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Abstract

The orientation problem of MSS data is generally much more complicated than
that of an optical photograph. The main reason is that MSS imagery produced from
MSS data is not a central perspective representation of the ground surface, because the
recording of MSS data is not instantaneous. Many studies about the geometry and
the orientation problem for single MSS data coverage from aircraft have been made.
Also, some effective orientation and restitution methods have already been developed
by G. Konecny, et al.. Little, however, has been done in the way of investigating
the orientation problem for stereo MSS data coverage from aircraft. Therefore, the
author proposes in this paper an orientation technique of stereo MSS imageries based
on the simultaneous determination of the exterior orientation parameters for stereco
photographs. This method will soon be tested with some experimental models so as to
investigate the accuracies attainable, and to clarify the difficulties in the practical
analysis of stereo MSS data.

1. Introduction

Stereo MSS data from aircraft is seldom utilized at the present time. This
is mainly due to the facts that:

1) MSS data is mainly used not for a map reproduction but for an interpretation
of the ground surface,

2) It is laborious work to find the corresponding elements(=pixels) in stereo
MSS data.

However, it is sometimes required, especially in mountainous countries such as

Japan, to also recover all three-dimensions of the terrain in the interpretation

purpose. In order to obtain the three-dimensional representation of the terrain

from MSS data, stereo MSS data coverage may be more effective than the present

generally used technique to give the ground elevation to each element in single

MSS data from the map or the digital terrain model. This will be true, if the
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orientation for stereo MSS data coverage can be performed with the accuracies
corresponding to those attained in the analysis of single MSS data.

Many studies about the geometry and the orientation problem for single
MSS data coverage from aircraft have been made. Also, some effective orientation
and restitution methods have already been developed by G. Konecny,»'? K.
Kraus,® and J. Baker,? et al.. Little, however, has been done in the way of
investigating the orientation problem for stereo MSS data coverage from aircraft.

Therefore, this report treats it fundamentally.

2. Projective Relationship of Aircraft MSS Imagery

In producing MSS imagery from MSS data stored in a magnetic tape, the
image coordinate in the scanning direction (the y-coordinate) is taken propor-
tionally to the scan angle, if the tan-correction is not made. The along-track coor-
dinate (the x-coordinate) is taken proportionally to the ground velocity of the
aircraft, if it travels at a constant speed. Therefore, the projective relationship
of MSS imagery is considered to be the same as that of a photograph, each el-
ement of which is imaged independently on a cylindrical surface, as is demon-
strated in Fig.-1.

P

Fig. 1. A photograph, each element of which is imaged independently on a
cylindrical film surface.

At first, define the interior orientation parameters of MSS imagery. Un-

like the camera constant of an aerial camera, the projection distance ¢ of MSS
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imagery does not belong to the scanner itself, but this value is usually determined
in the production process of MSS imagery from MSS data. It is desirable for
the projection distance to be given as the calibrated value. As for the principal
point, there is no point on MSS imagery corresponding to the principal point
of an aerial photograph. In order to study the geometry of MSS imagery, it
is, however, convenient to define the point where the scan angle will be zero.
The middle line of MSS imagery may be selected as the connection line of the points
at which the scan angle is considered to be zero.

Using the above-mentioned definition of the interior orientation parameters,
one can describe the projective relationship of MSS imagery as follows. (See Fig.

-2.) For this purpose, the ground coordinate system (X,Y,Z) is taken as a right-

0(0.00)

Fig. 2. Projective relationship of MSS imagery from aircraft.

handed, rectangular-cartesian system with its origin at an arbitrary point over
the ground surface. The MSS coordinate system (X', Y’, Z’) is selected as a
right-handed, rectangular-cartesian system with its origin at the optical center
O, (X, Y, Zy) of the scanner, which is regarded as the projection center of MSS
imagery. The MSS coordinate system is considered to be parallel to the ground
coordinate system, if the rotation elements (¢, @, £) of the scanner are zero.

