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DETERMINATION OF PITCH AND ROLL
FROM HORIZON EXPOSURES ON KH-4 SATELLITE PHOTOGRAPHY
o INTRODUCTION
Horizon photographs arc used to determine Many reduction mystems have been pro-
the pitch and roll components of the Kii-4 posed and used, They range from the ex-

vehicle's attitude or, more properiv, of an or-
hiting camera’r attitude. Horizon photographs
dn nat give anyv vaw infarmation in cases where
~ the primary or pan camera is aimed at the nadir
gure 1V, The determination of pitch and rall
18 simple and straightforward, and goad approxi-
mations of both pitch and roll are easily obtained
from simple measurements and computation.®
When the primary camer.t 1 et oricmted toward
the nadir and the orizon cameras are artached
10 e priman camera sothat the horizon photos
have an apparent Awing. ag 18 the case with KH-4,
the meagurements are restricted to a4 smaller
section of the horizon image and the data re-
duction becomes more complicated (Figure 2V,
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tremely simple ones where simple scales are
used (0 measure the image and the computation
is done graphically, to the complex oncs wnere
precise machines are usedto measure the image
and the computation is accomplished with a
computer. lhe following is presented as a
solution falling between the extremes, but def-
initely toward the more comiplex approach.
lThis determination of puch and roll from
horizon photographs is tailored to be practical
for the reduction of a large number of photo-
graphs. It is assumed that neasurements are
macke with .a comparator, such ag a Mann
mstrument, and that the computation is per-
formed by a computer.
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FIGURE 1. MORIZON IMAGE FOR VERTICALLY ORIENTED FIGURE 2. HORIZON IMAGE FOR PITCHED PRIMARY
PRIMARY CAMERA. CAMERA.
DEFINITIONS

Yaw, puch, and roll are taken as arthieonal
ratations ubout the three mutually perpendicular
primary phata axes having their onigin at the lenx
(Faigure Ji. Yaw s considered primary, pitch
scecondan, and roll ternary, Since a mechamical

*The final renglt 1o Rt et frowe, & ~ignificant e ariese.
AR the wirnlific atior and Deasutement of the Aigizor 1mape

gimhil system is nat involved. the ordering of the
orientation ratations is arbitrary though neces-
sary to adequately define them. Swing, S, is a
rotation of the x-y-axes about the z-axis in
the plane of the photograph, Swing is positive
when the x-v-axes are racated tothe leftas seen
from a point on the positive z-axis,
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z far apart as possible, and points 6 through 9
should be approximately evenly spaced between
them.
COMPUTATION
Assume the following photo measurements:
RrOLL ¢ ‘v,. ¥+ - end fiducial mark
[ 4

B
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FIGURE 3. ATTITUDE COMPONENTS.

MEASUREMENTS

The measurement of image points 18 done
with respect to an axis synémmthephmogmph
having Its origin at the principal point. Ten
points are measured on cach horizon frame, as
shown in Figures 4 and 5. The 4 fiducial marks
are read first and then 6 points on the horizon
image. Pomnts 5 and 10 should be chnsen as

| wPeg wiasne 9 90

FIGURE 4 MEASUREMENT POINTS.
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13"y 3+ side fiducial mark
+a vy 3s OPPORite end fiducial mark
4 Vet - Opposite side fiducial mark
1y hrouen p,o =~ approximately evenly spaced
points on the horizon image.
The principal point is determined from the inter-
section of two Rtraight lines. Ingtrument toler-~
ances in placing the fiducial marks prohibit the
method of taking the average coordinates of op-
posite fiducial marks. I‘rom the equation of a
straight line: .

and -
. {¥3=% - I =, R
} "-'s“x) “ A=y’ h

These equations represent the fiducial lines de-
fined by the opposite fiducial marks. Their
simultancous solution gives the coordinates of
the principal point. It is convenient at this step,
but not necessary, to reduce the coordmates of
the points on the horizon curve to the principal
point origin, i.e.: let

)"’0".'
..... and
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Assuming the horizon image to be circular,
the center is found from the circle of best fit in
the sense of least squares. It is worthwhile to
note that the horizon image is not circular but,
because such a smal) section of the actual hyper-
bolic curve is given, there is no practical dif-
( ,
the circle. From the gencral cquation of a
circle: eyt iAtaty o mo

There are six observation equations of the form

A('.".-‘:.’) .“i’F,fT.'-\’ w('-?%,_?' s1eVisEante,

which give the following normal equations:
A ] (o [

5| [
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The simultaneous solution of these normal equa-

tions gives the coefficients of the equationofthe

circle. Then the cemer coordinates of the circle
are: l' - ; ‘M " - !

