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Ground Location of Satellite
Scanner Data
Formulation and computer coding, which determine the
ground location of an area scanned by satellite-borne
sensors, are given.

INTRODUCTION

A COMMON PROBLEM in analysis of data generated by satellite scanners is to de­
termine the location of the intersect of the scanner's line of sight with the body about

which it orbits.
Earth-based examples include determining the location of data sensed by LA DSAT's

Multi-Spectral Scanner (MSS) and the Nimbus Electrically Scanning Microwave Radiome­
ter (ESMR).

Although the problem is not inherently difficult to formulate and solve mathematically,
different techniques have been developed by independent analysts and programmers. The
varieties of approaches can (and do) lead to inconsistencies in results as well as in computer
run times.

ABSTRACT: This paper presents simple and accurate mathematical
formulation for determining the ground location of remote sensor
data. The techniques used are based on elementary concepts ofdiffe­
rential geometry and lead to the development ofa relation that gives
location as a function of surface ellipticity, satellite position, veloc­
ity, attitude, and scanner orientation. The formula lends itself to
simply computer coding and will hopefully lead to a standardization
of the various techniques which have been developed to solve this
problem.

This paper will present a simple, accurate formulation of the problem which can be effi­
ciently coded on a computer. The fonnulation will also be generalized so as not to be dependent
upon anyone particular satellite or experiment. Hopefully, this effort will lead to a skwdard­
ization of the techniques (and results) used to solve the problem, as well as to elimination
of the need to redevelop the mathematical formulas.

OVERVIEW OF PROBLEM

The general approach taken can be most simply described as follows: Given the spacecraft
position, S, the spacecraft velocity, V, and the description of the surface B about which the
satellite orbits, measured relative to a basic coordinate system centered within a body (e.g.,
the earth); and yaw, y, pitch, p, roll, r, and the pointing direction ofthe scanner, tV, measured
relative to the spacecraft axes; then it is possible to determine a function of these variables
which gives the point of intersection eof the scanner's line-of-sight with the body B.

The approach to determining this function may be outlined as follows. A basic coordinate
system is located at the center of the body. The spacecraft position vectOl;: S brings us to a
point in space at which we orient the satellite axes using sand the spacecraft velocity vector
v. Relative to the spacecraft axes, yaw, pitch, and roll is introduced, reorienting the space-
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craft. Taking into account the pointing direction of the scanner relative to the spacecraft axes,
the direction of the scanner line-of-sight can now be determined relative to the basic coordi­
nate system. Where this vector intersects the body B is the sought after result and is meas­
ured as the vector e relative to the basic coordinate system. See Figure 1. The function at
one instant in time would appear as

e= f(s, fJ, y, p, r, r'V, B).

Development of this function will appear in a later section.

DESCRIPTION OF COORDINATE SYSTEMS AND THE BODY SURFACE

The basic coordinate system to which all other coordinate systems and vectors are refer­
enced is a body-centered Cartesian coordinate system. It is oriented so that the X-Y-Z axes
coincide with the principle diameters of a spheroid which is used to model the body surface.
The X and Y axes coincide with the two principle diameters of equal length while the Z axis
will coincide with the third principle diameter. The equation of the body surface is

The value a may be thought of as the equatorial radius of the body while c would be the
polar radius. Hence, in order to describe the body B one needs to specify a and c. The
satellite coordinate system is related to the basic coordinate system by the position vector s.
The satellite coordinate system about which yaw, pitch, and roll are measured is defined as
follows: The roll axis is taken to be coincident with the velocity vector V, the pitch axis is
taken to be vxs which is normal to the orbital plane and the roll axis, and the yaw axis is
taken to be vx (v xs) and shall be denoted as n. See Figure 1. This definition of satellite axes
orientation is arbitrary. It could equally well have been established by requiring the yaw
axis to coincide with -s, the pitch axis to be -sxt, and the roll axis to be (sxt) xs. It seems
that different systems are established for different spacecraft. Therefore, if the reader must
work with a system other than the one established above, he should make the appropriate
substitutions throughout the remainder of the paper.

