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Fast Prediction Algorithms of Satellite Imaging
Opportunities with Attitude Controls
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The imagingprediction problems for satellite Earth observing missions are discussed. The imagingopportunities
are � rst distinguished from the nadir tracking points with maximum elevation angles. A fast prediction approach
is then presented, consisting of three steps: the coarse search, the imaging estimation, and the imaging re� nement.
Innovative algorithms are developed to complete the appropriate estimation and re� nement tasks for different
working modes, considering both a canted camera and availableattitude maneuvers. The algorithms are evaluated
throughcomputationalexperiments and further tested with applicationsin practical satellite mission management.
Further applicationsincludein-orbitreal-timeautonomousmissionmanagementandoperationsonboardsatellites.

I. Introduction

W ITH the requirements toward the “smaller, faster, cheaper”
strategy in space missions, low-cost, fast access, and mul-

tifunctional small satellites are being increasingly used to provide
and exchange information for a wide variety of professions,such as
Earth observing, monitoring, surveying, mapping, as well as com-
munications. To reach a larger swath coverage and provide suf� -
cient revisit times for certain mission requirements, constellations
of a certain number of satellites are required. One example is the
Disaster Monitoring Constellation,1 which is made up by � ve low-
cost enhanced microsatellites, aiming at the � rst low-cost and in-
tegrated Earth-observation constellation in the world dedicated to
the humanitarian objectives of disaster assessment and monitoring.
A more commercial satellite network is the “GANDER” mission,2

which will comprise a constellationof 16 microsatellites,aiming at
providing commercial services on predictionsand forecasts of mar-
itime conditions through measuring the signi� cant sea wave height
and sea surface wind velocity. For these kinds of complicated space
missions, greater operability and onboard autonomy of satellites
become crucial to reduce the cost for both ground and onboard
operations. Thus fast and smart algorithms are required for some
traditional technical problems for the purpose of onboard real-time
implementation and autonomousoperation.

One important technical problem in imaging missions is how to
determine or predict the time moment when the camera onboard
the satellite is in the optimal position for imaging a target on the
Earth’s surface. As the satellitemay not � y directlyover the desired
target area for some periods (days or weeks), in-orbit attitude ma-
neuvers are required to point the camera onto the target to get more
opportunities for imaging. Then the required attitude angles of the
satellite for imaging the targets need also to be determined or pre-
dicted in advance. Furthermore, the camera is sometimes mounted
with a canted angle off the stabilized nadir axis, such as in the case
of the microsatelliteTsinghua-1, where the camera was mounted at
a canted angle of ¡19 deg around its � ight direction. This makes
the prediction process even more sophisticated.

The imaging predictionproblem is closely related to the satellite
pass prediction3 or the so-called rise-and-set time problem of when
a satellite is visible from a given point, e.g., ground station, on the
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Earth. However, the imaging problem is made more complicated
by involvingcamera informationand potential satellite attitudema-
neuvers. As a classical problem, the rise-and-set time computation
has been discussed in quite a few publications.3¡8 The traditional
approach, so-called trajectory checking, is to let the satellite run
through its ephemeris and to check at each instant where the sub-
satellite nadir point falls and whether it becomes visible to a spec-
i� ed ground location. This method requires Keplerian equations to
be solved hundreds of times per orbit period4 and is therefore fairly
computationally expensive. Escobal4 proposed a faster method to
solve this problemby developinga closed-formsolution for the vis-
ibility periods. A single transcendentalequation,called the control-
ling equation, was introducedas a functionof the eccentricanomaly
of the satellite orbit. Numerical methods were then used to � nd the
rise- and -set times. This method offers the advantage that the con-
trolling equation is solved only once per orbital period. However,
it is only valid for two-body motions, which produce large errors
for long-termprediction.Lawton5 has developedanothermethod to
solve for satellite-satelliteand satellite-groundstation visibility pe-
riods for vehicles in circularor near circularorbitsby approximating
the visibility function. Alfano6 and Vallado8 further developed the
visibility function to suit all orbital types. However, these methods
are only valid for solving satellite rise-and-set time problems for
short-term periods.

Recently, a new method and fast algorithmfor both the long-term
LEO satellite pass prediction (or the rise-and-set time prediction)
and the maximum elevation angle time prediction (or nadir track-
ing problem) over a speci� ed ground target has been developed.3;7

Based on an analytic description of the orbit,9 the new algorithm
takes into account both the secular perturbationsand the short and
long periodic perturbations from the geopotential in a simple form.
Furthermore, it includes a straightforwardatmospheric drag model
derived from the well-acknowledgedNASA atmospheric statistics,
which is representedby a variableparametersubject to modi� cation
according to periodic atmospheric changes. The proposed formula-
tion needs to be solved only twice per day, which makes the new
algorithm much faster (by several orders of magnitude3;7 ) than the
exhaustive search using an SGP410 propagationmodel, while keep-
ing a high accuracy over a long period.

