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Abstract. During the execution of imaging tasks, satellites are often required to observe natural disasters,
local wars, and other emergencies, which regularly interferes with the execution of existing schemes.
Thus, rapid satellite scheduling is urgently needed. As a new generation of three degree-of-freedom (roll,
pitch, and yaw) satellites, agile earth observation satellites (AEOSs) have longer variable-pitch visible time
windows for ground targets and are capable of observing at any time within the time windows. Thus,
they are very suitable for emergency tasks. However, current task scheduling models and algorithms
ignore the time, storage and energy consumed by pitch. Thus, these cannot make full use of the AEOS
capabilities to optimize the scheduling for emergency tasks. In this study, we present a fine scheduling
model and algorithm to realize the AEOS scheduling for emergency tasks. First, a novel time window
division method is proposed to convert a variable-pitch visible time window to multiple fixed-pitch visible
time windows. Second, a model that considers flexible pitch and roll capabilities is designed. Finally, a
scheduling algorithm based on merging insertion, direct insertion, shifting insertion, deleting insertion,
and reinsertion strategies is proposed to solve conflicting problems quickly. To verify the effectiveness
of the algorithm, 48 groups of comparative experiments are carried out. The experimental results show
that the model and algorithm can improve the emergency task completion efficiency of AEOSs and reduce
the disturbance measure of the scheme. Furthermore, the proposed method can support hybrid satellite
resource scheduling for emergency tasks.

Keywords: Agile earth observation satellites, emergency tasks, merging insertion, shifting insertion

1. Introduction formulate a rescue plan in time. The new gen-

eration EOSs, agile EOSs (AEOSs), have three

Earth observation satellites (EOSs) are objects
around the earth that use remote sensors to
obtain ground image information (Cordeau et
al. 2005).
roles in military, industrial, and agricultural

They play increasingly important

fields due to their various advantages, such
as wide coverage ranges and borderless lim-
itations (Li et al. 2017). In particular, EOSs
have become important tools to obtain first-
hand information during emergency Earth ob-
servations. For example, when an earthquake
occurs, the images of the disaster area are ac-
quired by EOSs. The observation is expected to
be acquired within tens of seconds or even sec-
onds to carry out the disaster assessment and

degrees of freedom (roll, pitch, and yaw), un-
like conventional EOSs (CEOSs). This enables
the AEOSs to observe targets before or after
flying above them. As shown in Figure 1, this
agility greatly enhances the observation oppor-
tunities for emergency tasks as well as the sys-
tem response speed and robustness. Thus, this
kind of flexible satellite is highly suitable for
emergency task observation.

Although AEOSs have higher emergency
observation potential, AEOS scheduling is
more difficult than CEOS scheduling, which is
mainly because of the more complicated mod-
els and larger solution space. Due to the pitch-
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Figure1 Schemes of CEOSs (Left) and AEOSs (Right)'

ing capabilities of AEOSs, the variable-pitch
visible time window (VPVTW) is much longer
than the required time of the task. Theoret-
ically, the observation duration can be any-
where within the VPVTW as long as it does
not conflict with the other tasks. The number
of possible observation times simultaneously
increases dramatically. Hence, the high free-
dom for the VPVTW and start time selection
increases the problem complexity. AEOSs also
have the ability to roll sideways, which leads to
time dependence of the scheme. The transition
time between two consecutive observations is
related to the observations, as the start time of
the next observation depends on the end time
of the previous observation. When the interval
between the two tasks cannot meet the time of
the maneuver, including the roll, attitude sta-
bilization, turn-on, and turn-off times for the
waiting task, the maneuver operations for the
tasks before the waiting task can be adjusted
appropriately to reduce the maneuver time. As
shown in Figure 1, task 3 can be inserted by ad-
justing the maneuver operation for task 2, such
that maneuver 24 becomes maneuvers 23 and
34. This dramatically increases the possibil-
ity of task insertion and increases the size of
the solution space of the scheduling problem.
In addition, emergency tasks often have short
deadlines and high values (Niu et al. 2015).
If they cannot be finished within a given pe-
riod or deadline, the observation may be use-
less for users (Zhu et al. 2017), which increases
the complexity of a scheduling problem. In

view of this, the AEOS scheduling problem for
emergency tasks urgently needs a novel and
effective model and algorithm.

Most previous researches focus on AEOS
scheduling for general tasks (Xie et al. 2019, Li
and Li 2019, Liu et al. 2017, He et al. 2018) and
CEOS scheduling for emergency tasks (Sun et
al.2019, Niuetal. 2018, Liu and Hodgson 2016),
but there are few researches on AEOS schedul-
ing for emergency tasks. With the rapid in-
crease in user demand, when the emergency
tasks arrive, there may be a large number of
scheduled tasks in the scheme. The previous
scheduling algorithms have difficulty dealing
with this issue quickly and effectively. The
reasons are as follows. (i) In previous schedul-
ing algorithms, the resource objects are not
AEOSs, or the scheduling constraints of the
AEQOSs are simplified. For example, the pitch
capability increases the length of the observa-
tion time window. However, the time, storage
and energy consumed by the pitch maneuver
are not considered, which may result in a devi-
ation of the scheduling scheme from the actual
demand. Thus, a more accurate model is re-
quired. (ii) At present, the AEOS load is often
nearly full. In this case, it is difficult to find idle
times for emergency tasks, which creates an
over-ordering problem. This places higher re-
quirements on the capabilities of the optimiza-
tion algorithm. (iii) AEOSs have such flexi-
ble pitch and roll capabilities that they have
longer VPVTWs for emergency tasks before
the completion deadline. The determination of
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the observation start time has a strong depen-
dence on the observation angle of the sched-
uled scheme, which increases the complexity
of the emergency task scheduling problem.

For such problems, we develop a novel
time window division method to convert a
VPVTW to multiple fixed-pitch visible time
windows(VITWs). We then design a more ac-
curate model of AEOS scheduling for emer-
gency tasks. In addition to the general limita-
tions of the data transmission time, on-off time,
storage, and energy (Baek et al. 2011), we also
consider the limitations of the roll, pitch, and
attitude stabilization times for AEOSs and the
completion times for emergency tasks. To solve
this model, we propose a novel merging inser-
tion, direct insertion, shifting insertion, delet-
ing insertion, and reinsertion strategy (MISDR)
algorithm with two heuristic factors. Based on
the pitch and roll capabilities of AEOSs, we de-
sign a task merging strategy. In this strategy,
similar tasks are included in the same obser-
vation strip, which can increase the flexibility
of the task time window selection and reduce
the turn-on, turn-off, roll, and attitude stabil-
ity times of AEOSs. It is beneficial to conserve
the AEOS resources and promote the schedul-
ing probability of the task. Based on the fact
that a VIW is longer than the task observa-
tion time, the task shifting strategy is designed.
Under satisfying the observation constraints,
the conflicting tasks can be moved forward or
backward within their own VTWs, which can
improve the insertion possibility of emergency
tasks. In addition, we design two heuristic
factors, the urgency degree of an emergency
task and the merging degree of a time win-
dow, to guide the task insertion sequence and
task merging time window selection.