MEASUREMENT OF SCANNER ORIENTATION

It remains to define a convention for measurement of the scanner's line-of-sight relative to
the spacecraft axes. The convention used in this paper is to specify rotations about the yaw,
pitch, and roll axes (in that order). The rotations must be such as to rotate a vector initially
aligned with the yaw axis n so that it will coincide with the scanner's line-of-sight. All
rotations follow the standard right hand rule. These three rotational values will be used to
form the vector tV where WI is the required rotation about the yaw axis, W2 the rotation about
the pitch axis, and W 3 the rotation about the roll axis.

In the example shown in Figure 2 the line-of-sight vector is described as tv = (0°,0°, -30°)
since it is in the plane spanned by the pitch and yaw axes; in order to align the yaw axis with
the line of sight vector it is necessary only to rotate (in the right hand sense) about the roll
axis by -30°.

+z
~ (roll Qxis)

~ x ~ (pitch axis)

FIG. 1. Description of notation.
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~ (roll)

~~-r----~~ X~
(pitch)

~ (yow)

F,G. 2. Example of line-of~sightorientation.
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POSITIONAL VALUES AS FUNCTIONS OF TIME

Each positional value described up to this point is in reality a function of time. The vector
sdescribing the scanner's position is perhaps the most obvious example. Even the vector w
describing the scanner orientation can be a function of time as in the case of the ERTS
scanner which swings back and forth like a pendulum.! Since this is the case for all values
considered except for a and c, the notation set), wet), etc. will not be used.

MATHEMATICAL FORMULATION OF THE SCANNER'S INTERSECT POINT

First, the orientation of the spacecraft axes relative to the basic coordinate system will be
determined. Let D be the orthogonal matrix whose columns are (;, = vi II v112 (roll), (;2 = (c,
xs) I II S 112 (pitch), and C3 = (;,XC2 (yaw).

Let

SY = sin (yaw)
SP = sin (pitch)
SR = sin (roll)

CY = cos (yaw)
CP = cos (pitch)
CR = cos (roll)

and form M as the product of the three rotation matrices

M=
[

CY
SY
o

-SY
CY

o [

CP

-S~
~ ~P]
o CP

[~ C~ ~SR]
o SR CR

[

CY'CP
M = SY'CP

-SP

Cy· SP . SR - SY . CR
SY . SF . SR + CY 'CR
CP ·SR

CY'SP'CR+SY'SR]
SY'SP'CR-CY'SR (*)
CP'CR

Then F = DM is an orthogonal matrix whose column vectors are the roll, pitch, and yaw axes
of the spacecraft in the basic coordinate system after yaw, pitch, and roll rotations have been
introduced. Next, the orientation of the scanner's line-of-sight relative to the basic coordinate
system will be determined. As discussed in the section regarding measurement of scanner
orientation, the pointing direction of the scanner is given by specifying rotations about the
yaw, pitch, and roll axes in that order. The rotations must be such as to align the spacecraft
yaw axis with the scanner line-of-sight. Because these rotations are made in the same fashion
as yaw, pitch, and roll attitude corrections, a matrix M' may be formed which is identical to
M except that it has the angle W I in place of yaw, W2 in place of pitch, and W 3 in place ofroll.
Recall that the third column of F represented the yaw axis in the basic coordinate system.
Then G = FM' must be an orthogonal matrix whose third column is the unit vector repre­
senting the scanner's line-of-sight in the basic coordinate system. Let m be the third column
ofM' so that
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>
m= (

Cw, . Swz ' CW3 + Sw, . SW3)
Sw, . Swz . CW3 -Cw, . SW3
Cwz . CW3

(**)

Then g = (Fm) is the unit vector representing the scanner's line-of-sight in the basic coordi­
nate system.

