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I.  INTRODUCTION 

Heretofore, the principal object in hiving a 

controlled bomb carry e motion picture caaera in its 

nose hcs been to study the film for evidence of roll 

and to determine by qualitative examination whether the 

bomb went through cny large ytv:ing or pitching motions. 

Up to the present, all "quantitative" ^e&sureinents of 

yen, pitch, and roll, t-s we shall define them, were 

made with the full realisation that the geometry of the 

measuring method was only a crude approximation to »hat 

it should be. 

The object of tue film analyzer shown in Pig. 3 

is to determine the trajectory of the bomb in a set of 

rectangular coordinates «id to determine the orientation 

of the bomb at any desired point on this trajectory. 

Bcving the above data, some of the types of questions 

that can then be answered are: 

(1) Does the bomb fall with a certain pitch angle even 

though the elevators are set at aero? In other words, 

how stiff are the bombs now under development? 

(2) What is the roll torque produced when the bomb is 

felling in combined pitch end ytw? 

(3) Bow long does it taie for the bomb to res.cn equilib- 

rium yaw and pitch after the controls Lie applied to 

give it this yew end pitch? Ana do these equilibrium 

"••••••*$4>ii& 
*:•'&& • 



vtlues of yaw and piten a^ree with those determined 

by wind tunnel measurements? Whet is the motion of 

the bomb from the time the controls ere applied to 

the time equilibrium is retched? 

(4) Summarizing: In what respect does the booth's motion 

depert from the motion ES predicted by trajectory 

calculations? How should the equations of motion be 

modified to more accurately predict the motion at 

high speed? What ere the observed values of lift, 

dreg, end moment coefficients at high speed? 

Thus, whereas the theodolite records give only 

the trajectory of the bomb, the film analyzer will, in 

addition, give bomb orientation. It is only by having 

both pieces of informstion that aero-dynai&lc characteristics 

at high speed can be determined. 

It is the opinion of the U. I. T. group thtt film 

analysis, as herein described, is a very potent tool for 

the determination of aero-dynamic characteristics at high 

speed. Hence, the elementary aspects of film analysis 

theory and technique ere covered in deti.il in tnis report 

in the hope that such information will t-ld in further use 

end development of the method. 

- 3g$» 
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XI.  PRINCIPE OP THE FILM ANALYSIS METHOD 

The film from the nose of the bomb is shown in 

a projector system capable of motion in the six degrees 

of freedom. The projected frame is made to coincide with 

the appropriate portion of a map of the bombing range by 

adjusting these six variables. When coincidence is ob- 

tained, the position and orientation of the projector in 

a coordinate system erected on the map will bear a known 

relationship to the position end orientation of the bomb 

in b coordinate system erected on the bombing range. 



III. NECLSS/RY EQUIPMENT ;0r FlUi AN/LXSES 

The bomb under study should carry a motion 

picture camera In its nose, the optical axis of the camera 

being coincident with the longitudinal axis of the bomb. 

The larger the field of view of the camera, th« lower is 

the error In the flna.1 trajectory end orientation data ob- 

tained. Eigh shutter speeds ere desirable, being most 

important near the end of the bomb flight when slow shutter 

speeds permit blurring of the film Image. If a bomb were 

dropped from 15000 feet, a. shutter speed of 8 fr&mes per 

second would be satisfactory down to about 10000 feet. 

From 10000 to 5000, 16 frames per second; from 5000 to 1000, 

32 frames per second; from 1000 feet to the ground, 64 frames 

per second. With the present use of spring-driven cameras, 

the upper limit to the frame speed is determined mainly by 

the length of time the camera will run at this speed on one 

winding. This speed is about 25 frames per second for a 

bomb released from 15000 feet. Since the frame speed goes 

down during the drop of a spring-driven camera and lighting 

of the object can change considerably and high image resolu- 

tion is oesireble, a wide-latitude, fine-grain emulsion 

should be used. 

There should be incorpotsted into the camera system 

a method of timing each frame, and also a system whereby it 

can be determined e,t which frame the controls were applied 

end the amount of deflection of the controls. In the Gulf 

System, a stop-watch dial, indicator lights and/or dials, 
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end the terrain are photographed simultaneously onto each 

frame. In the Ji. I. T. converted ti-AA  Bomb, a series of 

timing spots «ere laid along the margin or the film by a 

realstence-condenser-neon tube circuit carried In the bomb 

nose. The timing of the applications of the control was 

made In the plane, this method thus waxing impossible the 

determination of the leB between tne time when the control 

signal was sent from the plane to the bomb t.nd the time 

the bomb control surfaces went into motion. 

The bombing range should be thoroughly covered 

by roads and other contrasting landmarks. This insures 

that sufficient detail will always be present to effect e 

satisfactory alignment. 

The processed film is shown from a projector 

carried in gimbal frames permitting the six degrees of 

freedom, the projector carrying c lens having approximately 

the seme focal length as tne camera in the bomb. Roughly, 

the greater the differences in the focal lengths, the 

greater will be the probable error in the trajectory and 

orientation data. 

.- typ. :.);.y*»»».',..•. 
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IV.  GLOiäfcTRICAL CONSIDERATIONS IN PHOTOuRi.PHINu riiL GROUND 
FROll THE HOSE OF THE BOMB /ND IN /.LIUNINu XHL PROJECTED 
PICTURE WITH A JUP OF THE GROUND 

A. Photographing the Ground. 

Assuming simple lens theory, let us examine the 

geometry In e plane determined by tne vertical to the ground 

through the lens center end tne optic axis of the lens system. 

Assume a distance on the ground "a" lying ahead of the axis, 

and e distance "e" behind. Let the altitude of the lens 

center be Z„  and let the optic axis make «.n tngle 0 with the 

ground, the distence from the lens center to the ground, 

measured along the axis, being u . Let the image of "e" on 

the film be cf and the image of "e" on the film be bf. 

See Fig. 1., If the object is very far c-wty from the camera, 

then the Image distance is very nearly f , where f is the 

focal length of the camera. Then: 

-LENS  CENTER. 

Fife i 

qo±c* 

«a*?-. ••:'•'• 

M^mm- 



Q = -ft: TAW et (tar-i) 
bf -   4 TAN p (K-2) 

b» UcTAM^             CaUcTANJl. Gff-M 
FROM THE LAW OF SINES : 

•     = Ja- =    e 
SiN(<?©$      SiH(6*$     cosß tor-a) 

COMBINING-    (5) AMD'(3) ! 

SIN)   1©+^ (ET-G) 

ALSO : 
a       -     c 

(HT-T) aiMWo+A)     5iw(s-<*j 

. COMBINING (4) AND (7) 

SIM (©-^) 
Cn-8) 

B.    The Projector Setuo. 

We htve fe similar diagram. See Fig. 2. Let 

the scale of the mtp be "s". Thus a distance "d" on the 

ground is of length • on the nap. Let ttie projector focal 

length be f , image distance be v , and object distance 

be up. 

-% 

'".^'^.ii 
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R&2. 

THUS 

C = ITpTWsJ^' ÖST--Ö 

"*        AM CO'-«*») (BT-ICä 

b'= Up TAN $ Jsr-ii) 

c 
*/_  UP SIN ft7 

©IN («'+>> (32-12) 

;'i§l^:   ^ 
.•v£'-.- 

' "      '• •&£$&*                 '''^BSS^S^^iMti^.   ** Jit 
d|^^^H^^Bk;           T»HH(^*^tvfJ> :..^ 

;"ä&tü ^HGkj;/ll'1< 

--'•f-dssSSp!^ iM9^^^|^^H£r' ' '.JHH^i£9 ̂ ^HBofe^ "': -- 
EM&H^^^^^^^^^^^^^^HK^V; . '^j^^^^^^H ^^•^#':. 
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Mow In operating the film tntlyzer, «e tdjust our 

six variables until the projected picture Is superimposed 

in extct elignment, cs nearly ts we cui aetermine, on the 

appropriate portion of the map. Hence for the "t" end "e" 

lines our conditions of me. ten becomei 

«.- S      - c- -S 

HENCE   t=?eoM   (ioi AWD (12-) : 

Ca aiwce'+p')       aÄ s.>o(6L^ QI-13,14} 

We THEN EQUATE 03)T-O(<O) AMD (J4) TO (6) : 

•iNCO'+p'!)    ~   5(M (Ö+0)    (   CoNDit-«ow9 Foi^     l°' 
.._...' ..     .    Ft 

6lM 

3 tffrSliO*'   _    Uc 31 M<*.    f*RAMftS* MWXM   /-_ « 

Thus if we consider only the conditions for match in range 

we solve equations (15) und (16) simultaneously for 0,  the 

glencing tngle et which the frame w&s ttken, in terms of 9', 

the glancing tngle as retd on the gimbtls.    Dividing (15) 

by (16)i 

£gS«*- 

• - £.••' * " -•*•'•'•>«*»»••(*.•      .-=- — . 
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Thus if a« = a and 

then 0=0' for 11 values of ft1 
of cf 

Since ten o* = — and tan a - -r- 
up c 

f , widen, as can be seen by siuiler treituent, 
c 

of the cnalyzer, that is «hen u_ = f„. 
P   c 

then for a' to equt-1 a 

is 6lso tne condition for ß< to equal p. 

