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Abstract

The current state-of-the-art of high-resolution space images enables the
performance of large scale mapping, map updating, monitoring of the Earth cover
and the environment, and other practical, scientific, and defence-related tasks
requiring to determine with great accuracy the mutual position of individual
discrete points {2, 3, 4, 5, 6, 7, 8, 9].Based on a number of studies conducted at
home and abroad [4, 7, 9], it was proven that the space images obtained upon their
processing by the supplier and accordingly, upon their high-precision georeference
and rectification by the user, differ substantially in their precision. This happens
when the user determines the coordinates of the ground-based CPs using GPS
measurements and dedicated software, accounting for the recommendations made
during processing.Based on the designed mathematical model [1, 3, 5], an
algorithm is suggested that may be used to prepare software for processing and
assessment of collected observational material after the Least Square Method
(LSM).
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1. Introduction

In a series of studies [1, 2, 3, 5, 6], a mathematical model for
georeference and rectification of high-resolution space images was
developed. Based on this model, we shall present here an algorithm for
preparation of software intended for processing of space images (scanner
and photo images) and obtaining the coordinates of identified terrain control
points (CPs) on the terrain and on the space image, and rectification of the
geometric deformations.
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Therefore, to ensure that high-resolution space images will
accomplish their nowadays task in large-scale topographic mapping, map
revision, monitoring of the environment, study of the outer space, ecology,
safety, precise monitoring of earth cover changes etc., these images must be
subject to preliminary processing [2,3,4,5,6,7, 9] comprising:

-high-precision coordinate georeference of the images of CPs,
measured by GPS;

-rectification of the images by approximation functions, or by
accounting for the changes in the scale factors along the
scene’s directions and the relief’s configuration;

-using the Earth (reference) ellipsoid as a projection plane;
-accounting for the ellipsoid heights of the CPs;

-precise processing and result assessment after the Least
Square Method (LSM).

The observance of these conditions will provide to obtain ultimate
results with accuracy corresponding to the potentials of these modern space
images.

2. Orientation and stabilization of the space aircraft.

The information which is obtained and used with space images is
diverse with respect to both the elements to be defined and their location in
space and time. For this reason, the coordinate systems in which the SA
clements are determined refer to various space rectangular coordinate
systems, namely:

1. Greenwich Equatorial Geo-Centric Coordinate System -

OX7YZ.

2. Inertial Equatorial Geo-Centric Coordinate System -
OX Y2\

3. Geodetic Rectangular Geo-Centric Coordinate System -
0,X,,Y Ly

4. Satellite-Centric Inertial Coordinate System - j—(x, y,
2l (Fig.1,2).
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Fig. 1 Fig. 2

According to Fig.l we may write the following relation between the
satellite-centric radius-vector o, the geo-centric radius-vector 7,, and the

topo-centric radius-vector R, in coordinate form with respect to the inertial

geo-centric system (1), namely:

X' =X cosa, sind, &y
(L Py =(‘§j 1) =YY", |= p,sine, cosd,|= pyln,l
Z' -7, sind, ¢y
where:
(2) §@2+?}2kj +¢% =1,
Py =X, =X,V +(X, =XV +(Z,- Z,)

ji;j = (X “Y.Z ’)jT- the coordinates of the CP - j in the inertial geo-centric

and &, i are the SA’s rectascence and declination

system

F, = (X WVLZ '),CT - the coordinates of the SA - k in the inertial geo-centric
systent,

Let us assume that the vector 5@-. by the image j on the space

image (Fig.2), of terrain point j in the inertial satellite-centric coordinate
system is expressed as follows:
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X5~ Xko Ey
€) Dy = Vi~ Vi =‘DJ¢} My
2y~ 2y Cy
Dy = \f(x#g —X,)" + (Vg ~ Vi) + (z; -5,)

where;
(x, Y, Z),g. - coordinates of the CP’s image - j on the space image;

(x, y,z)ko - coordinates of the phote’s main point O, obtained by drawing a
perpendicular from the object glass’s back point.
Actually, the main point does not coincide with the origin O of the
coordinate system on the space image {Fig.2).
From expressions (1) and (3), upon adequate solution, we obtain:

4 Py = Py| Ty ZD_F’&;R; Vi~ Ve |=| ¥,
g
é‘k} / Z}g-,-—zko Zj _Zk

Formulae (1)-(4) make it possible to determine the points from the
space image in satellite-centric inertial coordinate system. But the
coordinate georeference of the image must take place in the defined
Greenwich geo-centric coordinate system, in which the satellite-centric
radius-vector has the form:

cos(a, —S,)sind,, Sy| X, - X,
) Py = Pyfsin(ay, - S,)cos Sy | = pylny|=| | ¥, - ¥,
sind,, £y Z,-Z,

S, Is the Greenwich star time, corresponding to the time t, of
receiving the space image. The coordinates of the SA -(X,Y,Z), and the
CP - (X,Y,Z), are in the Greenwich geo-centric coordinate system.