In imaging missions the maximum elevation time is often treated
as the imaging time in many low-Earth-orbit (LEO) microsatellite
applications.7 In reality, however, the best imaging point is slightly
shifted from the maximum elevation point caused by the Earth’s
oblateness and orbital eccentricity. The magnitude of this shift is
mainly a function of target latitude and orbital eccentricity.As will
be illustrated by the computation results in this paper, for the mi-
crosatellite Tsinghua-1 and the ground target of Guildford, United
Kingdom, the time shifts will be around 0.28 s for nadir pointing
and around 1.5 s for a canted camera with-20 deg, correspondinga
distance shift of around 1.6 and 12 km in the target-centered local
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horizontal (LH) plane. These errors are not acceptable for high-
resolution imaging.

Although there have been a number of publications discussing
the traditional rise-and-set time and the nadir tracking problems,
the algorithms of predicting the best imaging opportunities when
counting a canted camera and available satellite attitude maneuvers
havenot yet been reported.This paperwill present the innovativeal-
gorithmsto handle theseproblemsandpresentsome test resultsfrom
the Tsinghua-1satellite.To cover a wider rangeof imagingmissions
for different cases, four working modes have been investigated: 1)
imaging opportunitieswith a canted camera and nadir pointing (no
attitude maneuvers), 2) imaging opportunities with a canted cam-
era and yawing maneuvers, 3) imaging opportunitieswith a canted
camera and rolling maneuvers, and 4) image projection onto the
Earth’s surface at a given time and speci� ed satellite attitudes.

This paper is organizedas follows.SectionII describesthe predic-
tion principle and the basic algorithms for the � rst working mode.
Sections III–V discuss the speci� c algorithms for the other three
working modes. Section VI presents some test computation results.
Section VII summarizes the major achievementsof this paper.

II. Prediction Principle and Algorithms
for the First Working Mode

A. Conditions of the Imaging Point
The best imaging opportunity of a satellite camera is de� ned as

two cases in this paper. The � rst is the time when the camera’s
boresight (the focus center line) is exactly pointing at the speci� ed
target with appropriate attitude control of the satellite. The second
case is the time point when the target is within the camera’s � eld of
view (FOV) and the distance between the target and the camera’s
opticalaxisprojectedonto theLH planeis minimizedwith respectto
the � ight time. For the � rst case it is assumed that attitudecontrolsof
the satellite are available. The second case occurs when no attitude
maneuvers are available or when the target is out of the allowed
attitude maneuvering ranges as a result of certain considerations,
such as image distortion, etc.

For the � rst case the imaging condition is simply when the on-
board camera’s boresight coincides with the target slant, which is
de� ned as the vector connecting the satellite and the ground target.
For the second case the condition becomes slightly complicated.As
a satellite � ies along its orbit, the projected point of the camera’s
boresight onto the LH plane would form a track that is locally a
straight line (for long distances it might have some very small cur-
vatures), as shown in Fig. 1. The shadow point of the camera would
move along this line with a two-dimensional velocity VL , then at
the best point of imaging the position vector rL of the shadow point
should be perpendicularto its velocity vector. Thus the conditional
equation for the optimal imaging opportunities at this case is

rL ¢ VL D 0 (1)

B. Prediction Principle
The task of imaging prediction algorithms is to � nd the potential

points where the precedingimaging conditionsare met. The predic-
tionschemedevelopedin thispaper is to dividethis complicatedtask

Fig. 1 Imaging condition in LH plane.

Fig.2 Movementof satellite footprintalongTLL when orbitingaround
the Earth.

into three successive steps. First, a coarse search process is applied
to � nd out the potential satellite passes that offer possible imaging
opportunities. Then, an imaging estimation process is adopted to
estimate the appropriate imaging time based on the coarse search
results and the spherical geometry, as well as the target and satellite
orbital information. In the precedingtwo steps the Earth is regarded
as an ideal sphere, and the satellite’s orbit is treated as a circle,
which would bring errors in the estimation results. Computation re-
sults showed the errors are normally within a few seconds (1–3 s)
for LEO satellites used in this research.

An imaging re� nement process is � nally taken to compensate the
errors in the estimation results. Accurate satellite orbital solution
and practicalEarth shapemodel, togetherwith the targetparameters,
are used to solve the conditionalequationsof the imaging point. For
each working mode appropriate iteration algorithms are developed
to re� ne the time prediction.

C. Coarse Search for Interested Satellite Passes
The basic principle of the coarse search algorithm is the fact that

for two-body motion a satellite will revisit exactly the same point
in an inertial coordinate system after each orbital period T ;3;7 as
illustrated in Fig. 2. While the Earth rotates along its eigenaxis,
the target will move along the target latitude line (TLL), which is
de� ned as the small circle of constant latitude that runs through the
target location. Thus, in the inertial space after each orbital period
that the satellite revisits the TLL the Earth’s rotation will bring the
target closer to the satellite’s longitudinal position along the TLL.
In other words, the satellite will see the target approaching by an
amount !©T or !©2¼=n, where !© is the Earth’s rotation rate,
n is the orbital mean motion, and T is the orbital period. In the
Earth-centered Earth-� xed (ECEF) coordinates, the target will see
the satellite’s longitude at TLL crossing approach or leave from the
target longitude with a step of !©T after each orbit. This relation
could be described by the following equation:

1À D ÀS ¡ ÀT D N!©2¼=n C dÀ (2)

where 1À is the initial longitude difference between the satellite
footprint (ÀS ) when � rst crossing the TLL at time t0 and the speci� c
target on the ground (ÀT ); N is the number of satellite revolutions
since t0; dÀ is the longitudinal difference angle between satellite
footprint and target at time t D t0 C N T .