Rigorously each element (=pixel) of MSS imagery has an independent projec-
tive relationship, which means that the exterior orientation parameters (p, o,
&, X,, Yy, Z) of the scanner vary from element to element randomly. Hence,
one must first consider the projective relationship of a pixel whose scan angle is
6. It may be expressed in the form:®
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0 1 0 0 X—X,
0| =m|O cos@ sinf | DIDIDL | Y— Y5 | covneennennnnn. (1)
¢ 0 —sinf cosf, zZ—-2Z,/,

where m is the scale factor, ¢ the projection distance of MSS imagery and (X,Y,Z)
indicate the space coordinates of the ground point corresponding to the pixel.
Further, D,, D, and D, denote rotation matrices of ¢, @ and &, respectively.
Equation (1) indicates also the relationship between the scan angle 6 and the
exterior orientation parameters of the scanner. We can also rewrite equation (1)
in the following form:

1 0 X—X,
—cesin® | =mDIDIDL | Y—Y, | coviiniinninninns (2)
cecos @ Z—Z,

3. Analytical Orientation Problem of Single MSS Data Coverage

The orientation problem of MSS imagery may be much more complicated
than that of an aerial photograph. However, from the projective relationship
described in 2., we can rather easily derive the determination equations required
for the analytical orientation problem of a pixel with the general scan angle 6.
The orientation technique with the forward intersection is outlined as follows:

At first, one determines the space coordinates of the pixel in the ground coor-

z \ *P(X1.2)
-

Fig. 3. Aanalytical orientation of single MSS data
from aircraft with the forward intersection.

dinate system (X, ¥, Z). These space coordinates p(X,, ¥,, Z,) are usually termed
the transformed image coordinates in conventional photogrammetry. By an
inverse transformation of equation (2), they are obtained in the form:

X, 0 X,

Y,| =D,D,D, | —csinf | + | Yo | ceorvrvenninnnnnn. (3)

Z, cecos 0 Z,
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The analytical orientation problem of an optical photograph is solved by
constructing the equation of a ray g through the transformed image coordinates
and the projection center of the camera, and then calculating the exterior orien-
tation parameters (@, @, £, Xy, Yy, Z;) so that the ray may travel through the
ground point P(X, ¥, Z) corresponding to p(X,, ¥,, Z,). Using this technique,
the determination equations for the pixel with the scan angle 0 are derived in the
following way. At first, one constructs the equation of the ray through p(X,, ¥,,
Z,) and O 4(X,, Yy, Z)). (See Fig.-3.) It has the form:

X-X,_Y-Y,_Z-2,

g l m n

in which (1, m, n) denote the direction co-sign of the ray g and take the form:

N S SR S

VXL TI+ZE V X+ T3+ 23 VXt T34+ Z
X,=X—-X,, Y,=Y,-Y, Z,=2Z,—Z,.

...... (5)

If the equation of the ray g is given, we get as the determination equations for
the orientation problem of the pixel

dlz(—"ﬂ'tan 0)+d13'6

D¢
0+Zﬁ( 0) °+d3z(—6'tan 0)+da’€( o) (6)
i dp(—cetan 8)fdyec,, o (7T
o+zﬁ( o) °+d32(——c-tan 0)+d33'l:( o) ’
where
dy dy dyg
D¢D0D‘ = dm d22 d23
dy dp dy

The equations (6) are valid independently for each element of MSS imagery.
In order to perform the analytical orientation of MSS imagery rigidly, the de-
termination equations (6) must be solved for each pixel. However, it is mathe-
matically impossible to determine the exterior orientation parameters for each
pixel independently, because the system is under-determined. Therefore, we
assume that:

a) the exterior orientation elements of the scanner are constant along a scan
line.
This assumption may be justified as follows. For a typical MSS (Daedalus DS-

1250) with the instantaneous field of view 7 =2.5 mrad, the effective scan angle is
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about 80° and the scan mirror rotates 80 times in a second. The time for this
scanner to scan a line is then calculated to be about 1/360 second. It will be
reasonable that the rotation elements (@, @, £) "and the translation elements
(Yy, Z,) of the scanner stay constant during such a short time period. This is
because a geometric accuracy better than a pixel (/the flight height) is difficult to
be attained in the practical restitution of MSS data. However, the orientation
parameter X, of the scanner is not constant even in the scanning time of the line,

because the aircraft also travels during this time period. Fig.-4 shows the behavior