To verify the effectiveness and scalability of
the model and algorithm, we design an AEOS
and a hybrid satellite resource scheduling sce-
narios for emergency tasks and compare the
performance of the proposed algorithm with

the direct insertion, shifting insertion, delet-
ing insertion, and reinsertion (ISDR) algorithm
(Wang et al. 2014) as well as a dynamic emer-
gency scheduling with task merging, back-
ward shift and rehabilitation (TMBSR-DES) al-
gorithm (Wang et al. 2014). The experimen-
tal results verify that the proposed MISDR al-
gorithm can improve the task completion ef-
ficiency and reduce the disturbance measure
of the scheme. Accordingly, the designed
model and algorithm can effectively address
the AEOS scheduling problem for emergency
tasks and support hybrid satellite resource
scheduling for emergency tasks.

The remainder of this paper is organized as
follows. Related work is surveyed in Section 2.
In Section 3, an overview of the rescheduling
problem is provided. In Section 4, we present
a time window division method and an AEOS
scheduling model for emergency tasks. We in-
troduce the corresponding solution, which in-
cludes the MISDR algorithm and two heuristic
factors in Section 5. The simulation experi-
ments and performance analysis are given in
Section 6. Finally, in Section 7, the paper is
concluded, and future work is discussed.

2. Related Work

In the process of carrying out tasks, EOSs
inevitably encounter some emergency tasks,
such as natural disasters, local wars, etc. Due
to the high value and time sensitivity of such
tasks, itis urgent to adjust the original schemes
of EOSs quickly (Zhai et al. 2015). Simulta-
neously, EOSs can be classified into CEOSs
and AEOSs based on maneuverability (He et
al. 2018). Therefore, the previous researches
in this field mainly focus on CEOS schedul-
ing problem and AEOS scheduling problem
for emergency tasks.

Due to the early appearance of CEOSs,
there are many researches on the CEOS
scheduling problem for emergency tasks,
and its scheduling algorithms mainly include
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meta-heuristic and heuristic algorithms. Wu
et al. (2012) proposed a pretreatment process
to eliminate conflicts between emergency tasks
and allocate all tasks to the related CEOS or-
bits.
a directed acyclic graph model were con-

Thereafter, a mathematical model and

structed. Finally, a hybrid ant colony opti-
mization method combined with an iterative
local search was established to solve the CEOS
scheduling problem for emergency and gen-
eral tasks. Zhai et al. (2015) proposed the
HA-NSGA2 dynamic scheduling algorithm to
maximize the schedule benefits and robust-
ness in which a non-dominated sorting genetic
algorithm and rule-based heuristic algorithm
were combined. Because the response time
and stability of solutions with meta-heuristic
algorithms are relatively poor, it may be dif-
ficult to complete the scheduling before the
time required by users. For this reason, Based
on the characteristics of emergency tasks with
independent arrival times and task comple-
tion deadlines, Qiu et al. (2013) combined the
rolling horizon strategy with a heuristic al-
gorithm to form a dynamic scheduling algo-
rithm for emergency tasks, which improved
the CEOS scheduling efficiency. Wang et
al. (2014) designed two heuristic algorithms
to solve the CEOS scheduling problem after
analyzing the dynamic properties of CEOS
scheduling. The first heuristic algorithm ar-
ranged new tasks by insertion or deletion and
then inserted tasks repeatedly based on their
priority from low to high. The second algo-
rithm adopted four steps: insert directly, in-
sert by shifting, insert by deletion, and reinsert
the deleted tasks. The two algorithms were
compared in terms of efficiency and response
time.

Due to the poor flexibility of the CEOSs, the
VTWs of CEOSs are much shorter than those
of AEOSs, and even they are selected as the
observation time window directly in the previ-
ous researches. However, with the increase in

the number and the required response speed
of emergency tasks, the possibility of insert-
ing emergency tasks into the scheme is lower.
Therefore, CEOS service capabilities have been
stretched to their flexibility limits.

With the development of satellite capabili-
ties, AEOSs, new generation EOSs with three
degrees of freedom, have longer visible time
windows and more flexible pitch and roll op-
eration for targets, which can create more
possibilities to insert tasks in the scheduling
scheme. Thus, AEOSs are highly suitable for
the scheduling for emergency tasks. However,
to the best of our knowledge, most previous
researches focus on AEOS scheduling for gen-
eral tasks, the corresponding scheduling algo-
rithms mainly include the genetic algorithm
(Wang et al. 2019), ant colony algorithm (Du
et al. 2018, Cui et al. 2018), tabu search al-
gorithm (Habet et al. 2010), greedy algorithm
(Lemaitre et al. 2002) and constructive heuristic
algorithm (Wang et al. 2011, BunChenkheila
et al. 2016, He et al. 2019). There are few re-
searches on AEOS scheduling for emergency
tasks. Guo et al. (2012) proposed a heuristic-
based scheme adjustment method for AEOSs
to adjust the original scheme and add newly ar-
rived, urgent observations into the scheme dy-
namically, and three heuristic rules are given
to improve the performance of the algorithm.
Given the difficulty of predicting environmen-
tal uncertainties, He et al. (2019) proposed a
hierarchical scheduling method based on the
ant colony algorithm for the real-time schedul-
ing problem. This method can effectively re-
duce the impact of unexpected environmental
changes and obtain a higher solution profit.

In the above algorithms, the resource ob-
jects are not AEOSs, or the scheduling con-
straints of the AEOSs are simplified. For ex-
ample, the pitch capability only increases the
length of the observation time window. How-
ever, the time, storage and energy consumed by
the pitch maneuver are not considered, which
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Figure2 Observation Process of AEOSs

may result in a deviation of the scheduling
scheme from the actual demand. Although
AEOSs have such flexible pitch and roll ca-
pabilities that they have longer VPVTWs for
emergency tasks before the completion dead-
line, there is no specific optimization strategy
designed for pitch and roll capabilities, and
the VPVTWs are not divided reasonably, even
directly used without considering the pitch an-
gle. Simultaneously, with the rapid increase of
tasks, the AEOS load is often nearly full in ac-
tual applications. In this case, it is difficult to
find idle times for emergency tasks.

In this paper, we first develop a novel time
window division method including a discrete
granularity and division rule, which can con-
vert a VPVIW to multiple VTWs. We then
comprehensively consider the characteristics
of the agile satellite pitch and roll capabili-
ties and the completion deadline of emergency
tasks to design a model suitable for AEOS
scheduling for emergency tasks. We finally
propose a novel MISDR algorithm to complete
AEOS scheduling for emergency tasks. In this
algorithm, the merging insertion strategy is de-
signed for the AEOS's pitch and roll capabili-
ties, by which tasks with similar distances are
included in the same observation strip. The
shifting insertion strategy is designed for the
long VTWs, by which the conflicting tasks can
be moved forward and backward in a long
VIW to complete task insertion. Therefore,
the task completion efficiency of AEOSs and
the disturbance measure of the scheme are ex-

Table1 The Table of Abbreviations

Abbreviation Description
EOS Earth observation satellite
AEOS Agile earth observation satellite
CEOS Conventional earth observation satellite
VPVTW Variable-pitch visible time window
VIW Fixed-pitch visible time window
OoTW Observation time window

pected to be improved.

