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Abstract: Earth observation payloads deployed outside the space station play a pivotal role in
remote sensing and atmospheric monitoring. Calculating the visible time window (VTW) for regional
targets is a fundamental aspect of payload observation and operational mission planning. Aiming to
address the challenge of rapidly calculating the VTW for regional targets, this paper introduces the
Triple Time Interval Hybridization Strategy (TTIHS). By integrating orbit filtering, large-step angle
calculation, and a short interval binary search, the TTIHS adapts different strategies within global,
coarse search, and precise search time intervals, effectively reducing computational workload and
improving speed. Simultaneously, optimization analysis is conducted on the time step in the coarse
search, achieving a balance between computation speed and accuracy. Simulation results, based on
real data from the China Space Station, highlight a significant improvement in computational speed
while ensuring accuracy. Specifically, the proposed rapid algorithm exhibits a 2.73-fold enhancement
in speed compared to the existing rapid algorithm.

Keywords: space station; earth observation payload; regional targets; visible time window;
rapid algorithm

1. Introduction

External payload platforms outside the space station support multidisciplinary space
science research, encompassing Earth observation, space astronomy, radiation biology,
material exposure, and new technology tests [1]. Earth observation from the space station,
characterized by low orbital altitude, multiple time windows, high spatial resolution, and
varying lighting conditions, serves various purposes such as remote sensing, resource
surveying, disaster assessment, weather forecasting, and climate change monitoring [2].
Constrained by the orbital altitude, payload field of view, and target imaging conditions,
the continuous observation of targets is limited, achievable only when the field of view
intersects with targets, known as the visible time window (VIW) [3]. For large-scale
space science payloads, it is imperative to calculate their VITW to determine operational
modes. Therefore, VTW calculation is crucial for payload mission planning, setting the
foundation for mission activities [4,5]. Research on VTW calculation is significant for rapid
determination, particularly for emergency and real-time planning, and accurate VITWs
enhance planning efficiency by reducing planning margins [6,7].

The crux of the VTW calculation problem is determining the relationships among
spatial points, lines, and areas. Research has progressed from the tracking and prop-
agation (TP) method to more rapid algorithms. TP, a classical approach, involves
continuously tracking a trajectory at fixed time intervals [8]. This involves computing
the orbit positions and determination of the payload’s visibility to the target at each sam-
pled moment, yielding the VTW. While TP provides accurate results, its time-consuming
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nature poses challenges, especially for time-constrained planning tasks. Nonetheless, it
remains a benchmark for its accuracy.

To expedite computations and address various targets, rapid algorithms are proposed,
mainly including numerical and geometric methods. The former focuses on solving the inter-
section information as a function of time, while the latter calculates the geometric relationship
between the projection and the targets. Numerical methods derive analytical formulas for
VTWs from spacecraft-target relationships, solving transcendental equations based on Kepler’s
theory. These methods employ approximation techniques like Newton’s method to reduce
computation time and avoid multiple solutions to Kepler’s equation. Key methods include
the eccentricity function method, visibility function method, sub-point trajectory method,
and Poincaré mapping method. Escobal [9] introduced a transcendental equation using the
eccentricity function, obtaining a closed solution for two-body motion through interpolation.
Lawton [8] proposed a visibility function method based on the Fourier series, further improved
by Alfano et al. [10] using parabolic hybrid technology. Nugnes [11] proposed a visibility
function transcendental equation for satellite coverage, and Katona [12] defined a general
expression of the function for a single satellite concerning ground position. Ali et al. [13]
proposed the sub-point trajectory method, approximating it within the orbit period using the
same orbit great circle. Sengupta et al. [14] proposed an analytical form based on the Poincaré
mapping method, while Sun et al. [15] enhanced it with adaptive interpolation technology.
Han et al. [16] proposed a rigorously adaptive Hermite interpolation method for function curve
fitting, and Wang et al. [17] transformed the problem into a multi-peak function root-finding
problem, approximating the visibility function based on various modeling techniques. Geo-
metric methods employ orbit ergodic search to determine the geometric relationship between
the field of view and targets to obtain the VIW, with a simple model and low complexity.
Plamer et al. [18,19] proposed a coarse and precise search method, using a two-body and com-
plex models to obtain an approximate and precise time, respectively. Feuerstein [20] adopted
orbit filtering to exclude cycles without VIWs. Ulybyshev [21] proposed a geometric method
based on 2D maps. Coarse and precise search concepts enhance speed and offer insights for
further research.

