the screen as possible; thus,
misalignments, under this higher magnification, will be
easily discernable.
¢. The gimbel snd screen system be disturbed between
the slignments of consecutive frames so thit each &lign-
ment will be &3 free &8 possible from bius on the part
of the operator.
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FEDUCTION OF DLTA TO OBTAIN BOWB TRLJECTORY AND
ORIENTATION

& & Preps o d

We first define two yuantities assocluted with

the bomb traJectory? issume tine following thick-lens

optical system:

Naoirk FPoinT

Grrouwp 7 ’ Principle RoinT

where Bl end B, sre the prinelpal plenes of the lens.
Then if light enters the system from the right, it
eppears to enter plene Hl and t> emerge {rom 82. Then
4 is measured from H1 to the ground snd v is measured
from “2 to the image. The "nadir®™ point is the projec-
tion on the ground of the intersection of tne "entrsnce"
principel plane, H;, with the optic &xis. The "prineipel®
point is the point of intersection of the optic &axis with
the ground. Then:

a. The nadir point is spproximately the point on
% These definitions are besed on the pamphlet 'Sugplonnntal

Topics in Aerial Photogrsmmetry" by Earl Church, Syracuse
Ungvcrstty, November, 1933.
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the ground directly benecth the c.g. of the boab.

P Hence, the plot of the nedir points is the pro-

Jection on the ground, or x-y plane, of the bomb

trajectory.
b. The principel point is the point on the ground

at which the bomb is looking, or the intersectiom

of the‘g vector with the ground.
ifter the operator hes tchieved & satlsfectory

match, he records nine quantities:
Freme identification - either frume number or

1!
the time of the frume.
2. A number, R3, re&d on the projection screen at

the intersection of the horizontel string with the

) vertical tape.
L ' 3. & number, R‘, read on the projection screen &t

the intersection of the verticsl string with the

horizontal tape.
4. A number, RS’ reed at the intersection of the

pointer on the glmbal truck with the tepe whichn runs

elong the treck.
5. An angle A9 from the protractor on the outer

gimbal freme.
6. in angle B® rrom the srotractor on the widdle

gimbal frame.
7. An engle C° (the roll angle) from the protrector

on the inner gimbel.




or the

Ry
LTIt ok

5 WAED the BEPs

exd 0

and plotteds




_ -2¢-
It is desired to obtain the ccordinates, (x,, Yi)’ of

(. . the projected gimbel intersection point in the mep
coordinate system (red). Let the coordinttes of the
projected gimbsl intersection point in tne siring co-
ordinete system be d:l. &nd dz. Let the wap &xes, extended,
intersect readings Rl and R2 on the tape:. Note that Rl'

Ryy d) and d, are constants taroughout tae anelysis,

unless there is =n origin shiit. Let R3 be the x reading

as recorded by operetor and let R4 be th: y reading.

Then, since, on the ¥.I.T. &na'yzer the vertical
tape increases from the top towards the hottom:

x; = (R, - 33) +dy = (R, +dy) - R, = const - Ry (vi-1)
end as the horizontal tape increases from left to right:
. ¥y =4 - (Ry - RL) =R, - (Rl - a7 =-R4 - const. (V1-2)
To get the distance from the gimbal intersection to the
screen (”1)‘

Cig © |

GrmpaL. InTERsecTioN

Fe—ds—>
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Since the numbers on the trzck tepe increcse &3 we go

towsrd the screen:.
z = (Fg - B) +d, = (Rg + dj) - K, = const. - Rg (VI-3)

The » protractor is o numberwd that when the projector

axis is pointed in the direction of positive x on the '

screen the protrasctor will reei between 90° &nd 180°.

When the projector is unywhere tlong & line parallel to

the screen horizontal string ¢xis t¢nd distance d2 below

1t (see Fig. 5), the protractor will resd 90°, &nd when

the axis is pointing toward nejative x the reading is

between 0° and 90°. We use th: angle: o = 2% - 90° (VI-4)

When the projector oatic &xis is pointing

towards positive y, B° reads b:tween 0° tnd 90°. When

the projector is pointing tloni a line perallel to the

verticel string cxis and distznce dl to tne right of it

(8ee Fig. 5), B® reads 90°, snd when the projector points

toward negative y, B® reads beiween 90° wnd 180°. We

use the engle: B = 90° - B° (vIi-5)

The roll angle protrector, U° is divided into 360° &nd

reads 0° when there is no roll. Loois’ine, aown the pro-

Jector exis towerds the screen, if the bowb rolls, say,

5° in the clockwise direction, the protrzctor will reed

355°; 1f the bomb rolls 5° in the counter-clociwlise

direction, the protrsctor will read 5°, For the determins-

tion of yaw end piteh (see page 39 ), we need not distinguish

between clockwise :nd counter-clocskwise roll end, instezad,

we define the roll angle,d) » by the equztion:

¢ = 360°- c° (VI-6)
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When the data have been taken, the map is removed from
the screen end the coordinates of the principel points

in the map coordinate system &re wmezsured with & ruler.