This equationbuildsupa verysimpleand fast relationbetween the
target and satellite footprint longitudes as a function of time, which
forms the core part of the fast coarse search algorithms for satellite
passes. To account for secular perturbationsand drag effects, some
modi� cationswere introducedto the precedingequation;detailscan
be found in Refs. 3 and 7.

On the other hand, the � nite FOV of the camera will cover a
certain belt on the Earth’s surface as a satellite � ies along its orbit,
as illustrated in Fig. 3a, where ¿ represents the canted angle of the
camera with reference to the nadir direction and ° is the camera’s
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a) Sphere angle of imaging belt

b) Spherical geometry

Fig. 3 Coarse search and imaging estimation geometries.

FOV. The border of the imaging swath can be represented by the
angles µ1 and µ2 , which are calculated by the following equations:

µ1 D sin¡1f[.R C h/=R] sin.¿ ¡ ° =2/g ¡ .¿ ¡ ° =2/ (3)

µ2 D sin¡1f[.R C h/=R] sin.¿ C ° =2/g ¡ .¿ C ° =2/ (4)

where R is the Earth’s radiusand h is the satellitealtitude.As both R
and r change as the satellite moves along its orbit, these two angles
are not constantsin time. However, for LEO Earth observationsatel-
lites their orbits are normally near circular and polar. For simplicity,
the orbital semimajor axis and the Earth’s equatorial radius are used
in the preceding equations to get constant offset angles. That is, the
Earth is assumed to be an ideal sphere and the satellite’s orbits are
assumed to be an ideal circle. These assumptions introduce errors
in the coarse search results, which will be nulled out in the � nal
imaging re� nement process.

To connect the imaging border angles with the satellite longitude
position along TLL, the border angle is further transferred as a
longitude offset angle along the TLL, with a spherical Earth, as
shown in Fig. 3b. The followingequationsare used to transfer angle
µ1 and µ2 into longitude offset angles 1À1 and 1À2 (Refs. 7 and 9):

1À D cos¡1

³
cos p ¡ sin2 Á

cos2 Á

´
(5)

cos p D cos l cos ´ C sin l sin ´ cos 0 (6)

tan 0 D sin µ sin i

sin Á ¡ cos i sin µ
(7)

sin ´ D sin µ

sin 0
(8)

sin l D
sin Á

sin i
(9)

where Á is the target latitude; i is the satelliteorbit inclinationangle;
½ , ´, and l are spherical angles (arc lengths) along corresponding
great circles; and 0 is a rotation angle, as illustrated in Fig. 3b.
The preceding formulas have been derived for the case of µ > 0 and
Á ¸ 0. For the case of µ < 0, Eq. (5) should be modi� ed as

1À D sign.µ/ ¢ cos¡1

³
cos p ¡ sin2 Á

cos2 Á

´
(5a)

For the case of Á < 0, Eqs. (7) and (9) should to be modi� ed as
follows, whereas Eqs. (6) and (8) remain the same:

tan 0 D ¡ sin µ sin i

sin Á ¡ cos i sin µ
.Á < 0/ (7a)

sin l D ¡ sin Á

sin i
.Á < 0/ (9a)

Back to the relative motion between the target and satellite foot-
print on TLL, when the relative difference between the longitudes
of the target and satellite footprint on TLL meet the relation

1À2 ¸ dÀ ¸ 1À1 (10)

then the target will be within the camera’s FOV in width, which
means a potential imaging opportunityarises. Thus the approximate
time (or phase angle) of the satellite as it passes through the TLL
within a relevant longituderangecan be determinedrapidly,without
involving the satellite’s orbital propagation equations.

Because of the assumptions that the Earth is an ideal sphere and
the orbit is circular, there are potentials for the coarse search algo-
rithms to eliminatesome pass opportunitiesthat would give imaging
chances. Analyses revealed that it happens only on those potential
imaging chances where the target is located around the border of
the camera’s FOV. On the other side, there are also potential passes
that satisfy the coarse search process while the target is actually
outside the camera’s FOV when using accurate Earth model and
orbital information.To compensate for these shortcomings,a small
margin (0.5–1 deg) is added to the FOV angle in computing the
imaging swath by Eqs. (3) and (4). Then in the � nal results the miss
distance between the target and the camera’s boresight projection
point in the LH plane is calculated. Those imaging chances whose
miss distances are out of the camera’s actual FOV range should be
discarded.