)
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X
ﬁ
Y

Fig. 4. Behavior of the exterior orientation parameter X, of the
scanner during the scanning time period of a line.

of this element during this time period. As is evident from Fig.-4, X| varies pro-
portionally to the time, if the vehicle travels at a constant speed. This means that
the change of X, has a linear relationship to the scan angle. Hence, 4X (=the

change of X in the scanning time of a line) can be modeled with the form:
X, =kVE, .oiiiiiiiniii, SN crerenens bereeriree i (7)

where V is the ground velocity of the vehicle and & a constant. However, the
maximum change of X, amounts to at most 0.2 m, if the aircraft travels at the
speed of 300 km/hour. It means that the geometric error caused by 4X, is much
smaller than a pixel under the supposition that the flight height is 1500 m.
Therefore, we can see that the change of X, in the scanning time of a line is
negligible.

Based on the assumption a), one can express the determination equations

(6) not for each pixel but for each scan line in the form:
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X; dyp;(—cetan 0) 4 dy;»
X = Xol —*—_hp] (Z—ZOJ) — X01+ 12]( cetan )+ 135 0) (Z—Zoj)
Z,; dyp;(—cetan 0) -+ dy;+c) (8)
7, dpj(—c-tan @)+ dpoc), . |
Y — Yoj—I-TN(Z——ZoJ) — Yoj+ 22]( (4 )+ 237 c) (Z_Zoj)
Z,; dyj(—c-tan g) 4 dy;+c) s

where (9;, wj, £;, X,;, Yo, Zy;) indicate the exterior orientation parameters of
the scanner for the j-th scan line and 6=—y/c.

Is it possible to calculate the exterior orientation elements of the scanner
which are constant along a scan line with the determination equations (8), if
ground control points are given? For a flat terrain, the set of these elements at
the moment of scanning the line can not be determined, because one can not de-
fine only one plane through three ground points given on a straight line, as is
evident in Fig.-5a. On the other hand, when a scanned terrain has relief, the
orientation problem of MSS imagery is able to be mathematically solved, since
one can define uniquely a plane through three ground points which do not lie

on a straight line. (See Fig.-5b.)

S X 2 X

Ou( X, Y, Z5) Oa(Xo,Yo, Zo)
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z
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Fig. 5a. For a flat terrain. Fig. 5b. For a hilly terrain.

It is, however, not practical to give more than three ground control points

to each scan line of MSS imagery. Therefore, we assume that:?

b) the behaviors of the exterior orientation parameters of the scanner along the
flight path can be modeled with some functional form, such as polynomials and
Fourier’s series.

Under these two assumptions a) and b), the analytical orientation of MSS
imagery is able to be carried out in the following way. At first, the exterior ori-

entation elements of the scanner are divided into two parts: the one pertains to
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their approximations, and the other pertains to the changes of the exterior orien-

tation parameters along the flight path. Then they are given as:

Eii(#) = Eiio(®)FEL(K) (5= 1)} wrerererrrerireeererereeeaeseeee e (9)

where £;; represents 6 exterior orientation parameters, £, their approximations,

and £/; the changes along track. As for the approximations, one supposes

¢jo=“’jo="jo=0: Yo;o=zoio=0 }
Xojo = x(1—p)H|c

H

in which x is the image coordinate of MSS imagery along the flight path, H the
flight height, and p indicates a ratio of forward overlapping between the adjacent
scan lines of MSS imagery. (See Fig.-6). Applying Fourier’s series to the along-

(j+1)-th scan line

0 g
/<\ “X
£\
%

¢ j<th scan line

y

Fig. 6. Image coordinates and forward overlapping.

track variations of the exterior orientation elements of the scanner, we may write

the next form as:®

ilx) = i+ fn‘_, Q; COS Vyx -+ 2 Bai SN VLK . cvevieniiiiiiiniiinieienianenns (11)
k=1 k=1

Substituting (9), (10), and (11) into (8), the final determination equations
are obtained. The unknowns g;, @, and £,;, which are the coefficients of Four-
ier’s series, are calculated by the least squares adjustment, if the ground control
points are given. The determined coefficients #;, a,;, and f,; of Fourier’s series

clarify the behaviors of the exterior orientation parameters along-track.