X, ¥y
We thus cen meesure directly —R and -fﬁ. 211 deta

perteining to distsnce ere taken in inchesj the
computetions &are made in inches, to be later converted
to feet.
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B. dyc ate fo So
We are interested in computing and plotting
three assécibted trejectories:
8. The x-y plot of the principal points;
b. The x-y plot of the Lomb trajectory, or the
nedir point curve;
c. The x-z plot of the tomb trejectory.
al Po rv
If 8 mmplete set of data is t.xen, the mep
will contein at the end of & run the who.e set of prin-
eipel points without further treatment. If, for some
reason, the principal points ere not recorded, or if
we wish to check some of the recorded points, we perform

the following calculation: Sce Fig. 7.

Fie 7
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Let x, y, z axes be erected on the msp with origin at 0%,
the projection of the gimbal intersection into the plene
of the string coordinates. Let this coordinate system

be parallel to the mep coordinute system. Thus, in our
‘new system, the projector is looking from the gimbsel inter-
section point, R, on the -z axis to the prinecipsl point

which hes coordinates x® end y™. dence:

x* =2 tena (vi-7)

v =2y oae : (vi-8)

where z; is given by Eq. (Vi-3), a by Eq. (VI-4), and
B by Eq. (VI-5). Since the coordinates ol 0® in the map
system are given by Ey. (VI-1), (VI-2), the coordinates
of the principel point in the uep system cre given by:
Xop = Xy * x™ . (V1-9)
Yop =¥y + ¥ (VI-10)
t end X-: .

From the definition of a nedir point, it is
apperent thet the projection of the gimbel intersection
into the plane of the string coordinetes is pot the nadir
,point of the projector system. We now wish to get the
nadir point of the projector system.
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Fig. 8 is similer to Fig. 7. Ve wish to determine Ax*‘

andAy*, the coordinates of the nedir point in the

coordinete syatem erected over dr', the projection of the
gimbal intersection into the plene of the string coordineates.
The distance K - PP is the slent distence from the film to
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the screen, anc in terms of known quantities is given by:
R-PP = 3-6-;-&—538—5 = z, x (K= PP factor) (vI-12)
It will turn out thst we do not need to know R - PP
very sccurstely, hence prepare an (R - PP fsctor) chart
by which determine the multiplier of By«

We now wish to determine A , the difference
between R - PP and vy, 88 & function of A ~ PP. It will
turn out thet /A does not change very repidly with
R - PP, hence a rough value of R - PP will give us a
sufficiently accurzte value of A . Fig. 10 hes been
prepared from the 2" lens on the M.I.T. analyzer. The

optical constants of this lens are as shown below:

$= 2.000"
QF H dA, =050

Fig 1O

@', the glencing &sngle, can be got from o and B from the
equation cos B' = ./ coszp sin®a + sinzp (Vi-13)

From this equation, we prepzre Fig. 1l1. We thus compute
Az, A)", snd Ay¥from the equations:
Az = A- sin o (vi-14)
Ax*= Az-ten a (vi-15)
 Ay¥*= A-smp (VI-16)
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... SECRET

Thus the altitude of the poirt, the projection of which is the
projector nadir point is given in the msp coordinate system by:
Zpy = 24 -4z {(V1-17)
£nd the coordinates of the projector nadir point in the map
coordinate system &re
Xpy = Xy +&x* (vI-18)
Ypy =¥y * ay* {VI-19)
We now wish to find similar coordin: tes the bomb-csmera nzdir
point in the map coordinate syste: it une that the focal
lengths of the camera &nd projec rznt and that ey
zre so related to e other th d glenc
is equel to the tru ancing 1l prectie

See flg. 12.
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Let us erect a coordinate system over our newly found
projector nadir point where Zoy is the "altitude" of the
projector nadir point wnd ¥ iy the "altituser of the
camere nadir point in the mep coordinzte system. Now
from Eq. (Iv-18): '

‘sg = r v |.— i—]sin -]
x . rc[;m - sinEl . (vI-20)
P _

since vp sin 9 = Zoy-
rhe corrections to the projector nadir point
to ut the bomb nedir point are then given by (From Fig. 13):
Ax = eon - -39- ten @ (VvI-21)
¥ - 2&
Dy =53 tan B (Vvi-22)

And referred to the map system, the coordinates of the
bomb nadir point become:

+ Ax¥F o+ ax (VI-23)

X .
.8
Yo _
8

=y, + Ay¥+ by (VI-24)

[+] y _Q
'3 , 3 °Te the trajectory coordinates of the

bomb in the mep system, and if the bombing range system

Thus,

is coincident, the coordinstes in this system are X.»
Yor and 2z..

In case there is e considerable difference
between the focal lenzth of the pro,iect.or end the focal
length of the bomb cemers, (’PR - —-) s equations (vi-21),

(VI-22), becomes large compared to '—-- and -ﬁ + Thus,




-35-
8msll errors in q and B cean cause considereble error in
the x-y trajectory. Under these cor.ditions, it 1s pref-
erable t