3. Problem Description
AEOSs in orbit observe ground targets through
remote sensors. The remote sensor has a spe-
cific field of view. As shown in Figure 2, each
observation action will form a band with a cer-
tain width and length on the ground. The
ground targets studied in this paper are point
targets, thatis, during the observation process,
aground target only needs to be observed once.
When the time interval between adjacent tasks
cannot meet the maneuver time requirements,
the roll and pitch angles of the tasks can be
adjusted appropriately to reduce the time. Of
course, when the intervals between multiple
adjacent tasks cannot meet the maneuver time
requirements and they are closer to each other,
they can be included in the same observation
band for observation by adjusting the roll an-
gle, i.e., observing at the same time with other
tasks. The data obtained from each observa-
tion will be temporarily stored in the AEOS’s
memory. When the AEOS storage reaches
full capacity, the data must be downloaded to
the ground station before the next observation
(Bianchessi et al. 2007). The observation, ma-
neuver, and downloading operations will con-
sume a certain amount of energy. The AEOS
energy is limited within each orbit circle, and
the consumption cannot exceed the maximum
energy. The research of this paper is to in-
sert emergency tasks into the original schemes
without violating these constraints and maxi-
mize the value of the new scheme.

For understanding the meaning of abbre-
viations conveniently in this paper, a table of
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abbreviations is listed in Table 1.

3.1 Problem Analysis

The problem studied in this paper not only
includes the general limitations of the data
transmission time, on-off time, storage, and en-
ergy, but also includes the limitations of the
roll, pitch, and attitude stabilization times for
AEOSs and the completion times for emer-
gency tasks. Simultaneously, in order to give
full play to AEOS’s flexible pitch and roll ca-
pacities to complete the emergency tasks with
a short deadline and high value, the way of ob-
serving multiple tasks at one time is allowed
in this study. These make the problem more
in line with the actual application process of
AEOSs. Since the scheduling process includes
selecting the observation and download time
windows and determining their start times, the
problem involves the time window, data stor-
age, energy consumption, data transmission,
sensor roll, sensor pitch, attitude stabilization,
turn-on time, and turn-off time.

3.1.1 Time Window

As illustrated in Figure 3, when the AEOS
moves above the ground target, it can see the
target for a period of time, which is called the
VPVTW. In actual applications, due to the low
quality of the maneuver imaging, AEOSs usu-
ally do not carry out maneuvers while imag-
ing to satisfy the user’s resolution require-
ments. Therefore, it is necessary to discretize
a VPVTW into multiple VIWs, the number of
which depends on the discrete granularity AP.
In fact, each VTW is similar to a visible time
window of the CEOS. Here, for convenience,
we will abbreviate the fixed-pitch visible time
windows as VIW. During a given scheduling
period, more than one VIW generally exists
between an AEOS and a target. Furthermore,
the VIW is often longer than the observation
time window (OTW) required for the observa-
tion time of the task (Hao et al. 2014). There-
fore, in the AEOS scheduling, not only the
VTW but also the precise start time of the ob-
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~ - -
VTW —_ Ground target _ VPVTW
N _vTw
¥ /
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Figure 3 Time Window

servation must be selected (Xu et al. 2016). The
communication antennas of AEOSs cover very
wide areas and generally do not need to be
maneuvered. Thus, we do not discretize the
visible time windows of the ground stations.
For simplicity, we label the VITWs between the
satellites and task as the task VTWs and the
VTWs between the satellites and ground sta-
tion as the ground station VIWs.

3.1.2 Data Storage

The AEOS has onboard data storage that tem-
porarily stores the task observation data (Roy-
chowdhury et al. 2017).
transmitted to the ground station, the storage
is released (Chen et al. 2016). Therefore, the
real-time memory capacity is changed dynam-

Once the data are

ically during the observation process.

3.1.3 Energy Consumption

Each operation, such as observation, maneu-
ver, and downloading, consumes energy. The
AEOS has limited energy, and the energy con-
sumption cannot exceed the maximum energy
capacity in each orbit circle. Therefore, the
AEOS’s residual energy also changes dynami-
cally during the observation process.

3.1.4 Data Transmission

The ground station can receive the observation
data transmitted by the satellite. As with the
observation task, the data transmission must
be completed within the ground station VITW
(Song et al. 2018). Because data transmission
will consume the working hours of the satel-
lites, full use should be made of the onboard
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storage to minimize the amount of data trans-
mission (Peng et al. 2017).

3.1.5 Sensor Roll

The AEOS sensor has a field of view and a max-
imum roll angle. Each observation can form
a wide strip on the ground at the maximum
roll angle range. Clearly, it is only possible
for the resource to complete the observation
if the target is within the maximum roll angle
range (Mao et al. 2012). If a target is not below
the AEOS, the AEOS must rotate its sensor to
ensure that the strip can cover the target. At
the same time, the AEOS will consume time
and energy when performing roll operations.
Therefore, we should minimize the number of
roll operations to conserve satellite energy.

3.1.6 Sensor Pitch

The AEOS sensor can pitch forward and back-
ward, which can extend the number of VITWs
to increase the opportunity for task insertion.
Similarly, the pitch operation of the sensor also
consumes time and satellite energy. Therefore,
the number of pitch operations should be re-
duced as much as possible.

3.1.7 Attitude Stabilization

The AEOS will generate vibrations after a ma-
neuver operation, and a certain amount of time
is required to stabilize. Generally, the attitude
stabilization time of the AEOS is fixed. After
this time, the AEOS can enter a stable state and
observe the ground target.

3.1.8 Turn-on and Turn-off Time

The AEOS will observe the ground target when
it turns its sensor on, which consumes energy
and storage. To save energy and storage, the
sensor should be turned off after each observa-
tion and turned on again when the next ground
target is observed.

3.2 Problem Processing

3.2.1 Problem Assumptions

In practice, the AEOS scheduling for emer-
gency tasks is rather complicated due to the
many constraints and user requirements.

Therefore, some assumptions are made to
simplify the problem, ignoring some non-
significant constraints.

(i) When the ground station VTW between the
AEOS and the ground station is scheduled,
the data on the AEOS is transmitted to the
ground station. The transmission time length
is the ground station VIW length, and the
storage is cleared after the transmission.

(ii) The start time of the VTW changes linearly
with the pitch angle of the AEOS sensor. This
assumption is used to calculate the impact of
the pitch angle on the VTW.

(iii) A target only needs to be observed one
time, and all the targets have the same obser-
vation duration.

(iv) There is no time conflict between the data
downloading and the task imaging for the
AEQSs, they can transmit data while imaging.

3.2.2 Scheduling Process

To address the AEOS scheduling problem for
emergency tasks, a novel algorithm is pro-
posed, which is used to deal with the arriv-
ing emergency tasks, as illustrated in Figure
4. First, the time windows are processed to
divide VPVTWs and filter task VIWs before
scheduling. The AEOS scheduling model is
then established to maximize the ratio of the to-
tal scheduled task value to the total task value.
Finally, the MISDR algorithm is designed to
schedule the tasks and generate a local adjust-
ment scheduling scheme rapidly.