From (4), the following relation may be written:
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Xy — Xy X, -X, X, -X,

© gy |=EE| VX |=mB) Y-, |,
%
Zg =24, 7l z,-Z, Z,-Z,
where:
_ fof
(N my; = —= - scale factor and
P
ay a, a
®) B& =PnT = bl bz b.‘s
¢ G G

The operator P, =P is an orthogonal matrix, performing the

transition from the Greenwich into the satellite-centric geo-centric
coordinate system through the Euler angles (Q, w, i), namely (Fig.1):

©)
a, =coswcosQ —sinwsinQcosi, & =-sinwcosQ—coswsincosi,
a, =coswsinQ +sinwcosQcosi, b, =—sinwsind+ cos wcos2cosi,
a,; =sinwsini, b, = coswsini,

¢, =sinQsini, ¢, = cosL2sini, Cy = COSI
From formula (6), according to formulae (7) and (8), we obtain:

xg = mlaAX, + @AY, + a;AZ, ]+ x, = myN, +x,,
1o Yg = mkj[blAde +b2Aij +b3AZ}g] TV = mi;;ﬁy Ve o

zg =mylc AX,, + O, AY, + ,AZ, |+ 2, =m0, + 2,

where we have:
AX,=X,-X,, AY,=Y -Y, and AZ, =Z,-2,
Xy» Yiy» Zy- coordinates of the images of the CP on the space
image;
Xiwr Yie» Zi, - COOrdinates of the main point of the space image;
X,, Y, Z, - geo-ceniric Greenwich coordinates of the CP from
the Earth’s surface;
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X, Y, Z, - geo-centric Greenwich coordinates of the SA’s
projection centre

%, b, ¢, i=123 - elements of the orthogonal matrix B,
function of the Euler angles Q, w, i

3. Preparation of an Algorithm to Determine the Equations of
the Corrections and Unknown Variables for the Sought Quantities

To solve this problem, we shall start by assuming a number of
settings and requirements, namely:

For each point j of the space image, which appears to be the image
of a CP-j from the Earth’s surface, we have twelve unknown variables,
according to equations (10):

(11) st ;YJ" st Xka ITI;) st Qka Wk) ika xkg: }";w, Z;m
whereas we shall denote their approximate values in the following way:
(12) XJ'O) I,jostO)Xkoa I’}CO’Z}.O)Q,}CO:Wkoaikoaxkoosymoazkgo

Linearizing expressions (10) for each terrain control point ; with

coordinates }z(x ¥ z)rgg- , projected omto the space image, the
corrections equation is obtained:

ds,
R F A
a» 7, =4 B & b,) & [ B,
i,

F, - weighing factor
The quantities Zk,ﬁk,é j,f),m in the corrections equation (10) must
be considered as partial differentials of the coordinates Xgs Vg 253 » Damely :

4 4 =M; 15y § = 9ny2)y, a6 B, _ Ax,3,2),
a(Q’ ke i)kj ) a(X’ Y, Z)k(f) r 6(—7‘:) Vs Z)ko
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whereas B, = —C > the index "k" is differentiation along the coordinates of

the SA, and the index " ;" - differentiation along the coordinates of a CP
from the terrain.

—

Vm:(vx vy vz)ﬁgr; dgk =(dQ dw df)kib;
a7 &, ={dx dY dz)," ; dR, ={(ix dy daz)/;
dii, ={dx dy d2), '

dgk,dﬁ,dﬁ ;»dh,, are the corrections for the approximate values (12) of the
known (10) and unknown variables (11).

For the vector of the free term E@ we have:

h
Yy~ Xy
—_ _ — — o "
(18) Ly =Uy=Uy=|yy =¥y,
L]
ij ij

where:
U W ={x y z);; - the determined values for the coordinates

Xys Vi» 2y after (10),
Jy=( y 2,7 - the measured coordinates from the space
image.