Thus, i,X *e  consider int-tch in "ran^e" 6lone t.nd 

since u varies during our film an&lysis to iac.intt.in focus 

on the screen, we draw the following conclusions: 

1. We ccn ,j6t exact alignment for, at best, one position 

All other alignments 

will be tpproxiutte, the operator in someway distributing 

the distortions so as to give a "best" fit, or distributing 

the distortions in e predetermined manner. 

2. There ere three ways of gettln«, around this diffi- 

culty of inherent mis-fit: 

a. Use a projector lens having u  tremendous depth 

of focus — in the limit, a pin-hole projector. In this 

way u can be equated to f tnd neld fixed; thus the 

projected pictures will elweys be In focus regardless 

of the projector-to-map distance. 

b. The operator, in aligning the projector, ccn 

distribute the distortions in a way thtt permits an 

accurate calculation of 8 through equations (15) end 

(16). This method will be discussed in detail later. 

c 

:'.M*'g. 
SsMJ>jfläiSSi|l:i- i 
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c. The error in Q cen be aide negligible in 

comparison with other inherent errors by proper choice 

of the focal length of the projector.  This method 

«ill also be discussed ltter. 

Let us no« assume there is another line of length 

*Jt*  on the ground, perpendicular to the "£>" - "e" line end 

intersecting the optic t-xis of the cuaert. 

Then, the way »£" will photograph on the film «ill 
f 

not depend on 0, tnd v.ill be of length (•£ • r^-)  on the film. 
c 

In projection, this object on the film is magnified by the 
v 

fector (r*). Hence for "lateral" mitch: 

H)\l}-4  - 
UP 

SINCE   "^r = T3C+-"if 

(12-17) 

Now TW= #p« teü-^-wuftrisiJ-A   (ET-W) 

*'» TAN * [-fc-TAN^ {%' Of,)] ÖI-ZO) 

Gff-2.0 

& 

'V:Üfe! 

K$^v.;;:; IM SftSJ^SÖE'Jjvj'.. ^,_ 

^ps^..-   a 
§•* 

".^f 

• '*•'..      *äfe 
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5uasrirüTiNQ- QS^O^^AUDO^O IU(IG) WE <S-ET: 

c 

Expindiriü the ebove end simplifying: 

sin 9' - A cos 0' = sin 0 - tan i  cos ö (IV-i2) 

wiiich gives the relctionship between 8" i.nd 0 in order to 

have simultaneously an exact rsn^c matcu for G particular 

point in the upper helf of the picture and ext et lateral 

inr.tch through tne optic axis. Since 8' *= 0 tnd A is 

never greater than about .1, Eq. (22) becomes: 

sin a1 *= sin 9 - (ten J - A ) cos 0 

or sin 9« ^ sin 0 - jl - fc(£ - ^ )J ten a cos 0 (IV-23) 

From Bq« (23) it is apparent: 

1. 9' is ilwtys less then 8 for f,<. fD 
!-nu practical 

vdlues of v . 

2. That tue error in 9 lncveascs wf.tn a.  (Unfortunately, 

we rent a ltjge a, since triis insures plenty of ground 

detcil.) 

3. That the error in 9 decreases with Increase in 8. 

Hence, the percentage error is usually greater at high 

altitudes where the bomb is tuoie nearly norizontel. 



( 

( 

4 

In v, 

if f„ = r . c   p* 
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the error in 6 will decrease with increase 

Equation {ZZ^^iMkä error in 9 »ill 

be Xept to 1 minimuia if the projector focel length is 

slightly less than the comers, focal length.  Thus from 

equation (22), for 9' to equel 9: 
f f 

*    'e *p 
If our total range in v is fro;u 10 inches to 100 inches 

tnd if fc « 2.000" a-nd f • 1.802" tnen for 0 * 45 deg.: 

8« =» 44.3 deg. tt v = 10» 

8* = S - 45 deg. somewhere be 
v = 10" and 100" 

9' = 45.8 deg. at v = 100" 

I 

JÄH. 
suuing 

1 

thus we can «teep our error in 9' at a minimum by the proper 

cnoice of the focal length of tne projector. 

to get an idee of how far 9' is off from 9 for 

the W. I. t. converted .«-44 bombs, let us solve equation (23) 

for the following representative data: 

& -  43.8 deg.   a»7 deg. ((W = u deg-> 
1" 2" 46.8" 

Thus, sin 9' - .692 - Q. - (| - ^7g)J x .1228 x .722 = .646 

therefore, 9' = 40.1 deg. THUS the operatoi would set the 

projector at • smaller gltncing tngle thin that at which 

the picture ma taken. If this difference in the «'s »ere 

not tsKen into account in computing the trajectory, a consid- 

erable error in ; ltituüe rould result. 

By a similar treatment using equations (18), (15), 

and the 3' equivclent of (20), we get the relationship 

between 9' tnd 9 in order to have simultaneously en exact 
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renne match for e particular point in the lower hilf of the 

picture Mid exact lateral nie ten through the optic axis: 

sin 0' +Vcos 01 = sin S + tan 0 cos 0   (IV-24) 

ors sin B1 = sin 8 + U - fc(^ i-M t&n 0 cos 9 (1V-25) 

where ^ •= fc ten 3(i- - ^-) •= ten 3« 
P   P 

(24) end (25) tre similar to (22) end (23) but demend that 

0' always be larger then 8, contrary to (22) and (23) 

which demand that 8' always be smeller than 0 for f < f . c  p 
Hence we have three Inconsistent relationships 

between 9' end 0: 

/.. . For simultaneous fit in upyer and lower ranee; 

sin (9'-aO 
sin (e'+3') sin a s 

1" (Q-a) 
in (9+ß) sin a' 

B. For simultaneous fit in upper ranne and lateral 

distance; 

sin 9' -A cos a' = sin 9 - ttn a cos 9 

[A= fc Una (i-- A-)] 
P   P 

C. For simultaneous fit in lower ranve and literal 

dislsasa: 

sin 6' +V cos J' sin 9 + ten 3 cos 9 

Cv- f0 tan 3 ($- - i-j] 
P   P 

Hence, in performing an alignment on the film 

analyser, the operator attempts to get tue "best" solution 

from the above three inconsistent relationships, and he has 

essentially but two variables by which to bet this fit: 

9« tnd v_. 

•$••&«<•! 

:-'<#0*-. :Ä";ä 
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C.    iiethods of Gettln,; fc  "Beat" Solution? 

Suppose our alignment is uttae tt 0      tnd v• ,   then 

frou Ec;u£tlons  (6) tnd  (12) 

= frttctionti error in loafer ran^e j.t.tch. 

from Equations  (3)  t.nd  (lo) 

6«J (0*-<*')     56IMC6-J) 
Up*  S»N at' 
SIN (6*-<*.9 

~a~s 5.0(0-^* SIKU' (JS-27) 

= frsctiontl error In upper- ran^e mttch. 

Now for L lttertl imt^e  JL* on tiic film,  tue projected 

imtge is: 
fUp 

end the correct projected iaitge is: 

*P "*f Up 

/nd the coincident figure on the iutp is given by: 

s "      s f„ 

Thus: 

iSf-A* ap Op fe~trp) 

= frsctioni.1 erTor in ltter.-.j. nit tch. 

Mow for L given loP* tnd vj   tiiesc errors do not 

til htve  the stne sign,  hence,  one of  tue possible methods 

for b best fit would require tne u,f.«nituües of these 

''•&•£•*••' 

••••««5*   Ä'8ija^BHl.--ifeu'- ••'St.Eiä 

^fe- 

*tc- 
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errors to be ttie saute.    Using ei^ttion (J-ö), we get: 

1       4lM(6+t) Of* *«?' 

1"* 6|K)(9-c<) Up* SIN*/ (E?-^) 

Using soiue data from the  film £.ntlysLs of the 

SI. I. X.  converted ii-44 let us compute  ti.t distortions 

accompanyin6 some of the possible "best" alignments. 

Let a = ß * 7 deg. fc-l- fpS2" v    = 46.80" 

0 * 43 40' where the above v and tt would be the observed 

velues on the analyzer system, provided c perfect fit were 

possible. 

Case 1. The analyzer is adjusted to the correct vtlue of 

,*, 
P   P 

Error in lateral direction 

v end 9 46.eo" tnd ö* - d = 43°48'. lience vtl" = v 

€U.  = ° % 
Error in lower ren>;e fit = €^0 - *  5.92% 

Error in upper ran^e fit = €up = - 7.647« 

tnd since    Z„ c    p fc-ti 
sin 0 

p   p. 
letting s - 10400 our t-ltltuae would be commuted as 13 437*. 

Then if the blue lines represent detail on the map end the 

red lines our projected picture our alignment would appear 

es follows: 

%• 

'•^.>'^?«8pfctei-- 
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gese II.    We fl^nish v    snd vt.rv Q'  until the mtgnltudes of 

the errors by ec,action (29) sre the seise. 

Thus for v*  = 44.27"      & * 40°24' 

U. 

€UP 
= 

Csse HI. 

- 5.991» 

* 5.99 7» 

- 5.99 7* 
11872' 

And the t-iigniuent would look line 

this: 

•H 

_L 
tp-aaS-J 8' until the Aä&nltudes 

of the errors by equt tion (29) tre the suue. 

Then for v~ « 50.35" and o = 4750« 

eu = 7.34 7. 