‘ The roll component, ¢, onthe phato is merely the

difference between the radius of the circle and
the distance fromthe principal point tothe center
of the circle (Figure S):

deoy {JA!.H’ - J\i-u'-u' ‘

The roll component . , forthe horizoncamera is
determined by:
[ 2 ) wa"! "— .
1
where ¢ is the calibrated focal length of the
harizon camera.
Swing is given by:

Ao a™t

»ix

Because the y-axes of the horizon camera

and the primary camera are na exactly parallel,
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the calibration data are used to rotate the hori-
20n camera axes to parallel those of the primary
camera. This rotation is significant in swing.
The correction to the swing I8

A& ~un! ﬂ_

. » :
where v, &, and k are calibration numbers given

in the KH-4 calibration data for the port horizon
camera of the forward set. Then
Hwl'e A\
The computation thus far is compued for
both the starboard and port horizon cameras
and then the average roll component,

(1] (1]
[ ]
Ppo Py

L]
' . .

2
is used to compwee the dipangle, o for the port
horizon camera measured inthe prlncipa,l_plane.
This operation begins an iterative loop which
uaually yields good results in three cycles. The
projection of the preset or ‘built-in' dip, b, to
the principal plane is ‘

D o™ B Drand) .....0. (1)
where ¢ is replaced by S for the first approxi-
mation, Then the roll in the principal plane is

B L R Y ¢
and the roll in the pitched plane is '

e (). Ll

ocon ¢

where ¢ is replaced by S for the first approxi-
mation. The azimuth of the principal plane is
computed from the expression

«wtan~! (na P uin &), ceesess(4)
where ¢ is replaced by S for the first approxi-
mation. Delta is really half the tilt of the
horizon photo, therefore

»0-r'

b ceeereeeea(S)
which gives all of the components required to
compute the pitch:

4 =tan™' Ellllioul-) e--un&].. R ()
New values for », 3, -, and ¢ are computed
using the last computed values in equations
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I through (6). Three nterations are usually
enough. The values of (cquation3 and requa-
tion 6) refer to the left horizon photo,

The pitch and roll for the primarv camera is
determined by adding the calibration data. The
Kil-3 calibration data provides the following:

I. v, - the v-coordinate of the pan camera

Then the rall for the pan camera 18
L RTI .;_"‘.‘_u.
B INTIPEELY. N '—‘;"r!"- ........ (8)
If onlvy one horizon photo is used. the al-
mitude is used in the compucation. In this case
« ascomputedas above, and thea alt is deter-
mined from ®

calibration mark. Then the pitch for the pan
camera s given v
¥y
Gy -0’ Vo—
where B s the calibrated focal length of the
pan camcera. In the case of roll, the KH-4
cahbration data is:
2.
ora calibration mark, which iz co-planar with
3.\, - the \ —coardinate of the pin camerd
10 e corresponding mark.

the y-coordmate of the hoTizon cam-

where R 1s the mean radius of the carth and H
1z the altitude above the surface. The ingen-
sitivity of this solution indicates that the radius
approximation is valid. Then

s L
and ¢

Now the three-cvele iteration with equations
I through (6) will vield the pitch and roll, for
the horizon camera.

. MBC seddtt 18°0).

FIGURE 6. GEOMETRY OF TILTED HORIZON PHOTO.
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ure 6).
I. Equation (3):

., P temPemd

j\k | _ P et (:T:'%)

2. Equation (4):

[ i tomPameé

IR ® o m=m—— o
° . fean P

s =tan"! 1an Pom @1

Derivation of Equations 3, 4, and 6 (Fig- 3. Equation (6):
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APPENDIX
6K KQGQ
AR r—— v ———
P T

KQuXMarcwsftanoione o,
GQ-GNascfmndune,

fundneco-ftandane

wale
fund
Rearranging:
- & madtsag+tanduane

&= tan”'fian 5 - tan o) can o tan 3]
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