4. Deriving expressions to determine the values 4,,8,,C,

To obtain the private differentials according to expressions (14), (15)
and (16), the following coordinates must be successively differentiated:
X5, ¥gs Z; With respect to the Euler angles (Q, w,i); the space coordinates

of the terrain CP-j with respectto (X ¥ Z )j. , the Greenwich coordinates

of the SA with respect to (X Y Z )k and also with respect to the
coordinate origin of the image (x y z),,.

52



4.1. Private differentials for the quantity 4,

According to expression (14), it is not necessary to differentiate the
image coordinates from (10) with respect to (€2, w, i}, accordingly - (9). But

since only the quantities a,, b, ¢,, (i = 1,2,3) are function of the Euler

angles, we must differentiate N, , P, 0, by the expressions:

\ { O, - omyNy) _ AmyE) o ! KmyQy)
0w dQwD),” aQwi), aQwi),  AQwi), AQwi),

(19

4.2. Private differentials for the quantities B, = —C ;

As already mentioned above, to obtain the differentials of the tmage
coordinates (x, y,-z),g; with respect to (X ¥ z), and x v Z)jT, we
must use expressions (10), from which it follows that both the scale

D, — - )
my, =5 according to formula (7), and N, B;, 0, are function of the
Py
Greenwich coordinates. Accounting for this fact, we shall differentiate by
expressions

(20):

g ___WmyNy)  yy  dmB) oz
AX.Y,Z), OX.Y,Z),, &X,7, Dy OXY,Z),, XX, Y, Z)
B 6(m;g§@)

CAXY,Z),,

5. Determination of the elements of the private differentials

during coordinate georeference of space images

5.1. Formulae for the private differentials of the coordinates

(x, y,z),g; with respect to the Buler angles (€2,w,1),

According to expressions (19), in order to obtain the elements of the
differentials of linear equation system (10) with respect to
a, b, c,{i = 1,23}, we must differentiate {9) with respect to the Euler

angles (€2, w,7), , which results in:
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@

(22)

(23}

X5 oN, Y
0Q, oQ,
Ox - oN,,
bt/ I my i
ow, ow,
Ox ) ON, 2
0, 0L,

Wy Wy
0Q, o,
ay.&} _ 6yk}

= mM,.

ow, | Y|ow,
Py | |y
oI, i,

0z 3@
20, a0,
il =m,, %0,
ow, | |ow,
% | |00
0, i,

= mkj

= mkj

¢, sinw,

bysinQ2,

_CZ
0

c, 8in €2,

5!
0
—c¢yco882,

5.2. Formulae for the private differentials

0 AX,Q,
—a, AY,U.
¢ |AZy,
0 AX,U
0 AY,Q.

= ¢, =i |AZ,,

of the coordinates

(x, y,z),g—,. with respect to (X,Y,Z), ,, at the time of receiving the image ¢,

According to expressions (20), the elements of the private

differentials may be obtained from expressions (10) with respect to the
Greenwich coordinates of the SA - (X Y, Z )k( » at the time of exposure of

the space image #, , namely:
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N r 7
=tm M AXy +AY, +AZ,) Fla, +a, +
(X7, Z)K(J) K(J) [,Ozx; ( K7 7} .U) (‘11 a, as) J

0 Yy {—I;—KL(AXM+AYK;+AZK;)T ?(b] +bz+b3)'r]
P K

=+m,
XY Z e KiJ)

azKU) Q" _ ]
5 (X7, Doy =tmg pzjr (AXK; + AY,, +AZ‘U)T ¥ (cl +c, -}-(:3)

In expressions (24), for the indexes k and j we have accordingly k =
L,2,..9andj=1,2,...9.

For the matrix C , the values are the same, but the signs change, i.e.,
“+” becomes “-“ and “-“ becomes “+”, In the above expressions, we have
assumed that Ax ., Ay -, Az 5 are equal to:

ai? Vo

@) X =% = RNy = vy = i Az = 25 - 2,

The values of these quantities are determined from (14), i.e., these
are the calculated coordinates of the images of the CPs.
The scale factor m,; is determined from formula (10} for all terrain CP and

their respective images on the space image.

5.3. Expression to determine the private differentials {x, y,z)l,q-, with

respect to (x, y,2),,
According to expression (16) and linear equation system (10}, and
taking into account that according to equation (10), in determining m,; the

distance Dy, from the image is used, formula (3), which is function of the

coordinates of the main point x,,,,,,z,, of the image O assumes the form:

(xkjgzxko)z 0 0
Vi = Yio)
D, = 0 L 0
o D ?
0 0 (";gl —2,)
D,
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The essential thing here is that the scale coefficient m,,is calculated

for each terrain CP, thereby providing us with the image deformation

between each particular image point and the origin of the coordinate system.
The vector equation for the corrections (13) and the obtained values

for the private differentials based on expressions (21)-(24) make it possible

to present the corrections of the sought quantities and the corrections for the

unknown variables in the following form:

(26)

Vig= A&+ Adar+ Adi+ KdX, +K, dY +KdZ +JdX, +J,dY, +JdZ +d,+1,,.