4. Scheduling Model

The pitch angle changes with time ina VPVTW,
which will seriously affect the image quality
when observing. It is difficult to establish a
scheduling model that includes the simulta-
neous changes of time and angle. Therefore,
in this study, a time window division rule is
first carried out before the scheduling model
is established, which can convert a VPVTW to
multiple VTWs. Then, a time window filter-
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ing rule is designed to eliminate the invalid
visible time window and reduce the problem
scheduling scale. Finally, an AEOS scheduling
model with the limitations of the pitch and roll
capabilities is designed for the emergency task
scheduling problem.

4.1 Scheduling Symbols

The scheduling process involves satellites,
ground stations, tasks, time windows and so
on. In order to introduce the scheduling model
conveniently, the relevant symbols and defini-
tions are listed in Table 2.

4.2 Time Window Division

To ensure that the long time window continu-
ity of the VPVTW is retained and the oper-
ational requirements of the subsequent VTW
merging strategy are met during the division,
the following principles must be followed in
the time window division. (i) The overlap time
of two consecutive visible time windows must
be greater than the task duration time, and suf-
ficient time must be left for the maneuver for
the newly added pitch angle. (ii) All VPVTWs
except the first and last have the same discrete
granularity and discretize from 0° pitch angle

a+l _ a+l a+l _a+l pa+l
W™ =(ws;” wey" py" R;™)

ij
|
AR XL, % ”
T g | Ay,

J

d e
—

il a a a pa time
TWy = (wsjwej, pyRY) - YPYTWY = (st el +P,=P ,RY)

A

Figure5 The Variable-Pitch Visible Time Window Divi-
sion

to both sides to ensure that the following merg-
ing strategy can be implemented.

¢ Discrete Granularity
As illustrated based
on a variable-pitch visible time
window, denoted as VPVTWI.’;. =
(vwsl.”., vwel.”]., +Pi”j, —Pl.”]., R;‘].), between
the AEOS s; and task t;, the long
time window continuity is that the
VIW Tij is available before time
timey, and the VIW TWi“jJr1 is available
after time timey.
I = TAH;
time for pitching maneuver, which can
ensure the VIW merging strategy can be
carried out, we let AP = min{APi“jlti €
T,sj € S,u € {1,---,Nyp,}} for all

VPVTWs, which can guarantee enough

in Figure 5,

Therefore, we let

+ p—v” + d; and keep enough
]

be converted to APl.”]. =

overlap time for the VIWs belonging
to a VPVTW. Thus, the same discrete
granularity AP can be obtained.
e Division Rule

Based on the discrete granular-
ity, for a VPVWTW VP VTWI,”]‘, =
(vwsl.”j, vwe;‘j, +Pj, —Pj,Rl?;.), we can cal-
culate the VTW number Nf = 2x [f—l’;] +1.
We can then calculate a visible time win-
dow Tij = (wsf.’]., wei“j, R?j, p?j), where

ws?. = pws™
1] 1]

we!. = vws!. + Lj,
1] 1]
a — .
pij = P

R% = RU
ij ij
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Table2 The Table of Symbols

Sysmbol

Definition

S = {Sl,“' sSjrcc /5N5}
G={g1,"* /& " 8Ng}
T={DETUDGTJET|JGT}
DET ={t,"-, tNDE’I‘}
DGT = {tNpgr+1,°* + ENpgr+Nper
ET = {tNpgr+Npcr+1, "+ + ENper+Nper+Ner }
GT = {tNper+Nper+Ner+1, "+ ENper+Nper +Ner+Nor }
Nt ={Npgr + Nper + Ner + Ner}

ti = (tv;, d;, dl;)

TW; = {TWiy, -+, TWij, -+, TWing}
TWij:{TW}j,---,TW;‘],,M,TW” Ty
TW?]. = (ws?]., wel‘.‘/.,p?].,R?].)

GWy = {GWgy, -+, GWyj, -+, GWing }

1 b NGWk/
GWij = {GW};, -+ ,GWP, -, GW,; )
GW]fj = (ws,[:j, we}(’j)

AH;

AV;

poj

V”l)]'

bj

¢j

LZS]'

VPVTW = (vws™, vwe, +Pj, —Pj, RY%)
U U i i

ue{l, -, Nyp,}
APY
g
AP
b
tekj
ts?.
i
a
ij
a
ij
TWT?.
i
H

Hs

te

MT = {MTy,--- ,MTy, cdots, MTy,,, }

MTy = {TW],, -, TW}}

S is the AEOS set, N is its AEOS number.
G is the ground station set, N is its ground station number.
Task set.

DET is the scheduled emergency task set, Npgr is its task number.
DGT is the scheduled general task set, Npgr is its task number.
ET is the unscheduled emergency task set, N is its task number.
GT is the unscheduled general task set, Ngr is its task number.
Total task number.

t; is the i-th task in T,
tv;, d; and dl; are its task value, task duration time,
and task completion deadline, respectively.

VTIW set of t;.

TWij is the VTW set between t; and s, Ny, is its VIW Number.
TW;Z]. is the a-th VTW between t; and Sj, ws:.l/., we?]., pl[.’j and R?j
are its start time, end time, pitch angle and ideal roll angle.

VTW set of gj.
GWj; is the VIW set between gy and s, Ngw,; is its VIW Number.

GW]f/. is the b-th VTW between gy and s, ws;{’j and wefj are its start and end times.

Horizontal field of view in pitch direction of s;.
Vertical field of view in roll direction of ;.
Pitch velocity of s;.

Roll velocity of s;.

Turn-on time of s;.

Turn-off time of s;.

Attitude stabilization time of s;.

Time from the ground target is covered until not covered
by the observation band of s; with a fixed pitch angle.
Maximum storage capacity of s i
Maximum energy capacity within each orbit circle of s;.
Maximum orbit circle number of s;.

Storage capacity required per unit time observation of s;.
Energy capacity required per unit time observation of s;.
Energy capacity required per unit time data transition of s;.
Energy capacity required per unit time maneuver of s i
Maximum power-on duration of s;.

VPVTWI.’;. is the u-th VPVTW between t; and s,

wsl',‘],,vwel?},+P/-,—Pj and Rl‘,‘j are its earliest visible time,
latest visible time, maximum pitch angle and ideal pitch angle.
1 and Ny p,; are the index and number of VPVTW between t; and s i
Sub-discrete granularity.
Discrete granularity.
Observation end time of the k-th VTW between g and s;.
Observation start time of the a-th VTW between t; and s;.
Observation end time of the a-th VTW between ¢; and s;.
Observation roll angle of the a-th VTW between #; and s;.
Tasks whose observation time windows overlap with TWlf‘j.

Scheduling horizon.
Start time of the scheduling horizon.
MT is the set of merging time window set, Nt is the number
of times that multiple time windows are executed at a time.
The u-th is merging time window set executed at a time.
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]

wel —vwel

j
a— _

pi]'_

R[l_Rll
ij = Nij

j’

if a = Np.