Previous research mainly addressed point targets, while computing for regional targets
poses challenges due to irregular polygons. Various methods have emerged for regional
targets like boundary intersection, boundary discretization, and grid matching. E et al. [22]
used boundary intersection and coarse/precise search, while Han [23] and Bai [24] solved
the intersection problem using geometric methods. E et al. [25] suggested a method
combining coarse calculation with a precise binary search based on boundary discretization.
Song et al. [26] proposed a grid method, discretizing regional targets into a grid and
traversing to identify covered grid moments. Wang et al. [27] introduced a method based
on map segmentation, traversing sub-points within a specific range by segmenting maps
and trajectories. However, for large-scale payload systems in mission planning, the VTW is
repeatedly invoked, and the emergence of regional targets also poses a challenge. Therefore,
there is a need to enhance the speed and accuracy of existing methods.

Efficient VTW calculation with minimal computational consumption and high ac-
curacy is crucial. This paper introduces the Triple Time Interval Hybridization Strategy
(TTIHS) for rapid VTW calculation of regional targets. The TTIHS integrates orbit filtering,
large-step angle calculation, and short interval binary search strategies, employing different
strategies in various intervals to enhance computational speed. In addition to the coarse
and precise search phases in previous algorithms [25], the TTIHS introduces an orbit filter-
ing phase before the coarse search, mitigating the time-consuming iteration of calculating
visibility for each position in global time, a drawback of previous algorithms. After filtering,
a large-step angle calculation strategy is employed within the filtered interval and a short
interval binary strategy rapidly calculates the start-end times of the VIW. The challenges
in developing this algorithm are twofold. One is determining the time range for the orbit
filtering, which is addressed by introducing the concept of an extended rectangle based on
the four-boundary range. The other is parameter selection, where an optimized analysis of
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the time step is conducted to establish the relationship between computational accuracy
and the step. The paper makes three key contributions: proposing the TTIHS framework,
introducing an orbital filtering method using extended rectangles, and conducting a com-
parative analysis of algorithm performance with parameter optimization for the time step.
Its structure consists of a first part introducing the study’s significance and research status,
a second part presenting the preliminary work, a third part detailing exposition of the
TTIHS model, a fourth part discussing the outcomes and results analysis, and a fifth part
providing conclusions and potential avenues for future research.

2. Preliminary Work
2.1. Theoretical Foundation

The theoretical foundations for VIW calculation for Earth observation payloads in-
volve spacecraft orbital dynamics, space geometry, and related principles. The calculation
process entails inputting data such as space station orbital information, payload parameters,
and observation target details to output the VIW [28]. Orbital data describe the spatial
position of space station over a period, typically obtained by providing Two-Line Element
(TLE) data as initial parameters and utilizing precise orbit propagation models such as
SGP4 and SDP [29]. This yields accurate Earth-centered inertial coordinates (x, y, z) and ve-
locities (vy, vy, ;) at a given time. The SGP4 model is commonly used for near-Earth orbits
due to its high predictive accuracy [30]. The visibility range of the payload is influenced by
the payload’s field of view type, commonly characterized by conical or rectangular fields of
view [31]. The observation target region is generally represented as a closed polygon with
a broad coordinate span that cannot be covered by a single instantaneous field of view or
scanning strip of the payload. A schematic diagram of a VTW is shown in Figure 1, where
the circular region M represents the circular field of view projection of the payload, the
blue rectangle N represents the ground regional target, and the dashed line represents the
sub-point track. Based on the given information, the geometric relationship between the
current moment’s projection region M and the regional target N is determined. Starting
from the initial time, it is assumed that the regions M and N are disjointed. When at time
a, they intersect, marking the start of timing, and this continues until time b when they
separate, marking the end of timing. The duration between these two critical times 2 and b
represents the VTW of the payload for target N [32].

Visible Time Window

Flight direction ; -
TN
j4—Time b Time a—

I I
P \Ground area targets | | |

—

Payload field of view

Figure 1. Schematic diagram of VTW.

The specific approach for calculating the VTW involves using the payload’s orbital
position information and the latitude and longitude information of the ground region.
It calculates the angle (referred to as  in Figure 2) between the line connecting the sub-
point and the payload and the line connecting the target and the payload, along with the
payload’s half field of view angle (referred to as « in Figure 2). This is illustrated in Figure 2,
adopting the spherical Earth model with O as the Earth’s center, S as the space station
platform (payload), L as the target position, and T as the intersection point between the
payload-to-Earth’s-center line and the ground. The three orange lines, LO, SO, and SL,
form a triangle. Here, ST represents the height of the space station orbit /1, TO represents the
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radius of the Earth 7, and LO represents the distance from the ground target to the Earth’s
center. Q is the intersection point between the payload’s field of view and the ground.
Assuming the accuracy of the space station’s orbital position obtained based on the TLE
and SGP4 models, firstly, based on the space station’s position, the position of the sub-point
T is calculated. The central angle ¢ between point T and the ground point L (lony, latr)
is then determined. Subsequently, using this angle and the lengths of the two sides, the
length of side SL b is calculated using the law of cosines. Finally, the angle 8 between sides
SO and SL is determined using the law of arcsines. By comparing this angle § with the
payload’s half field of view angle a, if 8 is less than or equal to «, then the target is within
the visible range. The position of point T is recorded at this moment. The corresponding
time is calculated as the start time of the VIW, denoted as ‘T,’, and it continues until
starts to exceed «. Similarly, the position of point T is recorded at this moment and denoted
as ‘Ty’. Therefore, the VTW of the payload to point L is [T,, T3] [33].