4. Analytical Orientation Problem of Stereo MSS Data Coverage

It is not possible to recover all three-dimensions from single MSS data, be-
cause single MSS data coverage is a two-dimensional representation of a generally
three-dimensional space. In order to reconstruct the ground surface three-di-
mensionally, stereo MSS data coverage is required.

The most practical method used for the orientation of stereo photographs
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consists of two main phases: the one is relative orientation and the other is ab-
solute orientation. However, this orinetation technique can not be applied to
stereo MSS imageries, because MSS imagery is not a central perspective one.
We have another orientation method to determine the exterior orientation elements
for stereo photographs simultaneously”?. This technique is applicable for the
orientation of stereo MSS imageries. Here the orientation procedure, precisely
outlined, will be as follows.

The ground coordinate system (X, Y, Z) is selected as was described in 3., and
adopted in common to the left- and right MSS imagery. As for the MSS coor-
dinate system, (X{, Y1, Z{) indicate the left system with its origin at the left pro-
jection center O 4 ( Xy, Yo, Zy), and (X7, Y3, Z}) the right system with its origin at
O (X Yogs Zgp). The same scanner is assumed to be used for the scanning of
the left- and right MSS strip. Further, (¢, @y, £y, Xy, Yo, Zyy) and (@p, @y, £5
Xoo» Yoo, Zyp) denote the exterior orientation parameters of the left- and right scan-

ner, respectively. In addition, image coordinates are expressed by (x;, %) and
(%3, 72). (See Fig.-7.)

X

0(0.0,0) X

y Ouij(Xosj, Yo7, Zo1j) @0

17 7 Xk

Wax
On 2l Xozks Yoz Zo24 )

k-th scan line

P2 (X2, y2)
0Oz "

Fig. 7. Analytical orientation of stereo MSS data from aircraft.

As for the ground control points required for the analytical orientation pro-

blem of stereo MSS imageries, we have the following 4 types”: 1) ground control
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points with the space coordinates (X, Y, Z) given, 2) ground control points with
only the X- and Y coordinates given, 3) ground control points with only the Z
coordinate given, and 4) ground control points with the space coordinates not
given. One has different determination equations for each case. Here the
determination equations will be derived for the above-mentioned 4 types of ground
control points. As a preparation for this purpose, one constructs the equation
of the left ray g, through the transformed image’ coordinates p;( Xy, Yy, Z51) as well
as the projection center O (X, Yo, Zy), and also that of the right ray g, through
Po( X2 Yo, Zyy) and O 45( Xz, Yz, Zz). They are expressed as:

XXy Y—Yy Z-2Zy

: = PPN 12
()] llj my; n, (12)

XX YV _ Z—Zy (13)
g T - P T S

where (I}, my, ) and (ly, my, n,) indicate the direction co-signs of the rays g, and
g,, respectively. Equation (12) is given to the j-th scan line of the left MSS
imagery, and equation (13) to the k-th scan line of the right MSS imagery.

1) The Ist type
The determination equations for the first type of ground control point can be
derived from (12) and (13), as was described in 3. They are

X,
X = Xg;+=2(Z—Zy;)
Zﬁli
[ TPt (14)
7.;
Y = Yy, +=2(Z— Zy))
Zﬂi
for the left MSS imagery, and
X =X+ E)_ffﬁ (Z“ Zozk)
B SO U U PR UU U PRSP (15)
Y= Yozrl‘@(Z— Zozk)
szk

for the right MSS imagery.
2) The 2nd type

The determination equations in this case are expressed in the form:
i (X— X
(X —Xogu

= —plj(Y— Yolj)
= ——m(y" Y02h)

—
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7
(XX )+ Zgj = X’“ (X—X ) +Zogs »
1j 2k
or

Z
ﬂj (Y—Yyu;))+2Zy; = Ym (Y—You) +Zont

2j P2k
The first and second equations are directly obtained from (12) and (13), if the
X- and Y coordinates of the ground control point are known. Further, the third
or the fourth equation indicates the condition that the Z coordinate of this point
calculated from (12) must be equal to that from (13).