D. Imaging Estimation Algorithms
After the coarse search process the relevant satellite passes are

determined in the form of the times of TLL passage. The next step
is to determine the imaging position subject to different imaging
modes. For the � rst mode, without attitude control, the imaging
point should be located near the point S in Fig. 3b, where the great
circle connecting S with the target should be perpendicular to the
orbital plane CD. Again the Earth is assumed to be an ideal sphere
so that we can compute the arc length (spherical angle) CS from
spherical trigonometry.9 The longitude offset angle 1À is equal to
dÀ in Eq. (2). First, from Eq. (5) arc TC could be determined:

cos p D sin2 Á C cos2 Á ¢ cos 1À (11)

From the rightsphericaltriangleBCD the rotationangle6 (between
CD and CB) is

cos 6 D cos l ¢ sin i

cos Á
(12)

Then from spherical triangle NTC, the rotational angle 3 is

sin
3

2
D

r
cos.Á C p=2/

2 cos. p=2/ ¢ cos Á
(13)

Finally,with the spherical triangleCTS the rotationangle 5 and the
length m of the arc CS can be determined as

5 D ¼ ¡ 3 ¡ 6 (14)



WU AND PALMER 799

Table 1 Computation algorithms of the phase angle offset m

Inclination Satellite phase Longitude offset Longitude offset
angle i angle ® at TTL 1À ¸ 0 1À < 0

0 < i < ¼=2 0 · ® < ¼=2 tan¡1[cos.3 C 6/ ¢ tan p] tan¡1[cos.3 ¡ 6/ ¢ tan p]
¼ · ® < 3¼=2 .m < 0/ .m > 0/

¼=2 · ® < ¼ ¡ tan¡1[cos.3 ¡ 6/ ¢ tan p] ¡ tan¡1[cos.3 C 6/ ¢ tan p]
3¼=2 · ® < 2¼ .m < 0/ .m > 0/

¼=2 < i < ¼ 0 · ® < ¼=2 tan¡1[cos.3 ¡ 6/ ¢ tan p] tan¡1[cos.3 C 6/ ¢ tan p]
¼ · ® < 3¼=2 .m > 0/ .m < 0/

¼=2 · ® < ¼ ¡ tan¡1[cos.3 C 6/ ¢ tan p] ¡ tan¡1[cos.3 ¡ 6/ ¢ tan p]
3¼=2 · ® < 2¼ .m > 0/ .m < 0/

m D tan¡1[cos.3 C 6/ ¢ tan p] (15)

The estimated imaging point S is then determined as

®S D ®C C m (16)

where ®S and ®C represent the epicycle phase angle of the satellite
at the points S and C. The preceding algorithms are developed for
the case of 0 · ®S < ¼=2, 1À ¸ 0, and i < 90 deg, as illustrated in
Fig. 3b. When the satellite falls within other phase angle ranges,
when 1À < 0, and when i > 90 deg, the geometrical relationsof the
target and satellite are different. Analyses show that Eqs. (11–13)
and (16) remain the same, whereas Eq. (14) and therefore Eq. (15)
change slightly. Table 1 lists the algorithms of computing m for all
possible cases.

For the second mode with attitude control over yaw, the perpen-
dicular point S is not the approximate imaging point. Then new
algorithms are required to estimate the imaging points when count-
ing for the attitude maneuvers, as will be discussed in Sec. III.

E. Imaging Re� nement Algorithms
The re� nement process will use the accurate Earth and orbital

information to determine the best imaging points according to the
conditionsdiscussed in Sec. II.A. As the conditionalequationscan-
not be solved directly through closed algebraic relations, iteration
algorithms are developed to get the required accuracy.

To re� ne the estimation results, accurate satellite orbit propaga-
tion is required to get the exact satellite position and velocity infor-
mation at the time of interest.The followingepicycle equations,11;12

which use four redundant coordinates to describe the satellite’s or-
bital propagation, are used in the re� nement algorithms:

r D a.1 C ½/ ¡ A cos.® ¡ ®p/ C aÂ sin ¯

C a1r cos 2¯ ¡ 2B¯ (17)

i D i0 C 1I .1 ¡ cos 2®/ (18)

Ä D Ä0 C µ® C 1Ä sin 2® (19)

¸ D ¯ C 2A=a[sin.® ¡ ® p/ C sin® p] ¡ 2Â.1 ¡ cos ¯/

C 1¸ sin 2¯ C 3
2

B¯2 (20)

¯ D .1 C ·/® D .1 C ·/nt (21)

where r is the satellite radius to the Earth’s centre; i the inclination;
Ä the right ascension of the ascending node; ¸ the argument of
latitude; ½; · , and µ are coef� cients for secular perturbation; Â is
the long periodic perturbation coef� cient; 1x represent the short
periodic terms; and B is the epicycle drag coef� cient. For a LEO
satellite with its orbit eccentricity being not larger than 0.005, the
preceding epicycle equations give a direct solution of the satellite
positionwith referenceto time,with a betteraccuracythan the results
by using the SGP4 propagation approach.10;11

The satellite’s coordinates are given as a function of time from
the precedingequationsin the local orbit (LO) coordinateframe and
are then transformed into the Earth-centered inertial (ECI), ECEF,
and local tangent (LT) coordinates successively. LT represents the
local tangent coordinate, where the center is de� ned at the target
located on the Earth’s surface, the x axis points to the east direction,

Fig. 4 Imaging geometry with yawing maneuvers in LH plane.

the y axis points to the north direction, and the z axis completes
the right-handed systems. Its x – y plane is the so-called LH plane.
Meantime, the unit orientation vector of the camera’s boresight is
calculated in the satellite body axes, according to the given infor-
mation (canted angle, etc.), and is then transformed into the LO,
ECI, ECEF, and LT axes successively. Thus the slant vector from
the target to the satellite is obtained as the satellite position vector
in LT axes. From the orientation vector of the camera’s boresight,
the position vector rL of the camera’s boresight shadow on the LH
plane can be easily determined, as depicted in Fig. 1.