Flight direction

Figure 2. Schematic diagram of VTW calculation principle.

The specific calculation steps can be divided into three parts: the coordinate transfor-
mation, calculation of angle , and determination of the critical angle 3y and corresponding
time T;. Firstly, to maintain consistency in the coordinate systems and facilitate the cal-
culation of the angle ¢ and B, the latitude and longitude of the ground points need to
be converted into three-dimensional coordinates in the Earth-centered inertial coordinate
system, according to the conversion formula shown in Formula (1) [34].

xp = rcos(laty) cos(lony)
yr = rcos(laty) sin(lony) (1)
zp = rsin(laty)

where r represents the radius of the Earth, and lat; and lon;, respectively, denote the latitude
and longitude of the ground point L. Based on the unified coordinates of the two points,
the angle £ and p can be calculated using Formula (2).

—_ u-o
e = arccos( [y )

b2:(h+r)2+r2—2-lzh+r)-r-cos(e) 2)
B = arcsin(j - sin(e))

Here, u = (x1, y1, zr) denotes the geocentric coordinates of the sub-point,
v = (x1, YL, 21) represents the geocentric coordinates of the ground point, “-” denotes
the dot product operation, and ||-|| represents the magnitude of the vectors. 1 and r,
respectively, stand for the orbit altitude and the radius of the Earth. Based on this,
critical angle determination is performed. Starting from the initial moment, the angle
is computed continuously at each moment, recording the time when each orbit’s B7; = «,
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as shown in Formula (3). The T; moments are merged, and the earliest and latest T; are
selected to obtain the VIW [T}, T;,] for each orbit regarding region N.

Bri =
3
VTW, = [T, Tie] ©)

By employing the previously described angle and orbit calculations, the VITW of the
payload for the target can be computed, utilizing the input target position and spacecraft
orbit information. The subsequent models are all constructed on the foundation of this
theoretical calculation.

2.2. Mathematical Analysis

The general approach for calculating the VTW for regional targets involves discretizing
the region into several points, computing the VTW for each discrete point at each time step,
and then merging these to obtain the VIW for the global regional target. The combined
coarse and precise search method is currently a widely used rapid algorithm [25,35],
which involves traversing each time step first with a large step angle calculation and then
using a binary precise search to improve computational speed. However, further analysis
reveals optimization potential in this method. As illustrated in Figure 3, the dashed lines
represent the sub-point track, red star represent ground regions, black rectangular frames
represent rectangular regions covering ground regions, and solid lines inside the rectangles
represent valid sub-point tracks. When traversing the global time interval with large steps,
angle calculations for each discrete point at every time step are required, involving nested
traversal and a high number of computations. If this step can be shortened to a smaller
time interval, as in the rectangle, reducing the nested traversal to only that interval, it
will significantly reduce the number of computations. This involves first calculating the
sub-point position using the orbital model, then conducting coarse search nested traversal
within a smaller interval, and finally performing the binary search. In the following analysis,
this approach is referred to as the “new approach”, while the coarse and precise search is
termed the “original approach”. The computational complexity analysis of both approaches
will be discussed below.

Figure 3. Schematic diagram of orbit filtering principle.

According to the big O notation for calculating time complexity analysis [36], the
computational complexities of the original approach and the new approach are denoted as
To(n) and Ty (n), respectively, with the computation formulas as shown in Formula (4).

To(n) = max(O(n, - m),O(logn.))

Te(n) = max(O(na), O(ny - m), O(log nc)) @

In the former formula, O(n,-m) represents the computational complexity of the coarse
search phase in the original approach, where 7, denotes the number of sampling traversals
within the global interval, m represents the number of discrete points in the polygon, and
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O(log n.) indicates the complexity of the precise search phase within a short time interval,
where 7. represents the number of binary searches within the short interval. In the latter
formula, O(n,) denotes the complexity of the traversing and computing positions within
the calculation interval in the new approach, while O(n;,-m) represents the complexity of the
coarse search phase, where 1, denotes the number of traversals within the smaller interval.
The complexity of the binary search phase remains the same as before. From the above
analysis, it can be inferred that the nested traversal is the part with the higher complexity.
In comparison to the original approach, n, is significantly less than n,, indicating that the
coarse search phase in the new approach involves fewer nested traversals and a signifi-
cant reduction in computation, thereby improving computational speed. The algorithm
proposed in this paper is thus based on this mathematical and theoretical foundation,
achieving an increase in computational speed by reducing the number of computations.