@n

Vig=BAW Bdw+Bdi+KdX +KdY, +KdZ, +J dX, +JdY, + S, +dyo+ly,
(28)

Vag = CdQ+Cydaor+ Cydt + KX, + K dY, +KodZ, +J,dX, +J,dY, +JdZ, +dz, +1y,

6. Calculation algorithm for the coordinates’ georeference after
the suggested mathematical model

Introduction of input data

Xja);-,stXKaYKaZKagksa)katkﬁxkoﬂka’sz
¥

Calculation of guantities
1
AXjk =Xj ~ X Aij :Yj — Aij =Zj.—Zk;

Axyo =Xy —Xeos AVj =Yg = Vior AZj5 = 2y — Zyo3

Py = (X, =X, +(Y, - Y,)* +(Z,~ Z,)?

=
I
Dy, = '\/(xkj —x,)" + Dy~ yu) 2y — 2,0 | |
I
I
I
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4, =coswcosQ2—sinwsinQcosi, b =-sinwcosQ — coswsin {2 cosi,
a, =coswsin d +sinwecosQceosi, b, =—sin wsin 3+ cos weosQcosi,
4, = sinwsini, by = coswsini,

¢ =sinQsini, ¢, =cosfdsini,  ¢;=cosi, —c,=sinj,

L
y = @Ky + ,AY, + aAZ,,
By =bAX, +b,AY, +bAZ,
Oy =cAX,; +c,AY, + GAZ,
¥

Calculation
corrections equation (26) — (28)
and factors equation (21) — (24)
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AJI'OPUTHM 3A BUCOKOTOYHO
IIPUBBP3BAHE U PEKTU®HUKAILINS
HA KOCMHYECKH U30BPAXEHHUSA
C BUCOKA PA3/IEJIMTEJIHA Bb3MOXHOCT

Huxona Ieopeues
Pestome

CerallHOTO CBCTOSIHHE Ha KOCMHMYSCKMTE H300PLKEHUS ¢ BUCOKA
pasfgenuTenna crocoOHOCT, AapaT pealiHa BB3IMOXKHOCT 38 €ApOMAIabHo
KApTHpaHe, OOHOBIEGHHE Ha CBINECTBYBALUM KapTH, MOHMTODHHI Ha
3€MHOTO IIOKPHTHE M OKPBKaBaIllaTa CPEAa M APYTH IPAKTHYHH, HAYYHH K
OTOPaHHTE/HE IEAH, TIPU KOHTO € HEeOOXOAMMO Ja €& TIOCTHTAT BHCOKH
TOYHOCTH TIPH OIPEAEIAHC B3aHMHOTO DPa3NONOKCHHE MEXKIAY OTASIHHN
AUCKPETHH Touky. {2,3,4,5,6,7,8,9]

Ha 0azara Ha MHOTOTO H3CIe/[BaHUA Y Hac u B 4yxbuHa [4,7,9] ce
HOKa3a, 4e Pe3YNTATHTE OT 06paboTKaTa Ha KOCMHYECKUTE H30GPaKeHHA OT
JOCTaBYMKE M IOA3BATENS, C€ Pa3IMYaABaT YYBCTBUTEIHO II0 TOUHOCT IIPH
NPUBEP3BAHETO ¥ PEKTHGUKANMATA Ha H300pakeHuaTa. TOBA ce IOTydaBa
KOraTo MOA3BaTend olpeAens kooppauHature Ha 3emuure OT ¢ GPS
H3MEPBaHMS M CHOTBETHO B3CME II0J] BHUMAHHE HANPaBEHHTE MpPEIOPHKH
npu obpaboTkara,

Ha ocmopaTa Ha cb3gajeHus MaTeMaTHueckw mogena [1,3,5] ce
paspaboTH aNropuTEM MO KOHTO ce u3roTea cobTyep 3a ofpaboTka u
OllHKAa Ha NOIyYeHMA HabmopaaTeleH MaTepual II0 MeToAa Ha Hai-
MaIkuTe KBagpatd {(MHMK).
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