_ 1 _

suppose Nr = 3, we can get TWI.]. =

(vws™, vws™ + Lj,Pj,R”) TW2 =
1] Z] l]

ows}, +vwe” +L

vwsl?’j+vwe;‘j—L]- y "
2 ’ 2 /0, Rij)
(vwe - Lj, vwe!

As illustrated in Figure 5,

TW] i
pl.]. is posmve in the forward direction;
Through
division, multiple VPVTWs can be con-

otherwise, it is non-positive.

verted into more VIWs.

4.3 Time Window Filtering

The task VTWs in the scheduling horizon and
before the completion deadline are filtered to
reduce the complexity of the problem. As
shown in Figure 6, the scheduling horizon is
H and the start time of H is Hs, only the VITWs
after Hy; and before d!; are retained. Through
this process, some invalid VTWs are deleted,

and some valid VIWs, including TW1 TW2

TWE, TWE, TWy, TWP, TW. ), TW2]+1)
TWi (1) Therefore, the
scale of the scheduling problem can be reduced

and

are gamed for task t;.

so that the scheduling efficiency can be im-
proved significantly.

4.4 Scheduling Objective and Constraints
According to the scheduling problem, we es-
tablish an objective function to maximize the
value of scheduled tasks and corresponding
constraints that include task observation num-
ber, task deadline, time window conflict, obser-

H
, A
A | dl, A 7
™ | A '
Sj A [ ] A
TW!M) _J W‘m)
TW(71+1) TW?M)
Sjr1 W, Zul) 7} me)

Visible time window
Figure 6 Time Window Filtering Diagram

vation time, observation angle, satellite stor-
age, satellite energy and observation merging.

In order to better understand the value
completion of scheduled tasks, the objective
function is designed as the ratio of the total
scheduled task value to the total task value,
which can guarantee the result between 0 and
1.

Nt Ns NTW:/
max ZZ Z(xl]xtv )]/Ztvl (1)
i=1 j=1 a=
where x?j is a decision variable defined as fol-
lows:
. 1, t;isobserved in TW?,
X = / 2)
/ 0, otherwise

(i) Each task can only be observed at most
once, and the transmission time must be be-
fore the task deadline. These constraints are
expressed as follows:

Ns NTWif
x% <1, VtieT
Ci: El E‘l Y l 3)

(dli — tef;) x xj; 20, VTW], € W),

In this study, we assume that the transmis-
sion duration is equal to the ground station
VTIW duration. Thus, te}(’ }{’]..
Moreover, as illustrated in Figure 7, a ground

j1s equal to we

station VTW is virtualized on each satellite at
the scheduling time, and the VTWs that are
scheduled between two consecutive ground
station VTWs are denoted as Wlfj.

(if) When two tasks are performed on the
same AEQOS, the interval between their obser-

vation time windows must satisfy the maneu-
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Visible time window set C#}' | Visible time window set Cw;™*
within orbit circle number n | within orbit circle number n+1
Figure7 W]f], and CW]"1 Diagram
ver time requirements. Each AEOS cannot pressed as follows:
transmit data to two ground stations at the . .
yij( Lz x‘/xd,+
same time. Each ground station can only re- YT MY
] ) Nﬁ' (et )— Vsi€S, 8 €G,
ceive data from one AEOS at a time. These i

constraints are expressed as follows:

V(TWE, TW) € {(TWij, TWirj)\
(TW5, TWE)ITW, TWS € MTy,
uwe{l,---,Nur}}} ti, tr €T,s; €S,

A e

s 7'7,'7'77b/,t65'/+5,']ﬁ

X+ xl <1,
ij ij

(4)

[ v
— - b,,tei,/ +eil#0

Vsj €58k 8w €G,be{l, .-+, New,},
vefl,--- ,NGWA/,}/ [ws}(’/, wef(”.] ﬂ[wsﬁ:’.,weﬁ,/] %0
Vsj,si€8,8c€G,be{l,--,Now,},

’ sl b st wel
befl,--- ’NGka'}’[WSk[’w"'k/] ﬁ[wsk/,,wfk/,l #0

Cy:
vty s,

b b
Wit < 1,

where y,f]. is a decision variable defined as fol-
lows:

1, g receives image data in GWk].

b‘ — 5
Yij 0, otherwise ®)

(iii) The observation time window of each task
must be within the corresponding VITW. The
observation strip must cover the ground target.
These constraints are expressed as follows:

a a a
X % (tsij - wsij) >0,
VtieT,s; €S,

Cy:9 x% x(we.—ts? —d;j) >0,
3 ij ( ij ij i) ae{l, -, Nrw,}

(6)

AV;
a a _ pa i
X X |rij Rijl < =

(iv) The storage of each AEOS during the
observations cannot exceed the maximum stor-
age capacity, and the energy consumed within
each orbit circle cannot exceed the maximum
energy capacity. These constraints are ex-

max
u=1 V'rw;;s(w:,mm'“} bed{l,--, Nch,)
min {ts{:})) x aj < M;,
VIWSe(W, AMT,)
x% X di+

vrwge(cwi\mry

Nuyr
. tet }—
Ca: El (VTWf,E(rL{lVaV;’(ﬁMT,,}{ Bu} (7)
{ts51) % B+

min
“ "
YTWSe{CW! N MT,} Vs; €S,

b
yk].xdkxp,+ ne{l,---,Nc}
VGW) eCW! /

I(x%, x% )%
TW?eCW? wr o
if 1

ri—rd | 4
IS} i L]
(7@ + o )X wj < Ej,

where | (x?]., x?,'].) is a is used to judge whether
two observation time windows are adjacent.
If they are adjacent, it is 1; otherwise, it is 0.
As shown in Figure 7, C W]” indicates the set
of ground station VIWs and OTWs that are
scheduled within the n-th orbit of s;.

(v) Not every task can be merged with other
tasks, which is limited by angle and time con-
straints. (a) Angle constraint: The distance
of ideal roll angles of any two OTWs must be
smaller than the vertical field of view in the roll
direction of the AEOS, and their pitch angles
must be equal. (b) Time constraint: The merg-
ing observation duration of any two OTWs
must be within a certain time range. These
constraints are expressed as follows:

VTWS, TWy, € MT,,

ue{l,---,Nur}
VTW, TW;, € MT,,

IRf, = RY| < AVj,

a a’
c e uefl,-,Nyr}
5% .
max_{tef} - min {ts’} <At;, Vue{l,---,Nur}
TWheMT, 17 TWiemT, Y
max (R:',/ 1+ min (Rj’,:}
a W eMTy / T eMTu VTW:’,» e MT,,

v : ’ uefl, -, Nur}

®)
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5. Scheduling Algorithm

The CEOS scheduling problem is an NP-
complete problem (Hall et al. 1994). The AEOS
scheduling problem for emergency tasks is
similar to it. Similarly, efficient solutions to the
problem with numerous resources and tasks
cannot be provided in a limited time. In par-
ticular, AEOSs can provide more observation
opportunities than CEOSs, which will lead to a
more complex scheduling problem. Therefore,
it is difficult to solve with exact algorithms. In
addition, since emergency tasks are highly ur-
gent and have relatively short deadlines, AEOS
scheduling for such tasks is usually required to
be completed in tens of seconds, or even sec-
onds. Thus, the meta-heuristic algorithms are
not suitable for the AEOS scheduling for emer-
gency tasks. Finally, we decide to design a
heuristic algorithm to solve the problem.