3. Method
3.1. Basic Idea

The geometric principle underlying the VITW involves determining whether the pro-
jection region intersects with or separates from the target. Since the VTW is only a small
portion of the global calculation interval, it is evident from the process that boundary
discretization and angle calculation are also required during the separation times. How-
ever, the angle calculation during the separation phase can be considered as unnecessary
computation. This part of the computation would increase the amount of computation
time. Assuming the accuracy of the orbit propagation model, if it is possible to predict the
time of the separation and intersection based on the orbit position information, excluding
ineffective time, then boundary discretization, angle calculation, and calculations are nec-
essary only within the vicinity of the window. This approach ensures an improvement
in computational speed while maintaining calculation accuracy. Therefore, this paper
proposes an orbit filtering method based on an extended region, as illustrated in Figure 4.
In the figure, the orange circular part D represents the payload’s field of view projection,
S is the sub-point, and m is the radius of the projection. The irregular blue region is the
ground target region A, the rectangular line region B is obtained by expanding A based
on the four extreme points range, and the rectangular dark blue region C is obtained by
expanding region B with the radius m of the field of view projection D. Thus, it is necessary
to determine only the relationship between the sub-point S and region D, transforming the
positional relationship judgment between the regions into a judgment between a point and
a region. In Figure 4a—c, regions C and D are shown in different scenarios as follows:

(1) Incase (a), regions C and D are separate, with region C not containing point S;
(2) Incase (b), regions C and D intersect, with region C not containing point S;
(8) Incase (c), regions C and D intersect, with region C containing point S.

," Flight direction
4

(a) (b) (c)

Figure 4. (a) Regions C and D are separate, and region C does not contain point S; (b) Regions C
and D intersect, and region C does not contain point S; (c) Regions C and D intersect, and region C
contains point S.

In situations (a) and (b), regions D and A are not intersecting, while only in situation
(c) is there a possibility of intersection between region D and A. Therefore, this approach
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can effectively exclude cases where there is no intersection, specifically by determining the
positional relationship between the sub-point S and the expanded region C.

Building upon the extended region, the paper introduces the TTIHS. As depicted in
Figure 5, gray represents the time intervals, golden arrows indicate the interval lengths,
red, blue, and green, respectively, represent the orbit filtering, large-step angle calculation,
and small-interval binary search strategies adopted in the global time interval At;, the
coarse calculation time interval At,, and the precise calculation time interval At;. The time
intervals form a pyramid structure from bottom to top, indicating the gradual shortening
of the calculation time intervals. The first step involves employing the concept of an
expanded rectangle within the global time interval [ty;, t1.] (At) to implement an orbit
filtering strategy. Utilizing the longitude and latitude of rectangle C and the orbit model,
the times where point S is not within rectangle C are excluded. This phase requires only
the calculation of the orbit position, effectively eliminating a large range of non-visible
time intervals to reduce computation. This results in the coarse calculation time interval
[t2s, toe] (Aty). Within At,, a large-step angle calculation strategy is employed, calculating
the angle relationship between the sub-points and boundary discretization points. This
yields a precise calculation time interval [f3,, t3,] (Af3). Finally, based on a short interval
binary search strategy, the start -end times of the VTW are quickly calculated, thus obtaining
the complete VTW.

Short interval binary VIW
search strategy X
(Precise calculation)

Large-step angle ]
calculation strategy Aty
(Coarse calculation ) :

Y At,
Orbit filtering strategy

itys tae!

bis Global time interval At; tie

Figure 5. Principle diagram of TTIHS.

The specific calculation process of the algorithm is illustrated in Figure 6, where the
same three colors of red, blue, and green represent three different calculation strategies, as
shown in Figure 5. Initially, orbit segmentation is carried out based on the input informa-
tion. In this phase, region expansion is performed. Subsequently, position calculation is
conducted to determine whether the sub-point has reached the boundary of the expanded
region. The corresponding circle and start-end times are recorded. In the coarse calculation
phase, the regional boundary is uniformly discretized to realize the angle calculation of the
payload’s view field and the point. A large-step angle calculation is employed to roughly
calculate whether the angle within the time interval is equal, and intervals that meet the
requirements are recorded. In the precise calculation phase, only a certain precision is
used for the binary calculation. The precision is checked to determine whether it meets the
requirements, and intervals that meet the requirements are recorded as the VTW for the
global mission interval. The pseudo code for the algorithm is shown in Algorithm 1.
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Algorithm 1: Compute Visible Time Window

Input: TLE, the orbit data. &, the payload parameters.
(Lon;, Lat;), the observation target information.
Output: VIW, the visible time window.