It remains to determine the intersection of g with the surface. This may be done most
simply by considering the parametric representations of the surface and the straight line
passing through the location of the scanner and aligned with g. The spheroidal surface can
be represented as

(

a cos u, cos u Z)

E (u" uz) = a s~n u, cos Uz
C SIn U z

The line is represented as

L(u) = s+ u g

Equating the two

S,r +u g,r = a cos(u,) cos(uz)

Sy +u gy = a sin(u,) cos (u z )

Sz +u gz = c sin (uz)

The parameter u may be solved for by multiplying the third equation by ale, then squaring
both sides of each equation, and finally adding all three equations together. This eliminates
the parameters u, and Uz and gives a quadratic equation in u.

Making the appropriate substitutions, this equation may be represented as

Auz + 2Bu + C = 0

From this quadratic form

-B-yBLAC
u= A

Figure 3 shows the geometric significance of the constant u. If the scanner is to view the
Earth, u must be a real number greater than zero. Note that the negative value of the radical
is used because when the line intersects the surface in two points we are interested in only
the point closest to the scanner. This is the case since the vector g is of unit length by its

FIG. 3. Formulation of intersect point.
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formulation and therefore in the parametric representation L (u) of the line-of-sight vector, u
will be the distance from the scanner to the intersect point.

As can be seen in Figure 3 the intersect point is given as the vector e where

Given: s
>
v
>

w

p, y, r
a

C

SUMMARY Of COMPUTATIONS

position vector of scanner
velocity vector (roll axis)
orientation of scanner line-of-sight relative to spacecraft axes
pitch, yaw, and roll of spacecraft
equatorial radius of surface
polar radius of surface

For the sake of coding efficiency the intersect point is found by going through the computa­
tions described previously but in the following order:

u =

(1)

(2)
(3)

(4)
(5)

(6)

(7)
(8)
(9)

(10)

form the vector mas defined by (**)

form the product; = Mm where M is defined by (*)

c,=v/llvl1 2

c2 = (c, X s) I lis 112
> :>:>
C3 = C, XC 2

let D = [CI> C2' C3]
form the vector g = Dr
A = C2(g2x+g2y) + a 2g 2

z

B = c 2 (sxgx + Sygy) + a2szgz

C = c2 (S2x +S2y) + a2 (S2z - c2)

-B-yB2_AC
A

FORTRAN IMPLEMENTATION

Figure 4 is the listing of a FORTRAN implementation of the scheme described in the
previous section. The listing presents the implementation as a double precision computation
only for the sake of producing high accuracy results. Double precision is not necessary
because of any need to overcome numerical conditioning problems. In fact, a user wishing to
implement the routine in a production mode might consider using small angle approxima­
tions for some of the trigonometric functions as well as reverting to single precision in order
to speed up calculations.

COMMENTS

The user should assure himself that the values he has for yaw, pitch, and roll were
measured in that order since that is the order of rotation made in this formulation.

The resulting vector e can be converted to geodetic or geocentric latitude and longitude
values upon return from the subroutine using the formulae

longitude = tan-'(;~)