The velocity vector VL of the shadow point P on the LH plane is
also required to evaluate the imaging condition of Eq. (1). It can be
calculatedby differentiatingthe epicycle equations and performing
similar frame transformations.We have adopteda simpler approach
to compute two successive shadow points on LH plane with a small
time difference and subtract them to get an average velocity vector,
which could be considered as the local velocity when the time step
is set small enough.

The time error of the current satellite position to the required
position,which meets exactly the imaging conditionEq. (1), can be
calculated as

1t D ¡rL ¢ VL

¯
V 2

L (22)

This time error is added to the estimated time to get a new evolved
satellite point and its camera’s boresight shadow point in the LH
plane. An iteration process is applied based on this algorithm to
reduce the time error to be within an allowed tolerance.

III. Prediction Algorithms with Yaw
Attitude Maneuvers

With full yaw maneuveringcapabilitiesthe covering area of pos-
sible imaging with a canted camera could be increased greatly, be-
coming a big circle belt around the satellite footprint on the Earth’s
surface, as depicted in Fig. 4. There might be one or two imaging
opportunities during a potential pass, which makes the prediction
much more complicated than the � rst working mode. Correspond-
ingly, the prediction algorithms for all three of the steps need to be
modi� ed or extended.
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For coarse search the sphericalangle offsets de� ning the width of
the imagingareaon theEarth’s surfaceshouldbe calculatedfrom the
following equations, instead of Eq. (3) and (4), whereas the search
algorithm remains the same as in Sec. II:

µ1 D ¡sin¡1f[.R C h/=R] sin.j¿ j C ° =2/g ¡ .j¿ j C ° =2/ (23)

µ2 D sin¡1f[.R C h/=R] sin.j¿ j C ° =2/g ¡ .j¿ j C ° =2/ (24)

For imaging estimation the algorithms discussed in Sec. II are
� rst used to determine the approximatepoint where the great circle
connecting the satellite footprint and the target is perpendicular to
the orbital plane. Then the following three steps are further applied
to determine and estimate the approximate imagining points:

1) Pointing the camera to the target side is the � rst point. As the
yaw maneuver provides a full rotation of the canted camera around
the nadir axis, the initial camera’s position could point either to
the target side or to the opposite side with reference to the satellite
ground track. An algorithm is then required to check the relative
relationsand de� ne an initial yaw angle (0 or ¼ ) to point the camera
to the target side. First, the positionvector rS D .rx ; ry / and velocity
vector VS D .Vx ; Vy / of the satellite nadir footprint in the LH plane
are calculatedwith the method discussed in Sec. II.E. Then its cross
product is computed as follows:

z D jrS £ VSj D rx Vy ¡ ry Vx (25)

With the sign of z and the canted angle, an initial yaw angle 90

can be determined according to Table 2.
2) Determining how many imaging opportunities exist for this

pass is the second point. For a potential imaging pass with available
yaw maneuver, there are three cases for imaging estimation, with
0, 1, or 2 imaging points, respectively, as illustrated in Fig. 4. To
determine which case is relevant for a speci� c pass, the camera’s
boresight and its outside FOV limit direction (with a canted angle
of ¿ C ° =2) are projected onto the LH plane to get two more points,
C and B, in Fig. 4. Then the distances to the satellite footprint S
from the targetT, camera’s boresightpointC, and outer border limit
point B are calculated as d , d1, and d2, respectively, as illustrated
in Fig. 4, for the case when target is located within the camera’s
boresight range. In this case there are two potential imaging points
during the pass. The three distance values determine how many
potential imaging opportunities there will be in this pass, as listed
in Table 3.

3) Estimating the approximate imaging points is the � nal point.
For case 1 the target location is within the outer half FOV of the
camera. The camera’s boresight cannot point exactly at the target,
which means a miss distance exists. In this case no more yawing
maneuver is required. The estimated point S becomes the imaging
point submitted for further re� nement.

For case 2 the target location is within the camera’s boresight
maneuvering ranges. Thus two imaging chances exist, and further
yaw maneuvers are required to point the camera’s boresightexactly
on the target. As an approximate estimation, the camera’s boresight
trackon the LH planewith a 2¼ yawingmaneuver is assumed to be a
circle centered at the satellite footprint along its track line, as shown
in Fig. 4. Then the approximate distance and traveling time of the

Table 2 Initial yaw angle to point
the camera toward target

90 ¿ > 0 ¿ < 0

z > 0 0 ¼
z < 0 ¼ 0

Table 3 Initial yaw angle to point the camera
toward target side

Parameter Case 1 Case 2 Case 3

Conditions d2 ¸ d ¸ d1 d < d1 d > d2
Imaging chances 1 2 0

two imaging chances to the current satellite position within the LH
plane are calculated approximately by the following equation:

1d D
p

d2
1 ¡ d2 (26)

1t D 1d=VS (27)

where VS is the magnitude of the velocity of the satellite’s footprint
on the LH plane, as in Eq. (25). The imaging estimation is achieved
by adding/subtracting the time offset of Eq. (27) to/from the � ight
time of point S. For case 3 the pass is regarded as being not able to
image the target.