1 Initialize control parameters and data structures.
2 Perform time and orbit segmentation.
3 Expand the boundaries based on the orbit information.
4 Orbit Position Calculation:
5 while The circle,y; have not been all traversed do
6 if the satellite position reaches the boundary region then
7 Record the corresponding orbit circle-filtered and
start/end time At.
8 else
9 continue to the next time.
10 end
11 end
12 Discretize the boundary region
13 Angle Calculation:
14 while The circle-filtered have not been all traversed do
15 if the angle satisfies the requirements then
16 Record the corresponding orbit circle-coarse and
start/end time Af3.
17 else
18 continue to the next time.
19 end
20 end
21 Binary Calculation:
22 while The circle-coarse have not been all traversed do
23 if The precision criteria are met then
24 Record the final time.
25 else
26 repeat the binary search.
27 end
28 end
Orbital data, payload
parameters, target
information
Boundary
discretization
Angle calculation
!
Checkifthe  [Ng" Checkif  No Checkif — (No
point has the angle the
reached the meets are precision is
region equal satisfied
" Yes | Yes [ Yes
— Record start-end
times of Atg

¥
Visible time window

Figure 6. Flowchart of VTW calculation process.
3.2. Algorithm Steps
3.2.1. Orbit Filtering

This section mainly involves orbit segmentation, region expansion, and calculation of
the intersection time interval between the expanded rectangle and the sub-point, to achieve
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orbit filtering and exclusion of large-scale invalid times, and to obtain the approximate
time interval of the VIW. The main steps include orbit segmentation, region expansion,
and position calculation.

Step 1: Orbit Segmentation. First, the orbits within the global time interval At; are
segmented into circles. The circles are numbered based on two consecutive passes of the
sub-point over the equator, and they are sequentially ordered by time. As shown in Figure 7,
Circle 1 starts from the beginning of the interval (f1,) until the sub-point passes the equator
for the first time, indicated in blue. Circle 17 extends from the last time the sub-point passes
the equator to the end of the interval (t1,), indicated in red. The intermediate circles are
defined by consecutive two passes of the sub-point over the equator [tg;, t,;], and different
circles are marked with different colors [25].

Circle Number

— Circle 1

— Circle2

—— Circle 3

—— Circled
ircle 9 Gircle 5
Circle 6
Circle 7
Circle 8
Circle 9
Circle 10
Circle 11
Circle 12
Circle 13
Circle 14
—— Circle 15
— Circle 16
— Circle 17

Figure 7. Schematic diagram of orbit segmentation.

Step 2: Region Expansion. Based on the location information of the ground tar-
get and the orbit calculation model, the four limit points of the target are obtained, i.e.,
V(lony, laty), W(lony, laty), Y(lony, lat,), and U(lon,, lat,). Next, the four latitude and
longitude values are determined, and a rectangular region C is expanded, as shown in
Figure 8. The coordinates of its four vertices are E(lony, lat1), F(lony, lat1), G(lony, laty), and
H(lony, lat1). The coordinate calculation formula is given by Formula (5).

lony = lon, — ¢
lony = lony + ¢
lat; = lat, — ¢
laty = lat, + ¢

©)

H(lon,, lat,) G(lon,, laty)

lat,
U(lon,, lat,)

W(lon,,, lat,,)

lat,

E(lony, laty | #"V(lon,, lat,) |F(lon,, lat,)

lon, lon,

Figure 8. Relationship discrimination diagram between sub-point and extended region.

Step 3: Position Calculation. The relationship between the sub-point S (lon, lat;) and
the expanded rectangle C is determined. This involves iterating through the longitude and
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n—1

latitude of the sub-point at each time step to check if they fall within the coordinate range
of the extended region. For instance, if the longitude lon,; of the sub-point S; is within
[lony, lony], but its latitude lats is not within [laty, lat,], then it is not inside the extended
region. Conversely, for point Sy, if its longitude lons; is within [lony, lon;] and latitude
lats, is within [lat1, latp], then it is inside the extended region. Formula (6) represents
the position judgment formula [37]. By iterating through each time step, a collection of
sub-points located within the extended region can be obtained, and their corresponding
time intervals are recorded to derive the At, during which they are inside. This process
effectively eliminates sub-points outside the extended region range, thereby achieving the
orbit filtering process.

lon; < long < lon,

lat; < latg < laty

(6)

Through the above two steps, it is possible to filter out the large time interval when
the two regions are separated, reducing the global computation time At; to a relatively
small interval At,.

3.2.2. Coarse Calculation

This section mainly involves boundary discretization and calculating the angle rela-
tionship between the sub-points and discrete points on the boundary within the vicinity of
the VTW. The goal is to determine the start-end times of the VITW. The main steps include
boundary discretization and angle calculation.