<f LO • 7'3* > 

£„? - - 7.347. 
Zc = 15529' 

Qese IV.    We keep vf 

velue but tdjust 0' 

extct fit in loner : 

And the £ligranen 

this:                     - 

t ».ould look like 

equal to its tneoretic&lly correct 

so  thtt  tnere is siuultLneouslv ui 

onKe ;.nd l^tertl distance. 

Then for v*   = 4<>.ao"     * = 47*51» 

^j,  - 0 y»                   /nu trie Llifenuien 

£L0 = 07«                   this:                   - 

€„„ * -16.3%                             l  

it v.oula look like 

r         ,.. J 

2C = 14393' 

Cese V.    We Keep v 

VElue but cdjust Ö' 

* 
ec.us.1 to its tlieoret 

so there is giwultt* 

1 

.icdly correct 

leouslv m uxtct 
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flt In unoer ran^e md lateral distance. 

Then for v 
P 

0*k 

46.80" a* 40*25' 

€-OP 
= ° 7* 

Zc = 12586« 

laid  our alignment «ould look like 

this i 

H 

D. Conclusions on the Geometric«.! considerations 

From the foregoing treatment, it Is tpperent that 

it Is both desirable end practicable to cajust the focal 

lengths of the camera and of the projector to oiaae negligible 

the uncertainty in 9 and hence in v . From the calculations 

on page 13, it cen be seen that tue uncertainty in 0 can 

be held to less than •-.  degi-ee t.hrougnout the range of v 's 

end of ö's found from the analyser ts no* designed. From 

the experience et it. I. T. with the analyzer, uncertainties 

of this isagnltude ere probtbly mithin the human errors 

introduced by the operator »hen he calls an alignment satis- 

factory *hen it theoretically is not. The proper relationship 

between the focal lengths «ould consiueraoiy speed up en 

analysis since the operator could elwoys find a good alignment, 

while if there is a great difference in trie focal lengths 

the operator searches t» long time for a bood alignment wuien 

is inherently non-existent. 

JifMJ^^!fl'llB.'*,':/ "•'Ve'r'*?-•» «"„v. •- 
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In case tue proper focal length projector is not 

available the best thing to do would be to perform each 

alignment the seme, choosing one or the five cases above 

as fn example. Thus, even though the values of 0 tnd v 

obtained were not the correct values, the correct values 

could be obtained through the equations associated with the 
particular case used. 

(. 
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V.  DESCRIPTION AND OPEK/.TIOK OFM, I. 7. /.M/LYüEE 

t.    Description 

See Fie;. 3» The projector Is carried on three 

global francs, (A), (B), end (C), the axes of which inter- 

sect the optic axis of the projector In the plane of the 

film (D). Etch giiabel carries a protractor, / , B°, C°, 

by which bomb orientttion can be determined. 

The outer giuibal (/) is supported on a truck (f) 

»mich is pushed back and forth on tracks (F) by the opera- 

tor. The trecks ere perpendicular to the pline of the 

projecting screen (G), whicn carries the map of the bombing 

range. The screen is capable of motion in the x end y 

directions, being driven by motors controlled from panel 

(H) on the giiabal truck. 

The gimb&l truck carries a pointer (I) which 

runs along a tape divided into feet fand inches, the tape 

being ptrallel to the traces. The projecting screen 

cerrles two such tapes (J) and (K), one tlong the left edge 

for measuring x displacements, end one tlont the bottom 

edge for measuring y displacements.  The vertical tape is 

parallel to the x-iootion of the screen ana also to the 

fixed string (l).    The horizontal ta^e is parallel to the 

y motion of the screen and also to the fixed string (Si). 

Thus, the Intersection of the horizontal string (*)  with 

the vertical tape (J) Indicates the x displacement, tnd 

the intersection of the vertical string (L) with the 

1 •*' 
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horizontal tape (K) gives a reading for y displacement. 

Although the line clong which (D) moves, the projector Z 

motion, does not Intersect th< strln6 origin (K), the two 

strings and the line slong wh?ch (D) moves, &, form a 

fixed, rectangular coordinate .system in which displacements 

ere conveniently measured. 

The ptrticular form of giabal system used «es 

chosen because the roll angle could be reed directly off 

the C protractor, /.s will be shown in the Ninth Progress 

Report, the directional gyro system used in both the Gulf 

end M.I.T. bombs requires, for t bomb in roll equilibrium, 

that the line perpendicular to the longitudinal axis of the 

bomb end lying in the plane or the vertical fins always lie 

in the plane represented by tho vertical fins at the instant 

of release. With the usual ine'nod of release, this plane 

is coincident with the plane determined by the line perpen- 

dicular to the earth end the line represented by the bomb 

velocity vector et the instant of relea.se. 

The intersection of the three gimbals is capable 

of being moved from L  position about 120" in front of the 

screen to within about 8" of tue screen.  Ihe total motion 

of the screen in the x-direction is about 44"; In the 

y-direction about 22.5". The x end y motions can effectively 

be increased by en origin shift. This is aone by either 

moving the map on the screen or by movine the tracks in the 

y-direction. 

* 
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ß. Performing *n fUffTTiir^ 

1. Place the center of the projected film In approximate 

coincidence with the mcp. 

2. Slake tpproximtte elignment by adjusting x, y, z 

distances and /? ,  B°, C° gimbo L angles. 

3. So* study alignment and keeping x end v constant, 

adjust /. , B°, C°, and z until the roads end luidm<.rks 

in the projected picture ere "parallel" to the corres- 

ponding ncp detail. 

4. No« keeping t°,  B°, C° end 2 constant vary x ;.nd y 

until the formerly "parallel" detail is superimposed. 

5. Repeat steps 3 and A until the elignment is considered 

setisfectory. 

It is important that! 

e. The map be flat and lie snugly tgtlnst the projection 

screen. 

b. The map scale be so adjusted that the operator can 

work as far beck from the screen as possible; thus, 

misalignments, under this higher magnification, «ill be 

easily discernaole. 

c. The gimbel and screen system be disturbed between 

the alignments of consecutive frames so th&t each align- 

ment «ill be as free as possible from bits on the part 

of the operator. 

*% •:•.s•>^^
H"*, • iö^js^y^- 
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VI.  SEDUCTION OF DATA TO OBTAIN BOiiB TRAJECTORY AND 
ORIENTATION 

A. Treatment of Data Preparatory to Reduction 

We first define two quantities associated with 

the bomb trajectory. Assume tue following thlsk-lens 

optical systemt 

FlS: 4- 

G«3UWD S-' RWNCIRJE Fbiur 

where H, and H2 are the principal planes of the lens. 

Then If light enters the system from the right, It 

appears to enter plane H, and to emerge from B,. Then 

a is measured from H^ to the ground and v is measured 

from H2 to the Image. The "nadir" point Is the projec- 

tion on the ground of the intersection of tne "entrance" 

principal plane, H^, with the optic axis. The "principal" 

point is the point of Intersection of the optic axis with 

the ground. Then: 

a. The nadir point is approximately the point on 

«• These definitions are baaed on the pamphlet "Supplemental 
Topics in Aerial Photogrammetry" by Earl Church, Syracuse 
University, November, 1933« 

S.V- 
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the ground directly beneath the e.g. of the bomb. 

Hence, the plot of the nedir points Is the pro- 

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

trajectory. 

b. The principal point is the point on the ground 

at which the bomb is looking, or the intersection 

of the B vector with the ground. 

After the operator has tchieved a satisfactory 

match, he records nine quantities: 

1. Frame identification - either frame number or 

the time of the frame. 

2. A number, R,, read on the projection screen at 

the intersection of the horizontal string with the 

vertical tape. 

3. A number, R., read on the projection screen at 

the intersection of the vertical string with the 

horizontal tape. 

4. A number, R-, read at the intersection of the 

pointer on the gimbal truck with the tape »hlcn runs 

along the tree Is. 

5. An angle A° from the protractor on the outer 

gimbal frame. 

6. An angle B* from the protractor on the middle 

gimbal frame. 

7. An angle C° (the roll angle) from the protractor 

on the inner gimbal. 

"'TX • 

"•*-! 

..ah .-•• . 
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It Is desired to obtain the coordinates, (x±, y^),  of 

the projected glmbel intersection point in the men 

coordinate system (red).  Let the coordinates of the 

projected gimbal intersection point in tne string co- 

ordinate system be d, and d-. Let tne map axes, extended, 

intersect readings R, and R_ on the tape.;. Note that R,, 

R,, d, and d2 are constants throughout tae analysis, 

unless there is sn origin shift. Let R- be the x reeding 

as recorded by operetor and let R, be th* y reading. 

Then, since, on the M.I.T. analyzer the vertical 

tape increases from the top towards the 'bottom: 

(R- - H,) + d- » (R5 + d2) const R3 (VI-1) 

and as the horizontal tape increases fron left to right: 

*i =dl (Bi V R 4 - (Rx - dp  =-R4 - const. (VI-2) 

To get the distance from the gLmbal intersection to the 

screen (>^)i 

FlGr. <Q 
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towards positive y, B reads bstween 0 and 90° 

-27- 

Slnce the numbers on the track tape Increase es we go 

toward the screen:. 

ZX  * ^F'6 " R5^ * d3 * ^H * *V " h5 = const- _ R5 (yI-3) 
The A° protractor is rw> numbered that when the projector 

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

screen the protractor will reel between 90° and 180 . 