geocentric latitude = tan-I ( e3 )ve 2 , + e22

2

geodetic latitude = tan-' (!!- x tan geocentric latitude)
c 2
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C 00000100
C SUBROUTINE LOCATE , •••••••••••••• 00000200
C 00000300
C FUNCTION... 00000400
C TO LOCATE THE 1l(,Y,l) COORDINATES ON THE ~URFACE Of 00000500
C A SPHEROID wHERE A SATELLITE BASED SCANNNE.R IS POINTING. 00000600
C IIIjPUT PARAHETE~S....... .... 00000100
c S ....... y[CTOR OF OttotENSION ] GIVING THE POSITION or hiE SCANNER 00000800
C HELATYVE TO THE BASIC COORDINATE SYSTEJI4. ISEE COMMENTS) 00000900
C V••••••• VECTOR OF OII1[NSION 3 GIVING THE VELOCITY OF 00001000
C THE SATELLITE MEASURED RELATIVE TO THE BASIC COORDINATES. 00001100
C W....... yECTOR OF DIMENSION 3 GIvING fliE ORIENTAlO"" OF THE 00001200
C SCANNE~ LINE Of SIGHT RELATIvE TO TI1E SPACECRAFT AXEs. 00001300
C W(11 : ROTATION IN RADIANS AdOUT YAw AXIS 00001400
C ,,1(2) : ROTATION IN RADIANS AbouT PITCH AXIS 00001500
C .(J) = ~OTUION 1'1,1 RADIANS AbOUT ~OLL AXIS 00001600
C IIIECESSA=lY TO A.LLlGN A VECTOR INITIALLY COINCIDENT WITH 00001700
C THE SPACECRAFT YAw AXIS TO TME LINE OF SiGHT OF THE 00001800
C SCANNEH. ROTATIONS MUST 6E OlTERMINEO IN THE ORDER LISTED.00001900
C Y YA. OF SPACECRAFT 1111 RADIANS 00002000
C P PITCH OF SPACECRAFT IN RAOIAIIoS 00002100
CR•••••••~OLL OF SPACECRAFT IN RADI AN~ 00002200
C EaR AD ••• EQUATORIAL RADIUS OF I:::IOOY (sEE COMMENTS I 00002300
C POLRAO..POLAR RAOIUS OF BODY (SEE COMMENT~) 00002400
C OUTPUT PARAHt.TERS.......... 00002500
C E....... SOLUTIO~ VECTOR OF DIMENSION 3 REfURNING IX.Y.ZI 00002&00
C CO-OROI"JATES OF THE INTEHSECT OF THE LINt: OF SiGHT 00002700
C wITH THE "ODY SURFACE. MEASUREO 11'0 I3ASIC SYSTEM. 00002800
C MISS ••• • ~ETURN FLAG. MISS = 0 IIolPLIES SCANNER SEES BODY. 00002QO{)
C MISS = I IIolPLIES SCANNER ODE':> NOT SEE THE tjOOY. 00003000
C MISS = Z IMPLIES SCANNER LOOKS DIRECTLY AWAY FROM dODY. 00003100
C COMMENTS... 00003Z00
C THE BASIC COORDI\lATE SYSTEM IS OEFINt.D AS A CARTESIAN COOFWINATE 00003300
C SYSTEt04 AT wHICH THt:: SPHEROIDAL SURFACE IS CENl[REiJ. THE 00003400
C SPHEROIDAL SUkFACE IS UESCRI8ED IH 000030:,,00
C x-x·y·y Z-Z 00003600
C ----------- • ------------- : 1 00003700
C EaR AD-EaR AD POlRAO-POlRAO 00003tWO
C PRECISION... OOU.::IlE 00003900
C REQIO ROUTINES ••• FORTRAN TRIG .0.1110 SQUAR!:: ROOT fUNCTIONS 00004000
C AUTHUR ••• E. PUCCINELLI GSFC COOE 931 t1-1-75 00004100
C 00004200

SUBQOUT I NE lOCA TE IS. V. w,P. Y,R. EQRAD,I"UlRAu, E • Po4 I SS I 00004300
IMPLICIT REAl-BIA-I1.0-l) 00004400
DlIolENSION S(3),VC).JII(j).E(J) 00004500
MISS: 0 00004600
ER2 : EaRAO*E,JRALI 00004700
PR2 : POl~AO*POl~AD 00004800

C•••••••••• SET T~IG voll,lUES.......... 00004900
CY OCOS IY) 00005000
CP : DCUS 0.1) 00005100
CR : DCCJS IR) 00005Z00
SY = OSI:IIIY) 00005300
Sp = DSI"'JIP) 00005400
SR : DSI"lIRI 00005500
CSY : DC OS IW I U) 00005600
CSP = DCUSIWIZ» OOOO~700