Step 4: Boundary Discretization. As shown in Figure 9, the regional target A is
discretized into red equidistant points N; [25]. The approach involves obtaining the length
R of the polygon based on the latitude and longitude of the polygon vertices. The distance
between each discrete point is then determined as R/N;, and the latitude and longitude of
each discrete point are calculated accordingly through linear interpolation [38]. The angle
Bi between the payload and each discrete point is computed, and the minimum angle B,
among the discrete points is selected as the angle ; between the payload and the polygon
region at the current time. The formula for calculating the length of the polygon R is given
by Formula (7), where r is the radius of the Earth and (lony;, lat;;) represents the coordinates
of each vertex of the polygon.

R =) r-arccos(sin(laty;) - sin(laty;q1) + cos(laty;) - cos(latyiq) - cos(lonpipq — lony;)) (7)

i=1

P
,-~  Flight direction
4

The discrete
points V;

The perimeter
of the polygon
R

Figure 9. Schematic diagram of the discretization principle for regional targets.

Step 5: Angle Calculation. Within the time interval At,, a large-step t; is used to
traverse and calculate the relationship between the angle B; and the half-field angle «. If the
angle B; changes from greater than to less than «, it is considered the starting point T35 of
the VTW. Subsequently, if there is a process of transitioning from being less than to greater



Appl. Sci. 2024, 14, 2388

11 of 16

than and then back to being less than «, and if §; changes from less than to greater than «,
it is considered the endpoint T3, of the VTW. This process determines the interval At;.

3.2.3. Precise Calculation

This section mainly builds upon the coarse calculation of the start-end times of the
VTW using the binary search method to precisely determine the start-end times. This
means that given the existence of start-end times within the t; interval, this section precisely
determines those moments.

Step 6: Binary Calculation. This section computes only the angle relationship within
the start time interval [T3,, T35 + td] and the end time interval [T3,., T3, + td] of At3, us-
ing & as a reference and employing a certain precision A for the binary search. Taking
the start time as an example, within the VIW start time interval [T, T35 + td], if the
angle B; at (T3s — T3.)/2 exceeds a, indicating the payload is still not visible to the target,
(T35 — T3¢)/2 is set to T3 for further computation; conversely, if By at (Tss — T3,)/2 is less
than a, (T3s — T3,)/2 is set to T3, for further computation until the precision A requirement
is met. This moment is then considered the start time of the VTW. Similarly, the end time
can be obtained, thus deriving the entire precise VTW. The calculation formula is as shown
in Formula (8), where B((T3s — T3.)/2) represents the § value at (T35 — T3,)/2 time [39].

{(T3S - T3e)/2 = T3S/ ifﬁ((T3s - TSe)/Z) > (8)
(Tss — Tae) /2 =Tae, if B((Tas — T3e)/2) <

4. Results and Discussion
4.1. Evaluation of the Algorithm Performance

This paper utilizes the calculation results obtained through the TP method as a baseline
and compares them with both the TP method itself and existing rapid algorithm, specifically
focusing on the coarse search and binary search phases [25]. Simulations were conducted
to validate the accuracy and superiority of the TTIHS algorithm. The China Space Station
(CSS) was chosen as a case study, featuring an external payload platform that supports
multiple Earth observation payloads. A randomly chosen twelve-sided polygon served
as the ground polygon region, and the experimental parameter settings are detailed in
Table 1. The simulation period extended from 00:00 to 24:00 (UTC) on 23 December 2023.
The orbit model applied was the SGP4 model, and the Earth observation payload’s field of
view type was conical with a half angle of 30°. To ensure fairness in the computations, all
three algorithms were implemented under identical hardware and software environments.
Details of the simulation environment setup are provided in Table 2. The calculation time
step for the TP algorithm was denoted as t, and set to 1 s, while for the existing rapid
algorithm, it was denoted as t, with the coarse search phase set to 90 s and the binary
search precision set to 0.0005. The TTIHS algorithm’s calculation time step was denoted as
t4, with the coarse search phase also set to 90 s and the binary search precision set to 0.0005.

Table 1. The experimental parameter settings.