When the projector is tnywhere along a line parallel to 

the screen horizontal string ixis end distance d2 below 

it (see Fig. 5), the protractor will read 90 , and when 

the axis is pointing toward negative x the reading is 

between 0 and 90 . We use th* angle: a = l    - 90   (Vi-4) 

When the projector ojtic axis is pointing 

When 

the projector is pointing tlonj a line parallel to the 

vertical string axis and distance d, to the right of it 

(See Fig. 5), B reads 90 , ami when the projector points 

toward negative y, B9 reads between 90 tnd 180°. We 

use the engle: ß = 90° - B° (VI-5) 
O e 

The roll angle protractor, C is divided into 360 and 
o 

reads 0 when there is no roll. Looking uown the pro- 

jector axis towards the screen, if the bomb rolls, say, 
e 

5 in the clockwise direction, the protreetor will read 
o o 

355 I if the bomb rolls 5 in the counter-clocawise 

direction, the protractor will read 5 . For the determina- 

tion of yaw and pitch (see page 39 ), we need not distinguish 

between clocKwise i.nd counter-clocjcwise roll and, instead, 

we define the roll angle, <$> , by the equation: 

$ - 360° - C* (VI-6) 

-•^•*S?if.i,-*.-..,
1,        «A 

''-t*-*      '.   • •' 
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When the data have been taken, the map is reaoved fro« 

the screen and the coordinates of the principal points 

in the map coordinate system are measured with a ruler. 
x      y 

We thus can measure directly —*f& and -J". £11 data 

perteining to distance ere taken in inches; the 

computations are made in inches, to be later converted 

to feet. 

• f* 

*£&- 
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B. Reduction of Data for Trajectories 

We are interested in computing and plotting 

three associated trajectories: 

a. The x-y plot of tbe principal points; 

b. The x-y plot of the tomb trajectory, or the 

nadir point curve; 

c. The x-z plot of the tomb trajectory. 

1. Principal Point Curve. 

If a complete set or data is t-Ken, the map 

«ill contain at the end of a run the whole set of prin- 

cipal 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 

tbe following calculation: See fig. 7. 

Fift 7 

-»-* 

PP (RUMCIPl* FbKJT") 
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Let x, y, z axes be erected on the asp with origin at 0*, 

the projection of the gimbal intersection into the plane 

of the string coordinates. Let this coordinate system 

be parallel to the mep coordinate system, thus, in our 

new system, the projector is looking from the gimbal inter- 

section point, R, on the -z axis to the principal point 

which has coordinates x* end y*. Hence: 

x = Zj tan a 

# . . isa_ft 
*   *i cos a 

(VI-7) 

(Vl-8) 

where z±  is given by Eq. (VI-3), a by Eq. (VI-4), end 

0 by Eq. (VI-5). Since the coordinates of 0N in tue map 

system are given by Eq. (VI-1), (VI-2), the coordinates 

of the principal point in the uep system ere given by: 

~PP 
x^ + x (VI-9) 

y
PP = yi + y* (vi-io) 

2. Nadir Point and X-2 Plots. 

Prom the definition of a nadir point, it is 

apperent that the projection of the gimbel intersection 

into the plane of the string coordinates is not the nadir 

point of the projector system. We now wish to get the 

nadir point of the projector system. 

:*!*!•< 

'.-%f- 
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PP (PCMOCIHNL_ R»wr) 

Fig. 8 is similar to Fig. 7. We wish to determine ^x**" 

and Ay , the coordinates of the nadir point in the 

coordinate system erected over d*,  the projection of the 

glmbal intersection into the plane of the string coordinates! 

The distance R - PI* is the slant distance from the film to 

.-• '''•'^JMB^^A^^W»^'^ ;'**%   ' "V»A    -j-V.* 

|BW.    **-"*'>    - 
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tlM screen, and in' terms of known quantities is given by» 

ft - PP - cos a cos 

It will turn out that we do not need to know B 

j • «! x (ft - PP factor)   (VI-12) 

PP 

very accurately, hence prepare an (R - PP fbctor) chart 

by which determine the multiplier of z^. 

We now wish to determine A , the difference 

between ft - PP and v , as a function of R - PP. It will 

turn out that A does not change very rapidly with 

R - PP, hence a rough value of R - PP will give us a 

sufficiently accurate value of A • Pig« 10 h6S been 

prepared from the 2" lens on the U.I.I, enalyzer. The 

optical constants of this lens are as shown below; 

-ft -3± £- 
•f * a.ooo    „ 
npk » o.s\<? 

Fifr 10 

0', the glancing angle, can be got from a and ß from the 

(VI-13) 
y"2    2      2 cos P sin a + sin ß equation    cos 9* 

Prom this equation, we prepere Fig. 11. We thus compute 

As, A*t and A. y^ from the equations! 

A* * £. • sin 6" (VI-14) 

Ax* = Az-tan a (VI-15) 

Ay*» A • sin ß (VI-16) 
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Thus tiie altitude of the point, the projection of which is the 

projector nadir point is given in the inej> coordinate systeo by: 

ZPN = zi " Az (VI-17) 

And the coordinates of the projector nadir point in the map 

coordinate systeo are 

(VI-18) 

(VI-19) 

xpN = xt + Ax' 

y m y. + ay" 

We now wish to find similar coordint tes of the bonib-cauera ni.dir 

point in the maa coordinate system. We ;ssume that the focal 

lengths of the camera and projector are clifferant and that they 

are so related to each other that the observed glancing angle 8' 

Is equal to the trua glancing ingle  6 for ^-.11 practical purpose3. 

See Fig. 12. 

R«r IZ 
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Let us ereot a coordinate system over our newly found 

projector nadir point where zpM is the "altitude" of the 

projector nadir point tnd *p- is the "altitude" of the 

camera nadir point in' the map coordinate system. Now 

from Eq. (IV-18): 

S     C "p 

s 

sin 0 

(VI-20) 

since v sin 9 = zpM. 

The corrections to the projector nadir point 

to get the bomb nadir point are then given by (Prom Fig. 12): 

Ax * le•, - *?l tan a (Vl-21) 

»*    cos a A* = "cos a^ tan P ("-22) 
And referred to the map system, the coordinates of the 

bomb nadir point become: 

-£• * *i • A** + A* (VI-23) 

^£ = yt • Ay*" * Ay (VI-24) 

Thus, b. Is. 
C >  C » 

i are the trajectory coordinates of the 
bomb in the map system, and if the bombing range system 

is coincident, the coordinates in this system are x , 

yc, and *c. 

In case there is a considerable difference 

between the focal length of the projector and the focal 
a 
^), equations (VI-21), 

x     y 
(VI-22), becomes large compared to -£• and -J* . Thus. 

s     3       * 

length of the bomb camera, (zpH 
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amall errors In a and p can cause considerable error in 

the x-y trajectory. Under tbese conditions, it is pref- 

erable to compute Ax and Ay by proportional triangles 

from Fig. 12. Since the coordinates of the principal 

point are known in the map system (by actual measurement), 

they can be converted into coordinates xpp„, ypp„ in the 

system erected over the projector nadir point. Hence» 

A* -*PPM !EJL s 

Ay = yPPM 
fai 7i (VI-25) 

ZPK 
I» «b. «„px. to follo.,  .wtloiis  fvi_2 

different. 

(VT-26) 

Exemple Case 1 fit. see pfege 16. 
«1-- 12- - i 3/8n «145.375B 

R2 " W - 1 1/4" = 217.250« 
B3 - 16» - 10 1/2» = 202.500» 

2 1/2« = 13^.500« 
R4 - U' 
R. V  - 7 1/4» a 91.250" 

9' - 8 1/2» „ 116.500„ 

1.400" 

'd2 = - 40.562» 
d3 a 3.000" 

*# - 135.0* 

B* - 79.0' 

C -  5.0* 

»*#••:•• 
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• * 8.80" 

0.60» 

From Figs. 5 and 0 end 

(R2 • dg) - B, -  (21?, 

2.00» s = 10080 

Eqs.   (VI-l) through (VI-6) 

7i " R4 - (F.j,  - dx) * 134.500 - (145 
250 - 40.562)  - 202.500 » - 25, 81« 

li * CR6 + d3)  - R5 =  (116.500 + 8.00)  - 
375 - 1.400)  - - 9.4711 

i - *    - <?i,    s i,<5.0"   - 90" 
91.250 3 33.25» 

3 * 90°   - B* = 90* 
45.0- 

» - 360*   - C* = 

90*  - 79.0".= u. 

355* 

For a = 45.0*,  0 = ll.o*   the R~= 

I.46.    Hence from £q.   (vi-12): 
factor is 

"P? = 33, 25 x I.46 = 48. 

From Fig.    9 for g^-Tp = ^.5^   A = 

Fro» Fig. afop a m A5m0* f ß 3 11<(/ 

FTOB EQS.   (VJ-14,  -i5> 

4* x A' sin e* = 

1.58« 

et = 43.g- 

A**A: 

-16): 

1.58 sin 43.8' 1.09" 

Ay* =. A • sin 
tan a = 1.09 tan 45.0*   = i, 09" 

1-58 sin ll.o*   = 0, 
Therefore,  from Eqs.   (VI-17,  _18 

31» 

ZPN = 8i 

*PN = *i 
yPN * y± 

Az = 33. 

Ay* = . 