3) The 3rd type

For ground control points with only the Z coordinate known, one has the condi-
tion that the X- and Y coordinates from (12) must be equal to those from (13).
This condition can be formulated in the next form:

Xpj+=- Lns (Z2—2Zy;) = X +5= X (Z—Zg)
Z,; Zm

e e (17)
YOlJ ZPI’ (Z Zol:) = Y02k +Zﬁ2: (Z—ZOZI:)
25} b2

4) The 4th type
The two corresponding rays g, and g, must intersect each other in the analysis of

stereo MSS imageries. This intersection condition is constructed from (12) and
(13) in the form:

By L ln

By my; my| =0, (18)

By m; ny

in which
szk = onr‘Xmi
By = You—Yy;
B:jk = Zozr‘Zolj .

Equation (18) is effectively used for the simultaneous determination of exterior
orientation parameters for stereo MSS imageries, because it can be applied to
arbitrary ground points recorded in common on the left- and right MSS imagery.
However, we must be careful to use the intersection condition (18), since it plays
no significant roll for the determination of the absolute orientation for stereo MSS
imageries,
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The analytical orientation of stereo MSS imageries is fundamentally per-
formed by solving (14), (15), (16), (17) and (18) simultaneously with respect to
the exterior orientation elements. In practice, we first substitude the exterior
orientation parameters given by (11) into (14), (15), (16), (17) and (18), respectively.
Then we set up the observation equations for each type of ground control points,
if the types are given. These constitude the final observation equations required
for the analytical orientation problem of stereo MSS imageries. By solving them
with the least squares adjustment, we obtain the behaviors of the exterior orien-
tation parameters of the scanner. If the orientation elements for the individual
scan lines are known, we can calculate the space coordinates (X, Y, Z) of all the

ground points recorded with the form:

Y., . ¥ .. ¥
Z= {Yozk“”ij +(:&Zolj_ﬁzmk>}/<#_:t—n)
Zyj Zyn Zpni Lo

X1 Xy
P77, X=X, +=*(Z-Z
z,,l,-( wi)> & °2"+z,,2,( I (19)

¥, b4
Y = Yo; 4 2 (2—Zo) = Yout 52 (2 Zaa)
p1j Zka

X = (X,+X,)/2

X1 = X—Olj+

5. Conclusion

In this paper, the orientation problem for stereo MSS data coverage from
aircraft has been analyzed. At first, the interior orientation parameters of MSS
imagery produced from MSS data were defined, and the projective relationship of
an element (=pixel) of MSS imagery was shown, briefly outlined, as was seen in
Reference-5. Further, the analytical orientation method for single MSS data
coverage from aircraft was described with the forward intersection. The behaviors
of the exterior orientation parameters of the scanner along the flight path were
assumed to be modeled with some functional form, such as polynomials and Four-
ier’s series.

The orientation problem for stereo MSS data coverage from aircraft can be
analyzed on the basis for single MSS data coverage. As for stereo MSS imageries,
however, we can not apply the orientation method (generally used in photogramme-
try) which consists of two main phases: relative orientation and absolute orientation.
This is because MSS imagery is not a central perspective representation of the
ground surface and also not an imagery scanned instantaneously. Another orien-

tation technique to determine the exterior orientation parameters of stereo optical
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photographs simultaneously is, on the other hand, applicable to stereo MSS im-
ageries. This report treats the analytical orientation problem for stereo MSS
data coverage from aircraft, based on the simultaneous determination of the ex-
terior orientation elements.

Vartous difficulties may occur in the practical analysis of stereo MSS
imageries. To clarify these difficulties and to develop a practically effective
orientation method for stereo MSS data coverage is the objective of our next
program.
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