Category Parameter
Payload CSS Earth observation payload
TLE [40] 48274U 21035A 23357.28655182 .00041146 00000 + 0 42316-3 0 9997
48274 41.4711 83.9203 0005576 41.6976 318.4288 15.64081887151409
Simulation time 23 December 2023 00:00:00-23 December 2023 24:00:00 (UTC)
Time step tg=1s,t,=90s,t;=90s
Half field of view angle 30°

Region coordinates

(5° N, 10° E), (5° N, 50° E), (10° N, 57° E), (15° N, 60°E), (25° N, 60° E), (30° N, 57° E), (35° N, 50° E),
(35° N, 10° E), (30° N, 3° E), (25° N, 0° E), (15° N, 0° E), (10° N, 3° E)
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Table 2. Simulation environment setup.
Category Information
Hardware environment Intel (R) Core (TM) i3-10110U CPU @ 2.10 GHz Processor, 8 GB RAM, 223 GB storage
Operating system Windows 11, X64-based PC

Software environment

PyCharm?2023.2.5 (Community Edition), Python 3.10, PyEphem

Figure 10 illustrates a schematic diagram of the simulated VTW, with different circles
represented by distinct colors. The VIWs for the regional target are denoted by dashed
lines, while the invisible intervals are indicated by solid lines. The red dot symbolizes the
current position of the space station platform, and the black dashed line represents the
ground polygonal region. The figure reveals a total of 17 circles within one day of simulated
time. Among them, only Circles 2, 3,4, 5, 6,7, 15, 16, and 17 exhibit a VTW. A significant
portion of the time lacks a VTW, underscoring the importance of the orbit filtering and
coarse search in this method. Table 3 provides details of the simulation computation times
for the three algorithms, while Table 4 presents information on the VITWs for the regional
target obtained from the simulation.

Legend

— Circle 1

-.Qircle 9

ircle 16 VTW
ircle 17

Figure 10. Graph of CSS Earth observation payload regional target VTW.

Table 3. Comparison table of computational time for different algorithms.

Algorithm Computational Time/s Computational Time Ratio £%
TP algorithm Ty 31.728 100%
Existing algorithm T 0.317 0.999%
TTIHS algorithm T, 0.116 0.365%

From Table 3, it is evident that, in terms of computation speed, the TTIHS algorithm
surpasses both the TP algorithm and the existing rapid algorithm. The TP algorithm, with
a time step of 1 s, requires 31.728 s for computation. Using this as a benchmark, the existing
algorithm, employing a larger time step of 90 s and a binary search strategy, takes 0.317 s,
accounting for 0.999% of the TP time. In contrast, the TTIHS algorithm requires only 0.116
s, representing 0.365% of the TP time. The computational speed is improved by 274 times
and 2.73 times compared to the TP algorithm and the existing rapid algorithm, respectively,
indicating a significantly higher computational speed of the proposed algorithm. Further
analysis reveals that, relative to the 24 h calculation interval, the TTIHS algorithm computes
only angle relationships within 1 h, 20 min, and 11 s after orbit filtering. According to the
mathematical analysis in Section 2.2, this algorithm significantly reduces the number of
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iterative calculations compared to the original algorithm, saving a considerable amount
of computing time and thus achieving speed improvement. To evaluate the calculation
accuracy, the Formula (9) for defining the proportion of calculation time is:

T% = T,/ Ty x 100% 9)
Table 4. VTW information.
TP Algorithm TTIHS Algorithm
Identification Number StartEnd Times Duration/s Start-End Times Duration/s
1 (Circle 2) 00:48:29-00:58:54 00:10:25 00:48:29-00:58:54 00:10:25
2 (Circle 3) 02:29:21-02:30:35 00:01:14 02:29:20-02:30:34 00:01:14
3 (Circle 4) 04:14:46-04:15:56 00:01:10 04:14:46-04:15:56 00:01:10
4 (Circle 5) 05:46:31-05:56:50 00:10:19 05:46:30-05:56:50 00:10:20
5 (Circle 6) 07:19:19-07:33:13 00:13:54 07:19:18-07:33:12 00:13:54
6 (Circle 7) 08:55:05-09:05:15 00:10:10 08:55:05-09:05:15 00:10:10
7 (Circle 15) 20:35:08-20:42:43 00:07:35 20:35:07-20:42:42 00:07:35
8 (Circle 16) 22:06:49-22:19:32 00:12:43 22:06:49-22:19:31 00:12:42
9 (Circle 17) 23:41:09-23:53:50 00:12:41 23:41:09-23:53:49 00:12:40

From Table 4, it can be observed that in terms of computation accuracy, the VITW
lengths obtained by the TTIHS algorithm and the TP algorithm differ by only 1 s under the
total lengths of 1 h, 20 min, and 11 s. Out of the 18 start-end times for the 9 VIWs, 9 are
exactly the same, while the remaining 9 differ by only 1 s. This indicates that the accuracy
of this algorithm is nearly equivalent to that of the TP algorithm. It also demonstrates that
this algorithm can improve computational speed while ensuring accuracy.