Based on the above scheduling model, to
quickly respond to the needs of emergency
tasks and complete as much task value as pos-
sible with limited AEOSs, an effective algo-
rithm based on merging insertion, direct inser-
tion, shifting insertion, deleting insertion, and
reinsertion strategies (MISDR) is proposed to
deal with the AEOS scheduling problem for
emergency tasks. In particular, different from
the previous papers, based on the pitch and roll
capabilities of the AEOS, a merging insertion
strategy is designed to include similar tasks in
the same observation strip, which can increase
the flexibility of the task time window selection
and save the AEOS resources. Based on the
fact thata VTW is longer than the task observa-
tion time, the task shifting strategy is designed.
Under satisfying the observation constraints,
the conflicting tasks can be moved forward or
backward within their own VTWs, which can
improve the insertion possibility of emergency
tasks. Simultaneously, the flexible insertion of
the ground station VIWs is considered to re-
duce the impact of the storage capacity limita-
tion. To further improve algorithm efficiency,

two heuristic factors, the urgency degree of an
emergency task and the merging degree of a
time window, are designed to guide the task
insertion sequence and task merging time win-
dow selection.

5.1 Heuristic Factors
An urgency degree and a merging degree are
designed to sort the unscheduled emergency
task set and select the merging position of the
emergency task, respectively.

(i) The urgency degree of an emer-

gency task t; is denoted by 0; =
tv;x  max  {Ntw.,-Nrw.}
ty€ET JDET ! ! dl;—Hs
max _ {Nrw,, Xtvy} / max  {dly—Hs}"
ty€ET UDET i ty€ET UDET

Emergency tasks can be sorted from high to
low based on 6;, which arranges emergency
tasks that are close to the deadline and have a
high value and less number of time windows
to be completed as early as possible. (ii) The
merging degree of a VIW Tij is represented
by 1#?,- = r{lax{ /
in{wef; tej, }—max{ws{, ts], } dli-ws], ,

min we/ e j dimaX ZUS] S j % dli_u[];s] ,TWZI%J c
TWT(.}. When a task t; has multiple merging

opportunities, the time window with a larger
value of 1,0?1. is selected, which can provide
guidance to choose a time window with a
higher overlap of time windows and an earlier
task completion time for the scheduling.

5.2 MISDR Algorithm

To present the algorithm clearly, the conflict-
ing tasks and conflict conception are firstly in-
troduced. Conflicting tasks, which cause the
task t; not to be inserted into the scheduling
scheme directly, can be divided into three cat-
egories. (i) Tasks whose observation time win-
dows overlap with TWf]., which is denoted as
TWTI’?].. To traverse the idle time period be-
tween conflict tasks better, the previous time
window and the next time window of the Tij
are placed into TWT;‘J.. (ii) Tasks whose obser-
vation time windows have the same previous
and next ground station VIWs as TWi”].. If task
t; is executed within Tij, the AEOS will be
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Figure 9 Merging Insertion Strategy

overloaded. These tasks are denoted as STfj.
(iii) Tasks whose observation time windows
and TWlf‘j are in the same orbit circle. If task
t; is executed within Tij, the AEOS energy is
insufficient. These tasks are denoted as EN Tf]
A conflict is a combination of conflicting
tasks, consisting of at least one task. The con-
flicts can be divided into three categories. (i)
When the conflict is deleted, the observation
duration of the task f; can be satisfied. These
conflicts are denoted as TWC?].. (i) When the
conflict is deleted, the observation duration of
the task t; can be satisfied and the overload of
the AEOS cannot occur. These conflicts are de-
noted as SC f] (iii) When the conflict is deleted,
the observation duration of the task t; can be
satisfied and the AEOS energy shortage cannot
occur. These conflicts are denoted as EN C?j.
As shown in Figure 8, when the task
t; is inserted within the VTW Tij =
[wsfj,wefj], if constraints C3z and Cy are not
satisfied, TWTZ?’]., TWC?]., STlf‘j, SC?]., ENT;‘/.
and ENCY; are {{ts}{ta}{ts}{te}}, {{ta}{ts}},
H{tHtsHtaHts Hte Htz His ), {{ta}{taHts}
{teHtzHts}},  {({tHtHtsHtaHts HEeHE7 )
and {{t1} {2} {t3}{ta}{t5}{t6}}, respectively.
The MISDR algorithm includes merging
insertion, direct insertion, shifting insertion,

Direct

l l l I |insert[on

— Storage constraint

7 n

sl Wit

Energy constraint

Figure 10 Direct Insertion Strategy

T

— Storage constraint — Shifting
= === . .
5 I ll | I Iln‘lt"l%"l :| |l | I | l ||nsert|on

Energy constraint

Figure 11 Shifting Insertion Strategy

deleting insertion, and reinsertion strategies.
Simultaneously, if the storage constraints are
not satisfied during executing these strategies,
the ground station VIW insertion is consid-
ered.

(i) Merging insertion strategy

As illustrated in Figure 9, in the schedul-

ing scheme, if TWT # 0, where TWT =
N NTW[j
>N TWTfj, the VTWs of the waiting task
j=1 a=1
t; can be sorted from high to low based on ybf]

The sorted VIWs are traversed to select the one
that satisfies constraints C3, C4 and Cs to merge
with the conflicting task.

(ii) Direct insertion strategy

As illustrated in Figure 10, if the waiting
task t; can be inserted into an idle time of the
scheme while satisfying constraints C3 and Cy,
it is directly inserted into the scheme.

(iii) Shifting insertion strategy

As illustrated in Figure 11, when the wait-
ing task t; cannot be scheduled by the above
strategies, the tasks before it are moved for-
ward and the tasks after it are moved backward
in their own VTWs while satisfying constraints
C3 and Cy4, after which the idle time within a
VTW of the waiting task t; is calculated. If
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the waiting task t; can be inserted into the idle
time while satisfying constraints C3 and Cy4, the
shifting strategy is performed and the waiting
task t; is inserted.

(iv) Merging insertion strategy based on
ground station VTW insertion

As illustrated in Figure 12, if the VTW of
the waiting task t; cannot be scheduled by the
merging insertion strategy only due to AEOS
overload, a suitable ground station VTW can be
inserted into the scheme with satisfying con-
straint C4 and Cs, then the merging insertion
strategy is executed for the waiting task t;.

(v) Direct insertion strategy based on
ground station VITW insertion

Similar to (iv), if the VIW of the waiting
task t; cannot be scheduled by the direct in-
sertion strategy only due to AEOS overload, a
suitable ground station VITW can be inserted
into the scheme with satisfying constraint Cy,
then the direct insertion strategy is executed
for the waiting task t;.

(vi) Shifting insertion strategy based on
ground station VTW insertion

Similar to (iv), if the VIW of the waiting
task #; cannot be scheduled by the shifting
strategy only due to AEOS overload, a suit-
able ground station VTW can be inserted into
the scheme with satisfying constraint Cy4, then
the shifting insertion strategy is executed for
the waiting task t;.