•19)i 

-  1.09 =  •• 

25.81 +  i.og 

.16» 

24.72» 
9.47 + 0.31 - - 9.i£ 

'i^^l?******-"' - 



22ii£ _ sin 43.8* 

From Eq. (VI-20): 

-f = 15.39" 

Since -§£ = 8.80" and xp„ = - 24.72» 

then xppM * 8.80 - (- 24.72) = 33.52» 

similarly, yppN = - 0.60 - (- 9.16) = 8.56" 

Thus, by Eqs. (VI-25, -26): 

"PJL 
fa 

Ax = Xppu 

Ay*yPpN     z. 

PN 
*- = 33-52x^4^11^2 =17.46„ 

PH 

32.16 

.16 - 1 
32.16 

And by Eqs. (VI-23, -24): 

-£• - x±  + A** + Ax = - 25.81 + 1.09 + 17.46 * - 7.26» 

-§• • 7±  + Ay* + 2Sky = - 9.47 + 0.31 + 4-46 = - 4.70" 

Removing the scale factor: 

zc - U'Mj*  10Q3° = 12920 foet 

x * -  7.26 x 840 6100 fset 

- 4.70 x 84O * - 3950 feet 
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C. fiedflgtlon gf .Pftfrafor prjcnEatlon 

1. Determination of Bomb Orientation. 

By "Determination of Boab Orientation" me  shell 

Bean tue determination of the direction cosines of the 

unit vector 8, representing the longitudinal weis of the 

boab, in a rectangular coordinate system  erected on tne 

bombing range. This determination can be made in tiro ways: 

Ifctftgd 1, From.the readings on tne J.'  and 5* protractors. 

Since it leads to simple reduction foraules, the 

operator chooses the various coordinate systems Involved so 

the coordinates of the analyser system are parallel to both 

the coordinates erected on the nap and the coordinates 

erected on the bombing range. ?hu« ths direction cosines 

of a line are the same in all throe systems. In Fi^-, 13, 

the gimbal center is at 0 on she *' axis with the optic axis 

or B vector pointing at the point P on the wz?,  which lies 

in the x-y  plane. Angles a anc ß  are obtained from the 

ß*  and 6* gimbal protractors.       , 

io *-* 

Fie 13 
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(VI-28J 

(VI-29) 
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Itien If I la the direction angle of B with x: 

cos * -  cos ß sin o 

If a Is the direction angle of B with y: 

cos in = sin 3 

If n is the direction anale of"twith a«: 

cos n « cos 3 cos a \,vx-Z9) 

Hence B = kos 3 sin all + |sin plj + [cos 0 cos a]k  (VI-30) 

Mgtftpd, g. from the trajectory, RJ-gEa. 

The determination of U  along with other useful 

quantities by this method ere outlined in the following 
paragraphs. 

2. Determination of gEw. Pitch end Angle of fbtack. 

After preparing a set of trajectories comparable 

to the one below, we measure the indicated tngles by a 

protractor from the drawing. 

iM' 
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In malting the above plot, &n origin is chosen 

on the mep (usually the intended target), the x axis is 

oriented so as to be the ground projection of the bombing 

run, or more accurately, the projection on the ground of 

the longitudinal axis of the boiau (the "If vec tor) at the 

instent of release. The y axis is erected perpendicular 

td the x and the x-z plane is folded down so as to be 

coplanar with the x-y plane. Ftence x corresponds to range, 

y to position in azimuth or side deflection end z to altitude. 

Due to choice of origin and positive direction of x end y, 

ell the x coordinates of the boub will be negative, provided 

the bomb does not overshoot tije Larget, y coordinates »ill 

be negative if the bomb veers to the left of the bombing 

run line, positive if the boob veers no the right, z, of 

course, will always be positive. 

In the diagram, points ',  E, C, D refer .to the 

bomb at a particular tii.e insttnt. / is position of the 

boob on the ground, or the x-y coordinates of the n&dlr 

point, h, is the position of the boinc in  the folded x-z plane, 

C is the point on the ground st which the bomb is looking 

at- this particular time (the coord ine Us of the "principal" 

point), and & is the position of tne ;.! jr.ciptl point in the 

folded x-z plane. Connect the points is shown end draw in 

the trajectory tangents et A  end B. x-y axes are (hen 

erected at / with positive directions to show*, i-nd x-z' 

axes are erected at £ with positive direction es shown. 

With this layout x, y, and z« form a right-nended system. 

;/i^*s Aip- 
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The labeled vectors are tbusi 

BQ IS the "ground" projection of the longitudinal 

axis of the bomb or B vector. 

VQ is the ground projection of the trajectory tangent 

or the instantaneous direction of the bomb velocity vector. 

BA is the "air" projection of the IT vector. 

VA is the air projection of the bomb velocity vectdt*. 

To determine the angle of attcck, we first 

determine the direction cosines of B fend"? in the x,y,z' 

system. Thus given any unit vector L making angles 0 and 

9 as shown > 

*-3C 

and letting the direction sagi&s. *ith x, y, and z' be 

£,  m, and n. 

WV .--;•.;'.- 
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*• solve the following equations: 

*A sin q> = cos n 

LA COS <p = cos •?* 

L0 sin o = cos •& 

LQ cos 9 = cos n 

cos * + cos m + cos n => 1 

Thus: cos n = tan <f cos-P 

co» m = cot ö cos « 

cos 4, ± J X *  cot'J • tan"-«^ 

(VI-31) 

(¥1-32) 

(VI-33) 

Thus we solv* equation (33) for < and then determine n and a 

through equations (31) s.nd (32). 

After.getting cos rig, cos aß and cos &3 for the B 

vector and COL; nv, cos au, and cosjSy for the V vector, he get 

the angle between them (or \.hat we shull cali the angle of 

attach) toy the following equation: 

cosine (ungle of attack) •= cos f = oos *,, 4L 
+ cos m» cos nig + cos n„ cos n3 (VI-34) 

To be able to compare the results of our film trajectory analysis 

with the trajectory calculations v>e. must determine the angles of 

pitch und yavi, which, combined, produce the angle of attach y. 

Xhe pitch angle ö is defined as the tngle between the longitudinal 

Axis of the boaiD, the B vector, sind she oorn'o velocity vector 

(anti-parallel to the wind vector) projected into the plane of the 

vertical fins of the bomb. The ye» angle <|r is the angle between 

the 8 vector and the V vector projected into the plane of the 

horizontal fins. To give the pitch und y&u angles the proper 
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slgns, »• set up the folio«lng rectangular coordinate system; 

F\<r. \<6 
B 

«here Fy lies in the plane of the vertical fins end FH lies 

in the plane of the horizontal fins. Let us look along the 

3 axis from the positive end toward the origin; 

I«) Fi& 17 

W C3) 
I 

Then if the terminus of the « vector lies in quadrant (l): 

fPitch angle a is negative (Bomb divine) 

I Yaii. üngle if is negative   (Bomb veering towards left as 

we loolc down on trajectory) 

If the terminus of the »' vector lies in quadrant (£): 

flitch -n^le 0 is negative (Uoao diving) 

|¥aw angle ^ is positive   (Jörns vaerinti towards the right 

as v.e look down on trajectory) 

If the V vector lies in quadrant (3): 

( Pitch angle « is positive (Bomb sailing) 

1 Yaw angle f is positive   (doom veering towards right) 



II 
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If the V vector llc-s in quadrant (4)« 

fPitch angle 3 is positive (Bomb sailing) 

I Xa* angle t Is negative  (Bomb veering towards left) 

The problem now is to determine 0 and y both in 

magnitude and sign having been given the x, y,  2' components 

of B and V and having oeen given the angle of roll « as read 

off the film analyzer. 

From the method of roll control that the directional 

gyro exerts, we deftno a "zero roll" plane .3 follows. 

-JE ~%7 Y.e construct in xz'  plane a 

unit vector N perpendicular 

FlS- IS t0 * " ^eing BO directed as 

to obey the'equation 

The vectors N und a  determine 

the "zero roll" plane, which 

"    has the following significance; 

The present gyro system .attempts to Keep the plane 

of the vertical fins coincident with the N - B plane. If the 

vertical flna are, for some reason, rolled out of this plane, 

the gyro-system attempts to restorn coplanarity. we call the 

dihedral angle between the plane of the vertical fins and the 

M -"5" plane the roll angle, «p. Binoe Fv is also perpendicular 

to B, ^ls the angle between N and FT, and is measured from N 

proceeding clockwise to Fy, while looking from the origin out 

o 
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towards the terminus of B. Thus a Is always positive. To 

determine 0 and 1/,  we shall determine the components of V 

In the a, fy, Fu system of faxes. To do this, we shall obtain 

first the x, y, z' components of V, S, F^, and F^. 

V,e deal *lth three orthogonal systems: 

x, y, *'»"T?,"^»T**»»"5»"*v» Fu« 
T * Bxi + *yi  * 3zk (Unit vector) 

-r-Xal = .. B*    ,, i -,1-5*—»*    <Unit veotor) 

^   -*, BA  ,      ül * Bs     1   . -if*—» lc    (Unit vector) 

„M the component ofl? onTis cos    ,. hence ths components 

arfflV „„maonent in the x, y, *«  system are: 

IK"". <S- 
lii£    ••*•• 

¥**•• 

I*: 
••><&!;•  ?« 



B. 
-Al- 

an XI     COS  ff ZFS 
on y:    cos • •  0 = 0 

B- 
on a':    - cos 9   j gft     g 

The component of Fv on 3 x H is sin   <p» hence the components 

of this component in the x,  y, a1   system are: 

on x:    - sin «   J%' •    ^ 
•JB_ + B„ 

fl2 + B2 

on y:  ain * "F77 

# on *•:     - sin q,    lit 'T    W 

And since Fy has no components on >i, the components of Fy 

in the x, y, z'   system are then: 

^= tcos vsrhj • ^^T^TI
1+hvt7? 