Finally, the imaging re� nement algorithm is applied to get the
accurate imaging time. The re� ning process is different for the � rst
two cases of imaging opportunities listed in Table 3. For case 1 the
imaging condition is still Eq. (1), hence the re� ning process and
algorithms are the same as discussed in Sec. II.E. The position and
velocity vectors of the camera’s boresight shadow on the LH plane
are used for the iteration process in time, with the algorithms based
on Eq. (22). The required yaw angle is just the initial yawing angles
from Table 2.

In case 2 the situation becomes much more complicated.
The imaging condition requires that the camera’s boresight points
at the target exactly.As the cant angle is � xed in this working mode,
the angle between the satellite nadir direction and the slant vector
from the satellite to the target shouldbe equal to the camera’s canted
angle, which can be described by the following equation:

¡ r ¢ s D jrj ¢ jsj ¢ cos ¿ (28)

where r represents the satellite’s position vector in ECEF and s rep-
resents the slant vector in ECEF from the satellite to the target. This
equation is the new imaging condition, instead of Eq. (1). As both
r and s are functions of the � ight time, Eq. (28) is a nonlinear func-
tion of the � ight time around the estimated point.Analytic solutions
are not available, or very complicated if not impossible, for this
equation, thus a numerical iteration algorithm is used here.

From Fig. 5 the angle » between r and s is � rst computed, and the
difference angle ² between s and the camera’s boresight direction
(line SC in Fig. 5a) is obtained from

² D » ¡ j¿ j D cos¡1

³
r ¢ s

jrj ¢ jsj

´
¡ j¿ j (29)

Then, the distances from the camera’s boresight point to the tar-
get (e1) and to the satellite footprint (e2 ) in the LH plane can be
calculated as

e1 D jsj sin ²= sin.² C ¾ / (30)

e2 D jsj sin »= sin.» C ¾ / ¡ e1 (31)

where ¾ is the elevation angle of the slant vector from the target to
the satellite, which can be computed by transforming s from ECEF
into LT and computing its elevation angle with reference to the LH
plane. The miss distance e1 , however, is not the distanceerror along
the satellite track direction. As shown in Fig. 5b, there is a cross
angle º between the miss distance direction and the � ight velocity
direction, and this angle is not close to 90 deg in the working mode

a) In TLT axes b) In LH plane

Fig. 5 Geometrical relation for imaging with yaw maneuver.



WU AND PALMER 801

with yaw maneuvers. From the geometrical relation within the LH
plane, thecomponentof themiss distancein parallelwith thesatellite
moving direction can be computed as

1d D .e1 C e2/ cos º ¡
q

e2
2 ¡ .e1 C e2/2 sin2 º (32a)

Thus the time iteration amount is obtained as

1t D 1d=jVS j (33)

The preceding algorithm is used for the re� ning iteration process
until the time error falls within the speci� ed tolerance.Computation
tests demonstrated that the preceding re� ning algorithms converge
very quickly, with two or three iterations to achieve an accuracy of
within 0.02 s. For the case of negative ² and e1 , the preceding algo-
rithms remain the same, whereas for the case of º > ¼=2, Eq. (32)
needs to be modi� ed:

1d D .e1 C e2/ cosº C
q

e2
2 ¡ .e1 C e2/2 sin2 º (32b)

With the iteration results the slant vector s converges to the cam-
era’s boresight.The � nal yawing attitude required for image capture
is then the azimuth angle of the slant vector in the LO axes. Thus
by transforming the slant vector s from ECEF into ECI and LO, the
second yaw angle offset is then computed. The � nal yaw control
requirement is the combination of this angle with the initial yaw
angle placement listed in Table 2.

IV. Prediction Algorithms with Roll
Attitude Maneuvers

With a roll maneuver the camera could cover a much wider imag-
ing belt on the Earth’s surface. However, because of considerations
of imaging distortion the roll angle of the camera’s boresight from
the nadir direction should be limited. De� ning this maximum roll
angle as 8max , if the target is required to be centered in the image
then the spherical angle offsets de� ning the imaging width [Eqs. (3)
and (4) in Sec. II] should be replaced by the following equations:

µ1 D ¡sin¡1f[.R C h/=R] sin 8maxg ¡ 8max (34a)

µ2 D sin¡1f[.R C h/=R] sin 8maxg ¡ 8max (35a)

If the target is only required to be within the FOV of the camera,
i.e., located within the borders of the image, then the angle offset
will be slightly bigger by taking into account the FOV angle:

µ1 D ¡sin¡1f[.R C h/=R] sin.8max C ° =2/g ¡ .8max C ° =2/

(34b)

µ2 D sin¡1f[.R C h/=R] sin.8max C ° =2/g ¡ .8max C ° =2/

(35b)

In this mode there is only one imaging opportunity during each
pass.Thus imaging estimationalgorithmsare the same as discussed
in Sec. II.