(vii) Deleting insertion strategy

As illustrated in Figure 13, for each VTW
TWE

1]
dow conflict with a minimum sum value in

of the waiting task t;, the time win-

Time window
conflict

Storage
conflict

, LD LELIJJilLlLLL

Sj

Deleting
insertion

BB ™

,7 Storage constraint

s FIEL_ IKlE

Energy constraint

Figure 13 Deleting Insertion Process

TWC?j is selected as NTWC?j. SC is re-
calculated based on the assumption that all
tasks in NTWC‘;].
age conflict with a minimum sum value in
SC?j is selected as N SC?].. We then recalcu-
late EN Cf]. based on the assumption that all
tasks in N TWC?]. UNS C‘l.’]. are deleted, and the
energy conflict with a minimum sum value
in EN C?j is selected as NEN C;‘j. Finally, the
NTWC?]. U NSC?j U NENC?]. is added to the
deleting conflict set NC;. After the VTWs of
the waiting task ¢; have been traversed, if the

are deleted, and the stor-

N Cf with a minimum sum value in NC; has a
smaller value than the waiting task t;, NC i‘ is
deleted and the waiting task is inserted in the
scheme.

(viii) Reinsertion strategy

All the tasks deleted by the deletion strat-
egy are added to the corresponding unsched-
uled task set and are reinserted during the pro-
cess of traversing the task set.

Based on the above strategies, the schedul-
ing algorithm flow is shown in Algorithm 1.

The time complexity of the MISDR algo-
rithm can be estimated according to the algo-
rithm strategies and flow. We assume that Ntw
is the maximum of single task VIW number
and single ground station VTW number. The
time complexity of line 1 is O(Ngr + Nper +
N éT). For lines 2, 3 and 4, the time com-
plexity is O((Ngr + Npgr) X NTW X N7). The
time complexity of lines 2 and 6 is O((Ngr +
Nper) x N2,,). For lines 2 and 7-12, the time
complexity is O((Ngr + Nper) X Nrw X Nr).
The time complexity of lines 2 and 13-21 is
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Algorithm 1 MISDR Algorithm

Input: The unscheduled emergency tasks, the unscheduled general task set, the scheduled emergency

tasks, the scheduled general task set, the original scheduling scheme
Output: The new scheduling scheme
1: Calculate 0; for t; € ET and sort ET by it from high to low
2: fort; in ET do
3 for TWI.”]. = (ws?,, wel‘.‘]., p?}., R?j) in TW; of t; do
4 Calculate merging degree 1,21‘1.1]. for visible time window TWZ.“].
5 end for
6:  Sort TW; of t; by yb?j from high to low
7. if t; is inserted by strategy (i) then
8 Insert t; by merging with other tasks and remove t; from ET
9:  elseif t; is inserted by strategy (ii) then
10: Insert t; and remove ¢; from ET
11:  elseif t; is inserted by strategy (iii) then

12: Insert t; by shifting conflict tasks and remove ¢; from ET

13:  elseif t; is inserted by strategy (iv) then

14: Insert a suitable ground station visible time window

15: Insert t; by merging with other tasks and remove ¢; from ET

16:  else if t; is inserted by strategy (v) then

17: Insert a suitable ground station visible time window

18: Insert t; and remove t; from ET

19:  elseif t; is inserted by strategy (vi) then

20: Insert a suitable ground station visible time window

21: Insert t; by shifting conflict tasks and remove ¢; from ET

22:  elseif t; is inserted by strategy (vii) then

23: Insert t; by deleting conflict tasks and remove t; from ET, subsequently add conflict tasks to GT
and ET

24:  end if

25: end for

26: Insert t; € GT by strategy (i)(ii)(iii)(iv)(v)(vi) and (vii) without heuristic factors

O((Ner + Nper) X Nrw X Nt X Ng X Nrw).
For lines 2, 22 and 23, the time complexity is
O((Ngr + Npgr) X NTW X Nr). Thus, the time
complexity is O((Ner+Nper) XNr XNgXNZ )
for lines 1 to 25. Because the scheduling flow
of general tasks is similar to that of emer-
gency tasks, the time complexity of line 26 is
O((NGT + NDGT) X N7 X Ng X N%W) As a re-
sult, the total time complexity is calculated as
follows: O((NET +Npgr + NGT + NDGT) X N7 X
Ng XN% O(NTZXNG XI\_]%

W) = W)'

6. Experimental Simulation and Dis-

cussion
To verify the scheduling algorithm, we carried
out multiple experiments by comparing the re-
sults of the proposed algorithm with those of
the ISDR and TMBSR-DES algorithms, and an-
alyzed and summarized the experimental re-
sults.

6.1 Experimental Design

We simulated nine satellites, as indicated in Ta-
ble 3. Moreover, we set the turn-on time, turn-
off time, attitude stabilization time, maximum
pitch angle, maximum roll angle, roll velocity,
and pitch velocity equal to 7 s, 7 s, 4 s, 30°, 30°,
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Table 3 Simulated Satellites

Sat_id Sat_name Apogee (km) Perigee (km) Inclination (deg)
0 AEOS 1 653 628 98.0
1 AEQOS 2 633 622 98.0
2 AEOQOS 3 666 617 98.0
3 AEOS 4 629 626 97.9
4 AEQOS 5 667 613 98.4
5 AEOS 6 491 488 97.3
6 AEOS7 514 511 97.5
7 AEQOS 8 479 471 97.4
8 AEOS 9 1206 1196 100.7

5°/s, and 5°/s, respectively. We set the max-
imum storage capacity, maximum energy ca-
pacity, storage capacity required per unit time
observation, energy capacity required per unit
time observation, energy capacity required per
unit time data transition, and energy capacity
per unit time maneuver equal to 200 units, 300
units, 5 units/s, 5 units/s, 5 units/s, and 5
units/s.

We simulated four ground stations on the
earth surface, as indicated in Table 4, and then
randomly generated 300, 400, 500, and 600 gen-
eral task sets as well as 10, 20, 30, 40, 50, and
60 emergency task sets. Without loss of gen-
erality, the general task values were randomly
distributed in the range 1-50, the emergency
task values were randomly distributed in the
range 80-100, and the durations of the task ob-
servations were randomly distributed in the
range of 10-20 s.

H was defined as a 24-h scheduling horizon
from July 24, 2019, 00:00:00 to July 25, 2019,
00:00:00. Prior to scheduling, we calculated
the time windows for tasks and ground sta-
tions and carried out initial scheduling to gen-
erate four initial schemes for different scales
of the general tasks by means of the genetic
algorithm.

6.2 Algorithm Analysis

To analyze the proposed algorithm effectively,
based on the four initial schemes, four groups
of scheduling experiments with different emer-
gency task scales were carried out with MISDR,

TMBSR-DES, and ISDR algorithms, as indi-
cated in Table 5.