CSR : DCOSI~ (J» 00005800
SNY : DSI!'>lCWII» 0000~900

SNP-: DSI"4Cw(2'I) 00006000
SNR : OSINlw13» 0000bl00

C•••••••••• FORM VECTO~ M.......... 0000b200
EHI = CSY*SNP*CSR • srn*SNR 00006300
EH2 : SNY'*SNP-CSR - CSY-SNR 00006400
EM3 : CSP*CSR 00006500

C FOR PRODUCT OF "'ATRIX CAP.M * IIECTOk '" 00006600
RI : EMI-CY-CP • EHZ-ICY*SP*$R - SY-CW) £M3-ICY-SP-Ck SY-SR) 00006700
RZ : EHI-SY·CP • [H2-CSY*SP*SR • CY*CR) • EMJ*(SY*SP*CR - CY*SR) 00006800
101:) : -E"'I-SP • E.MZ-CP*SR • [MJ-CP-CI'( 0000b900

C FORM MAT~lx 0 00007000
VlG : DSQRTIVIU*Vll) • "1(2)*"112) • V(]I-V{)I 00007100
1>11 : VIU/VlG 00001200
OZI : VI~)/VlG 00001300
D)1 : VI)/VlG 00007400
SLG : OSURTCSIU-S(JI • SI21*S(ZI .5131-51311 00007500
012 : (OZI*SI3) - S(ZI*031)/SlG 00001660
02Z = (OJI-SCU - S13I*OliI/SlG 00001700
03Z ::: (011-5(21 - S(JI*021)/SLG 00007800
013 = OZI-03Z - UZZ-031 00007900
OZ3 : 031-012 - u32*L)JI 00008000
ll33 = Dll*02Z - GIZ*OZI 00008100

C fORM UNIT vECTOR G = 0 * M - II/ECTOR HI 00008200
GX = RI-OII • ~2*0IZ • R3-013 0000&300
Gy : RI*021 • R2*022 • R3-nZ3 00008400
6Z : RI-OJI • Q~-03Z • R3-03) 00008500

C•••••••••• fORM U3 ••• DISTANCE Of SCANNER TO INTERCEPT POINT •••••• 00008600
A : PRl*IGX-GX • GY'-uYI • ER2*GZ*Gl 00008700
t:I = PRZ-IS(U-GX • S(2)-GYI • ER2*S13)-GZ 00008800
C = PR2*IS(I)-S(U • SIZ)-SIZ)) • C::RZ-(S()-SI3) - PRZ) 00008900
F = 8-a - A-C 00009000

C•••••••••• lf f IS NEGATIvE. SCANNER DOES NOT SEE 800Y.......... 00009100
IF(F.GE.O.OOI GO TO 10 00009200
MISS: I 00009300
RETURN 00009400

10 U) = -1t:J.osaRTlf))/A 00009500
C IF U3 IS NEGATIVE SCANNER IS LOOK[NG DIRECTLY AWAY FROM 800Y 00009600

IF lU3.6T .0.00) GO TO ZO 00009700
MI SS: 2 00009800
RETURN 00009900

C•••••••••• FORM ANSWER VECTOR E ••• THE INTERCEPT POINT.......... 00010000
20 E(J)a: 5(1) u)*GX 00010100

E(2)'" 5(Z) U3*GY 00010200
E()):I: S()I • U3-GZ 00010)00
RETURN 00010400
END 00010500

FIG. 4. FORTRAN listing.
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This conversion was not included in the subroutine in order to keep the coding as brief as
possible.

ATTITUDE DETERMINATION

There is a growing tendency to digitally rectify satellite scanner images by first using
several geographically located points on an unrectified image to compute a more accurate
attitude model of the satellite than is provided by the satellite instrumentation.2

• 3 The idea is
to take a known model (such as described in this paper)

e = f(s, V, tV, p, Y, r, a, c)

and, for several different values of e, determine by least squares or digital filtering
techniques, functions which approximate s, p, Y, r over some period of time.
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