Fy * d x Fy 

Unit 
[Vector 
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Ueterolria tlou of V 

In accordance with our sign convention, we define \f by the 

T^ (VI-35) following equation:  tan •),• 

»he re VB  = V-fl = V^    + VyBy + 7JB, = cos Y CVI-36) 

and VFH - - Vx 
sin 

^!* BZ 

+ vi 
^B*+ Ä* a*M+ Mcos • •/**~r^l z " x        z J I ' 

X z x z j 

Determination of 0 

Similarly, we define 3 by the following equation: 

tan » - - IB 
'B 

(VI -38) 

and V 

X Z X Zi 

Numerical example; 

We di\.w up jur plot ua shown on p^ge 40 and ^et  the following 

angles by measurement from the drawings 

iü --109" «V = 78' 

«fc •    57*        *v = 60*     roll, an^le  »   = Ü2* =  (-J-1*) 

cot d^ = cot 109*   = -  .3443      cot dv = c-Jt 7d° =  .2125 

tan q>d * tan    57*=    1.541 tan <fB 
a 1.732 

from equation (VI-33)  cos€fl = Jl v'Miis' + £.3*12 = Vs35 " rix 

from equation (VI-31)  cos nB = 1.541 x .535 =  .824 = ßz 

froJ) equation (VI-32)   cos ^ = - .3443 x  .535 = -   .18A2 = By 
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eoa ny = .863 • Ve 

cos «^  - j LO 

from equeWon CSI-34-) ". 

cos Y    =  -535 x .498 -  .1842 x .1058 +   .824 * -863 •  .9572 

Therefore,    y = 16°49'    Angle of attaoft 

.1942;    •vT-V =  -999 Hovi    Sift 1 • • a 
* x       z 

ana suusLituttng into eu'attlan (VX-37): 

*FH 

"FH 

• - .498 [-  .1942 x .324 •  -999 x .535 (-  .1842)] 

•   .1058  [.98163 x .982}+   .863 [-  .1942 x .535 

C-  .1842)  x .824] 

• .2718 

.999 x 

From equation (VI-35)     tan ^    = - "79572 = "  "28* 

'.therefore    J»- 15° 52»      Xa* angle 

And from equation (VI-39)» 

VFV =  .498 [.999 x. .824 - (-  .1942) C525) (-  .1842)]      • 

+   .1058 [-  .19081 x .982] 

- .863 [-  .1942 x (-  .1842)  x .824 +  .999 x .535] 

*FV -  .1058 

And from equation (VI-38)     tan d = - — .957^ •  .1^5 

Therefore, J m 6° 18'     Pitch angle 

Hence the bomb is sallln« v.lth a pitch angle of 

6° 18« and Is veering towards the left v.lth a ya* angle of 

15°52'. 

I 
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VII.  FIU.D TESTS, ;.ND F.ESULTS OF FILM ;N/LXSES ;.ND 
THEODOLITE RhCOF.DS 

A.  Introduction and /.pstrict of «1. I. T. Tests. 

In the drop tests of Ceceinöer £2, 1942, through 

January 12, 1943, et Lglin Field, tne «. I. I. group 

dropped five bombs cs described below: 

£.. T?/o /i-my M-44'S, converted for direct-sight, 

azimuth only. They were gyro-stabilized i nd under 

radio control. See Fig. 20. 

b. One "replica" bomb containing television equip- 

ment end a parachute stlvagin^ mechanism, but 

neither gyroscopes nor radio-control link, was 

dropped twice.  On the first drop, the bomb was 

recovered undE.mt.gcd, so it was dropped again, this 

time without the parachute. 

c. One bciiib containing only television equipment 

and gyro-stabilizer. 

d. One bomb containing television equipment, gyro- 

stabilization, end radio control link. 

The ebove bombs were described in detail in 

Sections 5 and 6 of the Sixth Progress F.eport. 

The direct-sight bombs were successful to the 

extent that when control v.as applied, a momentary deflection 

of the bomb wes observed, but in neither case was the bomb 

steered continuously to the ground. Tne film from one of 

these bombs was recovered in sufficiently good shape to 

permit e film analysis to be made-from which the probable 
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cause of failure is determined. It m.s  observed in the 

field that the operator c^n Judge fairly «ell the error 

in azimuth end to some extent the error in range. 

The images received in the plane fron the 

television-equipped bombs appeared to be more then adequate 

for the purpose. Objects on the ground stood out sharply 

tnd it was evident thtt e bombardier could readily recognize 

his target fna steer the bomb for it. /Ithough the tele- 

vision was satisfactory, the bomb which fell under radio 

control went into a spin and, hence, brought ftilure to 

the proposed steering. 

B. '4-LL's  Converted for Direct-Slkht. /zimuth Only. 

0r> the first drop, toe plane caine in froa the 

north-east, parallel to the north-eust ie6 of the bombing 

triangle. This is in equilateral triangle, 2600 feet on £ 

side, tnd containing a target at the center.  See Fig. 2i. 

The bomb weighed 920 lb., »as released Treu 15200' at an 

eirspeed of 150 m.p.h.  The computed range tor this bomb 

was 6430 feet tnd it was released this distance behind the 

center of the leg running north-east. The object of the 

test was to steer the bomb into my  portion of the 

north-east leg. 

The flare, with which the bomb was equipped, 

felled to ignite after release; nevertheless, the bomb 

could be seen from the plane for about 20 sec. t.&  long 

as the detailed structure of tne bomb could be seen from 

the plsne (6-6 sees.), it appeared to be held in proper 
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orlentatlon by the gyro stabiliser. At the time of 

release, the bomb eppeered from the plane to be not only 

right of the north-east leg, but slightly to the right 

of the centr&l target, end after 15 seconds of free fell 

the operator attempted to correct this asimuthal error 

by applying left control. /. momentary deviation in the 

proper direction was seen by all observers, including the 

bombardier. Though this deviation ceased to exist after 

a few seconds, left control was applied throughout the 

rest of the flight. 

The bomb landed inside the triangle between the 

central target and the north-east leg, about half-way 

between the two in azimuth and considerably short of the 

central terget in range. Thus, ignoring the effect of 

misleading perspective, the aziumth&l deflection «as 

approximately 400 feet. Trajectory calculations, which 

have been shown to be substantially correct, predict a 

change In azimuth of about 3500 feet for this case. Bence, 

we conclude that, though the bomb started to veer in the 

proper direction, it went into i- spin shortly after control 

application. The camera in the nose was so badly damaged 

that the film was lost for analysis. No theodolite record 

was taken. 

For the drop of the second U-44, the plane came 

in et 15100 feet from south — 42*west, heading for the 

southern triangle corner. It was released at about 22* with 

the vertical at en airspeed of 150 a.p.h.  (ground-speed 
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172 m.p.h.). The object of this test wts again to bomb 

the nortb-eust triangle leg. The flare lit this time, 

end efter 19 seconds of free fall It appeared to the 

operator that left control was necessary to steer the 

bomb into the leg. P  momentary deviation In the left 

direction was observed from both the plane and the 

theodolite stations. Shortly afterwards, :he bomb went 

into a spiral course, from which it never recovered. 

The camera in this bomb was i-.lso fr-dly damaged though a 

number of short pieces of film were recovered, thus 

enabling a fairly satisfactory analysis to be made. 

1. Film Analysis end Theodolite Record of Converted li-JLi.. 

The analysis of this bomb and the analyses of 

two other bombs, to be ltter described, conform only 

crudely to the principles laid down in Chapter XV. 

a. Since the focal lengths of the projector tnd 

bomb camera did not satisfy the equations of 

Chapter IV, excellent fits were impossible. 

b. The theory of matching was not completely 

developed at the time the analyses were made. Hence, 

probably all five cases of "best" fit were used at 

one time or mother, the operator being unaware of 

which particular case he was using, iience our only 

assumption can be that on the average, 8' = 0. 

c. In two out of the three analyses, it would have 

been possible to work further back from the screen, 

thus increasing the accuracy. 



-54- 

d. /ccurate deta on the orientation of tbe bomb fct 

tbe time of release were not always available. 

This «111 cause error in the roll angle readings 

because the projector-map setup is determined by 

tbe initial orientation of the boub. 

e. Since the ü-44's were timed by light flashes on 

tbe margin of the film, the partial loss of tbe 

film record made necessary another iuethod of timing 

tbe frames, which left much to be desired. 

Pig. 2?.  shows the principal point curve, the 

x-y plot, and the x-z plot from the film analysis along 

with tbe x-y and x-is plots <.s obtained from tbe theodolite 

records. Neither film nor theodolite record is complete 

es can be seen from the plot. There was a considerable 

scattering of points on the film curves wnich masked the 

spiralling effects, wnich were supposedly present. There 

is excellent correspondence between the tneodolite ground 

plot end the film ground plot, but the altitude plots 

check very poorly. The reason for the discrepancy is not 

very clear, but the difference in focal lengths is 

probably e contributing factor. 