For imaging re� nement the following process is applied. First,
the re� nement algorithms discussed in Sec. II.E are used to � nd
the point where the position and velocity vectors of the satellite
shadow point on the LH plane is perpendicularto each other. Then,
the angle between the slant vector pointing to the target and satellite
nadir pointing direction is computed as the approximatemagnitude
of the net roll angle of the camera’s boresight,and Eq. (25) is further
used to determine the sign of the required roll angle. That is,

8B D sign.z/ ¢ cos¡1

³
r ¢ s

jrj ¢ jsj

´
(36)

where z is the cross-product result by Eq. (25).
Then the camera is commanded to point to the target side with

this approximate roll angle; its boresight shadow on the LH plane
is further used to the second round of re� nement, with the same
algorithmsas in Sec. II.E, to guarantee that the positionand velocity

vectors of the camera’s boresight projected onto the LH plane are
exactly perpendicular.With the re� ned results Eq. (37) is used once
more to determine the � nal roll angle of the camera’s boresightaxis.
The requiredroll angle of the satellite is then obtainedby taking into
account the initial canted angle of the camera, with the following
formula:

8 D 8B ¡ ¿ (37)

V. Prediction of Imaging Projection
at Given Time and Attitudes

In many applications it is required to predict the exact imaging
projection point onto the Earth’s surface for a speci� ed time and
known orientation of the satellite. In other words, the camera’s ori-
entationwith respect to the orbital axes are given, then the camera’s
boresight’s projection location on the Earth’s surface at a speci� ed
time needs to be determined. This is a much simpler task com-
pared to that in the preceding three working modes, discussed in
Secs. II–IV.

The computation is performed in the ECEF axes, based on the
satellite positionvector and the camera’s boresightdirectionvector.
With the epicycleorbital propagationmodel described by Eqs. (17–

21), the satellite position in the inertial space at the speci� ed time
can be easily determined and then transformed into the ECEF axes.
On the other hand, the unit orientation vector of the camera’s bore-
sight can be easily determined in the LO axes based on the given
orientation angles. Assuming the camera is mounted in the satellite
nadir direction, the satellite orientation is given as three attitude an-
gles, i.e., the roll angle 8, pitch angle 2, and yaw angle 9 . Based
on the transformation matrix A321 between body and orbital refer-
ence frames,13 the camera’s orientation vector in the LO axes can
be determined as

cLO D

2

4
¡cos 8 cos 2

sin 8 sin 9 C cos 8 cos 9 sin 2

sin 8 cos 9 ¡ cos 8 sin 9 sin 2

3

5 (38)

This vector is further transformed into ECI and ECEF frames
successively. In ECEF the position vector of the imaging point on
the Earth’s surface should have the following relation:

pECEF D rECEF C d ¢ cECEF D

2

4
x p

yp

z p

3

5 (39)

where pECEF is the position vector of the image point to be deter-
mined and d is the length of the slant vector from the satellite to
the image point. Now the task becomes to determine the distance d
from the satellite to the Earth’s surface along the camera’s boresight
orientation.

As the imaging projection point lies on the Earth’s surface, the
following constraint on its position vectors exists:

£¡
x2

p C y2
p

¢¯
a2

¤
C z2

p

¯
c2 D 1 (40)

where a, c are the Earth’s equatorial and polar radii. This relation
results in a quadratic equation in d, which could be easily solved.
Then the resultedpECEF is the imagingprojectionpointon the Earth’s
surface.

VI. Software Development and Test Computations
Stimulatedby the practicaldemands for Tsinghua-1imagingmis-

sions, the preceding algorithms and a software package have been
developed in Surrey Space Center. The software was developed
with standard C in Unix environment. It comprises the four work-
ing modes discussed in this paper and the basic working mode to
predict rise-and-set times and maximum elevation angle time7 as
well. The software will read the NORAD orbital data � le, which
is freely available for all traded satellites over the Internet,10 and
translate it into epicycle elements.9 Then based on the assigned
target information and working mode choices, all of the potential
imaging chances will be predicted, and appropriate results will be
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Table 4 Imaging prediction results at two working modes

Parameter Nadir imaging (canted at 0 deg) Canted at ¡20 deg

Imaging time 03:06:49.67 13:44:14.08 03:14:58.22 02:50:30.62 14:00:32.03
06/09/2000 10/09/2000 11/09/2000 08/09/2000 08/09/2000

Elevation 83.6675 82.2879 83.4948 60.4456 73.0922
angle, deg

Table 5 Maximum elevation results corresponding to Table 4

Parameter Nadir imaging (canted at 0 deg) Canted at ¡20 deg

MaxEL 03:06:49.38 13:44:14.37 03:14:57.94 02:50:31.84 14:00:30.74
time 06/09/2000 10/09/2000 11/09/2000 08/09/2000 08/09/2000
Elevation 83.6701 82.2900 83.4973 60.4529 73.1072

angle, deg
Time err, s ¡0.29 0.29 0.28 1.22 ¡1.29

stored into data � les. This software has now been incorporatedinto
the Tsinghua-1mission planningand managementsystem in Surrey
Satellite Technology Limited (SSTL) for engineering applications.
Computation results for both Tsinghua-1 and UoSAT-12 showed
that all of the algorithms developed in this paper have good esti-
mation accuracy and fast convergence.After the coarse search and
estimation algorithms (steps 1 and 2) the estimated imaging times
are within a few seconds (1–3 s) of the actual times. With the de-
veloped iteration algorithm (step 3) the time accuracy could reach
to 0.02 s within 2–3 rounds of iteration.