4.2. Discussion

The TTIHS algorithm is applicable to complex polygons, including both convex and
non-convex polygons. For cases where the expanded region is much larger than the original
region, such as diagonal shapes, consideration can be given to using a quadrilateral fitting
method based on this method to obtain the quadrilateral expanded region. The impact of
polygon shapes primarily manifests in the second step, the coarse search phase, where the
algorithm needs to determine the moments when angles are equal, marking the start or end
of the VTW. The logic for this determination is as follows: after obtaining the start point, if
the trend of angle relationships changes from less than to greater than and then back to less
than until equal, then that point is identified as the end point. This trend represents the
process of the satellite passing through the interior of the polygon. Therefore, this logic
is unaffected by the shape of the polygon. Regarding the influence of the field of view,
since the orbits of low Earth orbit satellites are relatively close to the Earth’s surface, the
angle of the field of view projected onto the Earth is generally only a few degrees. Hence,
this method is suitable for calculating VTWs for ground regions with large latitude and
longitude ranges.

Further analysis reveals that the time step t; defined in the coarse search phase has a
significant impact on the algorithm’s accuracy acc. In this paper, an optimization model
is established with t; as the independent variable, and algorithm execution time T, and
algorithm accuracy acc as the objectives. The calculation results are shown in Figure 11.
The accuracy calculation formula is given in Formula (10). If the start or end times of the
window under the current time step size t,;; are consistent with the reference, x is set to 1;
otherwise, it is set to 0. Finally, the sum is divided by the total number of VTW start-end



Appl. Sci. 2024, 14, 2388

14 of 16

times to obtain the percentage, representing the accuracy. Considering real-world tasks,
the range of variation for ¢, is set to [60 s, 150 s].

{le Zf S;=Tg or E; =T,
x=0 else
s (10)
Y x
_ 1
e = I8 x 100%

0.5

100

0.4

=}
w
3

Execution Time T (s)
I
N

8
Algorithm Accuracy acc (%)

0.1

—— Execution Time T,
—— Algorithm Accuracy acc

0.0 20
60 80 100 120 140

Time step Tq(s)

Figure 11. Relationship graph between TTIHS accuracy and time step.

From Figure 11, it can be observed that the horizontal axis represents the time step £,
the left vertical axis represents the algorithm execution time T, and the right vertical axis
represents the algorithm accuracy acc. The red curve represents the variation of T, with t;,
and the green curve represents the variation of acc with ;. As evident from the curve in
the graph, the computational time of this algorithm remains almost constant in the order of
0.1 s, showing stability regardless of changes in the time step. However, as the time step size
expands to 90 s, the accuracy rapidly decreases from 100%. This is because the enlargement of
the step size may lead to skipping the baseline values of the start-end times during the coarse
search phase, especially when judging angular relationships. In this experiment, the half-field
angle is set to 30°, resulting in an angle of about 2° for the time it takes for the satellite to
move through this angle, which is approximately 90 s. Therefore, if the time step size exceeds
this value, there is a risk of skipping critical values in the judgment. This indicates that when
setting the step size, one should consider key factors such as the payload’s half-field angle. It
also illustrates the trade-off between algorithm accuracy and speed; within a certain range of
time step sizes, accuracy can be maintained. Therefore, this paper, through the analysis of
the relationship between step size, efficiency, and accuracy, demonstrates that choosing a 90 s
step size is reasonable, optimizing the calculation step size.

5. Conclusions

For the rapid calculation of the visible time window (VIW) for Earth observation
payloads of the space station for regional targets, this paper proposes a triple time interval
hybridization strategy (TTIHS). It integrates orbit filtering, large-step angle calculation,
and short interval binary search strategies, employing different strategies in different time
intervals to improve computational speed. The algorithm adopts an orbit filtering strategy
based on the concept of expanded rectangles to exclude large-scale invisible time intervals,
shortening the calculation time interval of the time-consuming coarse search phase from the
global interval to a smaller one, thus significantly reducing the computational workload and
improving the calculation speed. Additionally, the algorithm’s applicability and parameter



Appl. Sci. 2024, 14, 2388 150f 16

effects are analyzed. An optimized analysis of the calculation time step for the time
interval is conducted, providing a reference for selecting the time step length. Proven by
mathematical analysis of time complexity and simulation results using real-world data, the
algorithm significantly improves computational speed, with a speed increase of 2.73 times
compared to the existing rapid algorithm, while maintaining computational accuracy.

This paper proposes a new computational framework that includes orbit filtering
based on improvements to the existing rapid algorithm, providing a rapid and accurate
method for calculating the visible time window of Earth observation payloads on the
space station. The characteristic of this algorithm is its rapid computation and simple
structure, providing support for visible time window calculation for large-scale Earth
payload missions outside the space station, especially for emergency and real-time mission
planning. The principles of this method can also be applied to coverage analysis of Earth
observation payloads. Adaptive discretization of polygon boundaries will further enhance
the effectiveness of the proposed algorithm.
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