To arrive at a possible time scale, tbe accumulated 

roll angle was plotted against altitude. See Fig. 2J-.  The 

projector reads only the roll angle, end  since there »as 

only e  fragmentary record, it was necesstry to edd the 

appropriate number of 2*'s to the roll angles from other 

considerations. Since the approximate frame speed «as 

known, it was possible to associate an angular velocity 

with each roll angle, /lso, the altitude and, hence, tbe 
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approxim&te time (from the trajectory calculations) 

associated with a particular roll angle was Known. It 

WDS also noted that the angular velocity tended to in- 

crease es the boob fell. Thus Fig. 2? was constructed 

by adding the right number of 2*'s to eacn roll angle 

to have the enguler velocity increase as the bomb fell, 

end by having the accumulated roll angle difference be- 

tween two points agree roughly with tiie product of the 

average angular velocity between the points i.nd the time 

difference between the points. Thus, though the absolute 

times associated with the frames may be off by a matter 

of seconds, it is probable that the time difference be- 

tween two frames not too far separated is suffuciently 

accurate to merit calculation of roll forces. The approxi- 

mate validity of the assumptions a.ade in obtaining Fig. 2*: 

Is demonstrated by the fairly smooth relationship obtained. 

Fig. Z~ has two important features: 

1. The bomb held its roll orientttion satisfactorily 

down to £.n tltituae sli^ntly greater then 11000 feet. 

From then on it went into t continuous spin with 

apparently ever increasing angult.r velocity. It 

should be recalled in this conjunction that for all 

the ti. I. T. bombs, the directional gyro WöS limited 

in its motion to about - 45° by stops. Uence, once 

the bomb rolls more than 45*, the gyro hits the stop, 

and the stabilising system loses its «memory." 
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2. The break-away point at slightly better than 

11000 feet checks with the trajectory calculations 

end »1th the time control was applied. The control 
. —*»*  

signal res sent to the bomb 15 seconds after re- 

lease, ;.nd the trajectory calculations put the 

altitude at this time at 11400 feet. Bence, the 

bomb went into the roll shortly after the controls 

«ere epplied. 

/.ssuainz the correlation between accumulated 

roll angle and altitude to be as smooth as we've drawn 

it, we can then get the approximate velocity in the z 

direction by computing first the quantity ~, and then 

computing & by using the frame speed of 22 per second. 

Pig. 24 comperes the velocities obtained by the film 

analysis to the velocities computed from trajectory 

calculations. Considering the assumptions made In 

getting this relationship, the correlation is not bed. 

The cross-over effect can be explained if the camera 

started out the time Interval at fester than 22 frames 

per second and ended up going somewhat less then 22. 

Let us now associate times (through toe trajec- 

tory calculations) with even the off-curve points In 

Fig. 2? by moving these horizontally into the curve, end 

plot angular velocity egainst time. Fig. 25 shows a 

smooth relationship and Indicates the bomb was probably 

spinning a revolution per second by the time it bit. 

o 
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V 

^ 

Differentiating the cuive of Fig. Zj,  »e get 

Fig. 2 6.  Fig. 2'j is Edmittedly rough, tne height of the 

first maximum being subject to considerable error, end 

the very existence of the second lucximuiu being questionable. 
2 

However, using the rough value or 7.2 slug-ft.  for the 

bomb moment of inertia about tne longitudinal axis, let us 

convert the accelerations to roll torques.  The roll torques 

ere then reduced to the value they would hive at 150 m.p.h., 

through the squares of the velocity ratios using total 

velocities as obtained from the theoretical calculations. 

This "uncontrolled" roll torque is the upper shaded area 

in Fig. 2", the lower-area being the estimated stabilizing 

torque built into the bomb.  From Fig. 27, we thus conclude 

the bomb would hive been held under roll control if the 

ailerons had been capable of delivering 3.2 lb.-ft. of 

torque at 150 m.p.h. instead of 2.4 lb.-ft. Due to the 

apparent sharpness of the transient roll acceleretion 

which accompanies the implication of control, end, hence, 

due to the difficulty of measuring the acceleration 

accurately, a torque of from 6 to 7 lb.-ft. £t 150 m.p.h. 

is recommended for this bomb.  Thus the torque snould be 

greater thin the present design by a factor of from 2.5 to 3. 

Finally, from the methods outlined in Chapter VI, 

Section C, we plot the yew, pl.tcn, tnd attach angles against 

time for the first few seconds following tne epplicetion of 

control. See Fig. 28. Since the pitch angle snould remain 

constant, it can be seen that control was completely lost 





i 
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efter about 16.6 seconds, or about 1.6 seconds after the 

control «es applied. Other conclusions that can be 

drawn ere: 

1. The period of oscillation about any lateral 

axis is about .6 sec. at 350 ni.p.h. From Fig. 22, 

Sixth Progress Report, Fin Type I, this period is 

calculated as 0.56 seconds. Thus, this bomb would 

have a period of about 1.4 sec. at 150 m.p.h. end 

about .36 sec. at 590 m.p.h., the speed at impact. 

2. Using the attach angle curve, the damping con- 

stant is about .8 sec- at 350 m.p.h., where the 

damping constant is used in the equation: 

9(f t) ' ö(t)e"8t     t= Period 

3. Equilibrium yaw angle eppeers to be about 

13 degrees, checKing roughly with the wind tunnel 

value of 11.6*. 

4« From other measurements on the trajectory, 

there appears to be a pitch fngle of about 3* or 

4* (selling). This is to be expected, since the 

bomb rolled counter-clockwise (looking along the 

bomb, toward the earth) when negative yaw was 

applied. See Seventh Progress Report for discussion 

of this effect. • 
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C. Television mrialble Bombs. 

In ell of four drops using television, an 

adequate picture was received in the plane, end motion 

pictures of the screen ere available for inspection, 

llore detail on television performance can be obtained 

from N. B.- C. No theodolite records were taken of any 

of the television drops. 

For preliminary testing, each bomb was set up 

on the ground so it could project its signal vertically 

to in airplane flying at 15000 ft. It was found that a 

good quality picture could be received for about 10 miles 

either side of the bomb in the correct polarization plane 

and for about 5 miles either side of the bomb in the in- 

correct polarization plane. Both receiver tnd trans- 

mitter used matched dipole tntennts. On the basis of 

these preliminary tests end the drop results, it can be 

said that satisfactory propagation is now possible. 

Before the tests et Eglln, similar tests were 

made at U. I. T. tt altitudes up to 10000 ft. Consider- 

able trouble was encountered with the television reception 

at this test because of Interference from a R&dar station 

in the Boston area. The result was that the picture 

failed when the pltne flew more than several miles away 

from the transmitter. During these tests, the control 

transmitter was tried out, improved, i.nd was found to 

work satisfactorily, it will be recalled that the control 

f^tA-lt 
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transmitter operated on 84 megacycles with four audio 

modulations corresponding to up-down and left-right of the 

bomb's control surfaces, and radiated 25 wctts. It was 

found that it produced no interference in the television 

receiver end the control receiver got no interference 

from the television transmitter. 

t.t  Eglin Field, the first bomb dropped was 

equipped with a parachute tnd contained nothing but a 

television transmitter. General Gardener, in charge of 

Eglin Field, and General Davidson were Air Corps observers. 

The bomb was released at 110 m.p.h. from 10000 ft. and 

while it was falling the airplane circled tnd climbed to 

13500 ft. Throughout the 5 minute - 37 second flight of 

the bomb, excellent detail of roads, trees, etc., was 

received in tne plane.  The test showed thtt there are 

no serious ground reflections, that the plane of polarisa- 

tion is not too critical, end that the equipment is quite 

rugged as it withstood both the impact of the parachute 

opening at 110 m.p.h. and the impact on landing. The 

bomb was recovered unharmed.  It is worthy of note that 

this equipment had been adjusted on the ground before 

take-off and was not touched again until the tests were 

completed. 

This seme bomb was dropped a second time without 

the chute.  It was released at 15ü u.p.n. from 15000 ft., 

and, again, during the 35 second flight an excellent 

picture was received in the plane. On observing the 
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plcture, one does not get the feeling of high speed nor 

does he feel the need for haste in making a decision. 

The observers «ere able to tell from the television re- 

ceiver within 100 ft. of where the bomb landed, 

/coustical disturbances associated with the high speed 

apparently do not effect seriously the picture quality. 

Not heving any gyroscopic roll control, this bomb made 

several revolutions about its longitudinal axis during 

Its flight. 

The third television drop was made with e  bomb 

containing« television transmitter ana gyro roll control 

but no control receiver. Prior to the drop, the bomb was 

flown in the plane tnd allowed to view the ground by 

means of e 45 deg. mirror. A minor contrast adjustment 

was then made at 10000 ft.  The bomb was launched at 

ISO m.p.h. from 15000 ft. at en angle of 24.5 deg. between 

the line pointing to the target and the line pointing down 

the vertical. The bomb weighed 500 lbs. end was the 1000 lb. 

size. The signal from it was received both in the plane 

and by a receiver on the ground and it was felt by observers 

at both receivers that picture contrast j-nd detail was 

better than the requirements for which television bombing 

cell. There wes apparently little acoustical disturbance 

during the 32 seconds of flight. 