Illustrated hereafter is some test computation results with this
software. The NORAD orbital data � le of Tsinghua-1on 6 Septem-
ber 2000 (Epoch time: 11:42:58:31 on 05/09/00) is set as the orbital
input; the searching time window is set as seven days. The camera’s
FOV is set as 15 deg. The ground target is chosen as Guildford,
United Kingdom (latitude 51.2 deg, longitude 359.41 deg, height
0 m). In the computation of the velocity vectors in the LH plane,
a time step of 0.1 s is applied. The error tolerance for estimation
re� nement is set as 0.02 s. The resulting opportunities found for
different working modes are listed here: visible passes, 52; nadir
imaging, 3; canted at ¡20 deg, 2; canted at ¡20 deg with yaw, 12(7
pass); with roll 8max D 20 deg, 5; and with roll 8max D 27:5 deg,
7. Table 4 lists some detailed prediction results at two working
modes.

From Table 4 for a time span of one week, there were 52 visible
passes over the target; however, only three passes give chances of
imaging with a nadir tracking camera. When the camera is canted
with ¡20 deg, only two passesgive imagingopportunities.By using
yawing control, the imaging opportunities are increased to 12 from
seven passes. Similarly, with a maximum roll maneuver of 27.5, all
of the sevenpassesgive sevenimagingchances.When themaximum
roll angle is reducedto 20, the imagingchancesare reducedto 5, i.e.,
� ve passes are within the canted angle of 20 deg, which contribute
two imaging chances in the mode with yaw control.

To evaluatethe differencebetween the imaging time and the max-
imum elevation time, Tables 4 and 5 give the correspondingpredic-
tion results for imaging and maximum elevation angles. As seen,
for the nadir tracking the time error is around 0.28 s. When the cam-
era has a cant angle of ¡20 deg, the differences are increased up
to around 1.2 s, which makes signi� cant errors when taking high-
resolution images. This result reveals the necessity of developing
speci� c algorithms for imaging predictions.

The predictionaccuracyinspaceis evaluatedbycheckingthemiss
distancebetween the target and the camera’s boresightshadowpoint
in the LH plane at the predictedtime, using the algorithmspresented
in Sec. V. That is, with the predicted time and attitude information
the imaging projectionpoint on the Earth’s surface is calculatedand
compared to the speci� ed target position. Results showed that with
yaw maneuvers the miss distances are within 0.1 m for the cases
when the camera is able to point at the target. With roll maneuvers
the miss distancesare within 20 m. This estimationaccuracyis good
enough for Earth observation missions.

To evaluate the ef� ciency in computational burden, a compari-
son test has been done between the new software and the old soft-

ware used by SSTL, which was developed based on the trajectory
checking approach by using the SGP4 propagation model10 with a
constant time step. Both algorithms are run on the same PC with a
Pentium III processor of 500 MHz to predict imaging opportunities
for 433 targets around the world in a time span of seven days with
the orbital data of Tsinghua-1. The time step for the old software
was set at 1 s, which means the timing accuracy of the prediction
results is within 1 s. The time tolerance for the new software was
set as 0.02 s. Results show that for the same working mode (nadir
imaging) the new software is approximately 1000 times faster than
the old software (0.6 vs 590 s). For the more complicated working
modes with attitude controls, the old software cannot provide esti-
mates for comparison. Compared to itself, the computation time is
approximately30–50% larger than that for the nadir imaging mode.
Additionally, to achieve the same timing accuracy, the time step for
the old software should be reduced to 0.02 s, which means its com-
putation time would increase roughly 50 times. This comparison
test indicates the signi� cant improvementsof the new algorithms in
both accuracy and speed.

VII. Conclusions
This paper presents fast prediction algorithms for predicting the

best imaging opportunities for several working modes, including
a canted camera and available yaw and roll attitude maneuvers.
The prediction is divided into three steps: coarse search, imaging
estimation, and imaging re� nement. In the � rst two steps a circular
satellite orbit and a spherical Earth are assumed to simplify the
computation.The computationalerrors induced are compensatedin
the � nal step, where the exact Earth’s shape and accurate orbital
propagation model are used to re� ne the prediction results.

As the secular perturbations, short and long periodic perturba-
tions, and drag in� uences are taken into account, the developedpre-
dictionalgorithmsare suitablefor long-termimagingpredictionsfor
the LEO satellite Earth observing missions, with their orbit eccen-
tricitybeingnot larger than 0.005.The softwarehas alreadybeen ap-
pliedby SSTL in the ground-basedmissionplanningfor Tsinghua-1
and UoSAT-12 satellites,which proves to be signi� cantly faster than
the previous software, while allowing for arbitrary accuracy in the
timing.

The algorithmsare alsoappropriateforonboardreal-timeapplica-
tions for the purpose of autonomous in-orbit mission management
and control of satellite (on-line application), which is planned in
Surrey Space Center for future missions.

In more general, the algorithms are also useful for any satellite
pointing guidance and target tracking missions.
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