The motion pictures of the receiver in plane 

were run through the 11. I. I. film analyzer to try to 

determine why the bomb rolled. To determine the effective 

:$Ü$%£^%. 
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foeel length et which the motion pictures were taken, 

N. B. C. supplied the following data: 

1. Focal length of lens in front of iconoscope! 8 1/4". 

2. Electrical magnification from iconoscope mosaic to 

kinescope surface: approx. x 1.50. 

3. Focal length of recording movie camera: 1". 

4. Distance of movie camera from kinescope: IS". 

From the above data, ehe effective focal length 

is about 0.88". If this focal lengtn is used to reduce 

the analyzer data there is a very poor check between 

computed altitude of release uid the observed altitude 

of release. Hence an effective focal length of 1.412" 

was used to bring the two altitudes into coincidence. 

From the known time of flight and trajectory calculations, 

a frame speed of 21.6 frames per second was used. / com- 

parison between altitude vs. time as found by the analyzer 

end the same relation as determined by trajectory calcula- 

tions is shown in Fig. 29.  From Fig. 29 it can be seen 

that trajectory results from the analyzer should be 

subjected to some sort of "smoothing function." 

Fig. 30 gives roll angle against time and can 

only be interpreted as showing that there was no direc- 

tional gyro roll control at all, the siibht return starting 

at 19 seconds being purely accidental.  It should be re- 

called that the directional gyro in this bomb was limited 

in its motion to about -  45 deg. by stops, hence all 

"memory" was lost after the 11th second. 
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The lest drop was made with a bomb conteining 

a television transmitter, gyro roll control, and control 

receiver. The bomb was released at 150 m.p.h. from 

15000 ft. with en angle of 20.5 deg. between the direction 

to the target and the direction downward. There were 

clouds which sometimes obscured the ground and some elec- 

trical Interference with the television signal was observed. 

This bomb rolled from the start and rolled even more 

violently when the controls were applied. However, the 

target was clearly recognized end for a few moments the 

application of control tended to bring the target area 

nearer the center of the picture. Since the gyro control 

was obviously inoperative, no film analysis was made on 

this bomb. 

D. Conclusions on Television Tests. 

Since the problem of roll end remote control has 

been solved (See Gulf reports on recent drops), and the 

television aspects of the tests described above appear 

well under control, the problem of constructing a tele- 

vision high-angle dirigible bomb appears merely to be the 

inclusion of television equipment of the type described 

above into the Gulf vehicle. 

E. Theodolite Records. 

It the time of the above tests, the Army set up 

two theodolite stations at Eglin Field for the purpose of 

determining the trajectories of some of the bombs dropped 



-64- 

by the groups from üulf, the Bureau of Standards, and 

II. I. 7. Twelve theodolite records were taken end two 

members of the U. I.  t.  group went to Camp Davis, N. C, 

to observe end assist in the reduction of the films. 

Out of these 12 records, 4 trajectories are presented 

in this report, the other 3 being rejected for various 

reesons as explained below. It should be remembered 

thet the records were not taken under the most favorable 

conditions:  the base-line was probably too short (4460*)$ 

trees between the stations mE.de difficult the determinations 

from the films of the azimuth Orientetlon corrections for 

the cameras] there was not always sufficient contrast 

between the bomb tnd say,  thus meJilng embiguous the loca- 

tion of the bomb on the film. It should be recalled that 

an unsatisfactory record fron, one station is sufficient 

to meite useless the run from the other station regardless 

of the excellence of the film from this second station. 

Besides the difficulties inherent in tatting the theodolite 

records, c number of blunders were made by the /rmy tnd by 

people from the projects whose bombs were being tested, 

these blunders either malting the film useless, or so diffi- 

cult, to read that the resultant trajectories were obviously 

wrong. 

Tne table below covers ell the films examined and 

the disposition made of them. *he following explanations 

are necessary for a complete understanding of the table: 

-. "-äSJS?fev£&'';;' 
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GRD—Gulf Research end Development Co.— followed by a 

bomb number. 

HBS—National Bureau of Standards—followed by i   bomb number. 

IIIT—Massachusetts Institute of Technology—followed by 

bomb number (both are direct-slfci.t). Trie one marked 

"flare" »as a 10ü lb. practice bomb equipped with a 

fiere to test visibility. 

Under "Counter Start" and "Counter atop" ere given the times 

in seconds the theodolites started end stopped, /rbi- 

trary origin. In tnt case of CiED No. 1, trie wrong times 

were recorded. However, the coriect tiu.es (denoted by 

asterisk) were later ascertained end ere inserted. 

Filter numbers are iruiy designations of filters used in the 

theodolites to increase contrast. 

"Speed" is the camera speed in frames per second. 

Under "/.ray's Remarks" ere recorded the length of film shot, 

their opinions of the record, md orientation informa- 

tion. S.11 remarks attributed to the Army were copied 

,    from the notebook itept by one of th6 Army  men sent 

from Camp Davis to man one of the cameras. 

Under "Our Remarks" are given out opinion of tne runs, the 

disposition of the record, unü  the reason for the 

disposition. 

The north theodolite station is also referred to as "0," 

or camera 73. 

south theodolil 

or camera 111. 

The south theodolite station is also referred to as "0~" 

;*~   • -w.-«P".',,:'  •'' ''' 
:;..,»; .. .... • ; • 
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Flg. 31 is the result of the theodolite analysis 

on k»ulf Bomb No. 4. Only the ltst portion of tue flight 

is available. Th* method of showing the trajectories is 

explained under Chap. VI, Section C.  See Fig. 14 for 

comparison. This bomb lost roll control at cbout the 21st 

second, checking roughly with the theodolite-derlted tra- 

jectory, which starts exhibiting "wiggle" at about the third 

second (different time origin). For comparison see Fig. 11, 

Gulf Progress Report of jitrch 15, 1943; tnd Fig. 9, 

Division 5 Bimonthly heport of February 15, 1943. 

Fig. 32 is the trajectory of Gulf Bomb No. 7 as 

obtained from the theodolite records.  From the film en- 

elyzer «ere obtained Fig. 33, the trajectory of principal 

points, tnd Fig. 34, giving tne roll tngle uid aileron action 

as functions of time. 

Fig. 34 gives t good explanation of the peculiar 

trajectory this bomb took. It should be recalled thbt this 

bomb had the long "side-burn" fins &nd, hence, «as very 

susceptable to the roll torques developed in combined pitch 

and yaw. Aileron lights 1, 2, 3, and 4 were photographed 

on the film in the nose of the bomb through a pertlelly 

silvered mirror. If we define clocuwise rotttion as that* 

which seems clockwise to an observer riding in the bomb 

and looking out through the nose, then the lights indicate 

the following: 

No. 1. The clockwise rotational velocity is greater 

mt • •-;• 
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tbra about 7 dag. per second. 

Ko. 2. Ihe clockwise displacement Is greater tban 

about 1 1/2 deg. 

No. 3. The counter-clockwise displacement Is greater 

than about 1 1/2 deg. 

Ho. 4. ine counter-clockwise rotational velocity is 

greater than ebout 7 deg. per second. 

In all of the above cases when the lights go on they Indi- 

cate also that the ailerons are being actuated to oppose 

the motion indicated by the lights. 

Referring to Fig. 34, not until about 6.5 seconds 

was the ground distinct enough to make alignments, indicated 

by arrow, hence ill alignments up to this time were performed 

by making the horizon, as seen on the film, coincident with 

a line on the map &nd normal to the original direction of re- 

lease. For about 1 1/2 seconds, roll is adequately controlled, 

but shortly afterwards a clocicwise torque sets in (due pre- 

sumably to some momentary conditions of combined pitch and 

yaw) which the ailerons are unable to oppose effectively. 

The bomb continues to roll to approximately 45 deg. at 

which point the uirectlonal gyro hits the stop end loses 

its orientation. The subsequent rolling of the bomb re- 

sulted in the elevators, originally set for sailing, 

becoming rudders every quarter revolution.  Ihe sharp 

left turn is accounted for by the 270 deg. roll of the 

bomb, üince the bomb is In a nearly vertical position 

at the time It makes the turn, it is apparent that after 



-73- 

the turn the bomb will find itself again in a sailing 

position. M can be seen from the roll angle record, 

no transient conditions of combining pitch and yaw 

existed in the latter part of the flight, hence the 

bomb maintained fairly good roll orientation, even though 

the directional gyro was not operating properly.  Since 

the rate gyro is not affected by roll displacement, it 

can be seen from the record that it was operating satis- 

factorily during the last portion of the flight. 

Apparently there was sufficient time lag in the response 

of the ailerons to the demands of the rate gyro that a 

sustained roll oscillation was set up, the rate gyro thus 

keeping the roll displacement constant to within - 10 deg. 

(neglecting the drift). For additional information on 

this bomb, see Fig. H, Gulf Progress heport of March IS, 

1943; end Fig. 9, division 5 Bimonthly Report of 

February IS, 1943. 

Fig. 35 is the theodolite-derived trajectory of 

one of the Bureau of Standards bombs, t.s  can be seen 

from the scattering of points, the lest portion of the 

flight is extremely uncertain. Since this is not a high- 

angle bomb, the trajectory is presented without comment. 

The fourth theodolite trajectory is that of one 

of the M. 1. T. direct-sight bombs tnd has already been 

presented and discussed in Chap. VII, Section B. 

•.' ---.v-vS^r/- 
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