As illustrated in Figure 14, although the
running time of the proposed algorithm was
worse than that of the ISDR and TMBSR-DES
algorithms in some experiments, it was only
1.70% higher than that of the ISDR algorithm
and 2.29% higher than that of TMBSR-DES al-
gorithm on average. In addition, the maxi-
mum running time of the proposed algorithm
was less than 643 ms. Thus, we could draw
some conclusions that the running times of the
algorithms are similar and the proposed algo-
rithm could meet users’ time requests. Due
to the addition of a merging insertion strategy
in the proposed algorithm, the merging pro-
cess could take some time, but it could provide
more insertion opportunities with less storage
and energy and reduce the execution number
of subsequent insertion strategies. Therefore,
the proposed algorithm appeared the phenom-
ena that it took more time in some experiments
while less time in other experiments. More-
over, the running time of each algorithm gener-
ally increased with the number of tasks, which
indicated that the growth in the task scale
increased the conflict degree between tasks.
Consequently, more calculation time was re-
quired to eliminate conflicts.

Figure 15 illustrated that the objective func-
tion values of the three algorithms generally
decreased as the number of tasks increased,
which indicated that the conflicts between
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Table4 Simulated Ground Stations

Gro_id Gro_name Gro_lon(deg) Gro_lat(deg) Gro_alt(deg)
0 BEIJING 116.595 39.04 0
1 CHANGSHA 113.037 28.25 0
2 TAIYUAN 112.585 37.82 0
3 WULUMUQI 87.395 43.86 0

Table5 Simulated Experiments

Initial schemes

Algorith S i E task scal
Satellite scale  General task scale gortthms cenarios mergency task scale
300 S1
400 S2
MISDR
500 S3
600 S4
300 S5
400 S6
9 ISDR 10, 20, 30, 40, 50, 60
500 S7
600 S8
300 S9
400 S10
TMBSR-DES
500 S11
600 S12
L8 B V1SDR
640 0 ISDR
TMBSR-DES
= S| 5
620 —e— S2 5 0.8
Eé —a— S3 E
E —v— S4 °
qé 600 - = S5 E
. o S6 2061
S —a— S7 8
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tasks dramatically increased and the opportu-
nities for task insertion decreased when the
task scale became large. Furthermore, the pro-
posed algorithm was demonstrated to be supe-
rior to the ISDR and TMBSR-DES algorithms in
the 24 groups of task scales. As shown in Fig-
ures 14, 15 and 16, the objective function of the
proposed algorithm was 23.27% higher than
that of the ISDR algorithm and 16.37% higher
than that of TMBSR-DES algorithm on average

for similar running time and observation time.
This was because the tasks in the scheme and
the waiting tasks could be merged to reduce
task conflicts and save energy and storage ca-
pacities with the proposed algorithm, which
increased the opportunities for the insertion of
other waiting tasks. Furthermore, the conflict-
ing tasks could be moved forward and back-
ward using the proposed algorithm, which
could increase the idle time for the waiting
tasks. However, ISDR algorithm does not have
a merging insertion strategy, and TMBSR-DES
algorithm only merges waiting tasks. Thus,
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Figure 17 Disturbance Measure

these algorithms have lower flexibilities and
limited conflict resolution capabilities.

Figure 17 illustrated that the disturbance
measure with the proposed algorithm was sig-
nificantly less than those with the ISDR and
TMBSR-DES algorithms, with values 28.35%
and 27.31% smaller, respectively, which indi-
cated that the proposed algorithm exhibited a
stronger conflict resolution capacity to reduce
the number of tasks moved and deleted from
the scheme. The disturbance measure values
of the changes, which included the observa-
tion start time, end time, roll angle, and pitch
angle on the single satellite, were 0.5. If these
changes occurred at the same time, the distur-
bance measure was counted only once. The
disturbance measures of the changes between
AEOQOSs and the deletion were 1 and 1.5, re-
spectively. These results demonstrated that the
MISDR algorithm had the ability to search for
the solution with a smaller disturbance mea-

sure.

6.3 Algorithm Scalability Analysis

The resources in the actual applications are not
all AEOSs, there are also some CEOSs. To
verify the effect of the proposed algorithm on
hybrid resources, based on the experimental
cases described in Section 6.1 and the algo-
rithms described above, we adjusted the flex-
ibility parameters of the first five satellites of
the nine total satellites. The maximum pitch
angle and maximum roll angle were set to 0°
and 0°, respectively. By adjusting the param-
eters, hybrid resources, including AEOSs and
CEQOSs, could be formed.

Based on the hybrid resources, the three al-
gorithms were compared. As shown in Fig-
ure 19a, the objective function of the pro-
posed algorithm was superior to the ISDR and
TMBSR-DES algorithms, with values 25.46%
and 14.46% higher on average, respectively.
Accordingly, as shown in Figure 19b, the sched-
uled task value with the proposed algorithm
was higher than those with the other two al-
gorithms. Therein, the scheduled task value
of the AEOSs was increased by 25.76% and
24.66% compared to the ISDR and TMBSR-
DES algorithms on average, respectively, and
the scheduled task value of the CEOSs in-
creased by 25.25% and 6.54% on average, re-
spectively. In terms of the scheduling capabil-
ity for emergency tasks, as illustrated in Figure
19c¢, the scheduled emergency task value with
the proposed algorithm was 2.19% and 1.47%
higher than those with the ISDR and TMBSR-
DES algorithms on average, respectively. Fur-
thermore, the proposed algorithm produced a
smaller disturbance measure based on the ini-
tial scheme, as shown in Figure 19d, and the
disturbance measures for both the AEOS and
CEOS schemes were generally smaller than
those with the other two algorithms. There-
fore, the proposed algorithm could complete
the scheduling for the hybrid resources of
AEOSs and CEOSs and produce better results.
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Figure 18 Experimental Results for the Hybrid Resources

7. Conclusion and Future Work

In this paper, based on the high flexibilities of
AEOSs and the short deadline and high value
of emergency tasks, we studied AEOS schedul-
ing for emergency tasks. First, we developed
a novel time window division method to con-
vert a VPVIW to multiple VTWs. Second, a
more accurate model for AEOS scheduling was
designed, including not only the general lim-
itations of the data transmission time, turn-
on time, turn-off time, storage, and energy,
but also the limitations of the roll time, pitch
time, and attitude stability time for AEOSs and
the deadline for emergency tasks. To solve
this model, we proposed the MISDR algo-
rithm based on merging insertion, direct in-
sertion, shifting insertion, deletion insertion,
and reinsertion strategies to find a better so-
lution. Moreover, we conducted multiple ex-

periments, and the results indicated that the
proposed algorithm could effectively improve
the efficiency of AEOS scheduling for emer-
gency tasks and meet the users’ requests. The
final experimental results showed that the pro-
posed algorithm could support the scheduling
for the hybrid resources of AEOSs and CEOSs.
There are a few open issues to be addressed
in our future studies. First, the satellite re-
source capability model that can match the
most suitable satellite resource set to the task
set must be studied urgently. Second, further
work on AEOS scheduling for regional emer-
gency tasks is necessary. Finally, the schedul-
ing for satellite and UAV collaboration is a new
trend that should be studied in the future.
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Endnotes

1 The left panel illustrates that the maneuver time between
the tasks t; and t3 is not satisfied, and thus, the task t3
cannot be executed. The right panel illustrates that the
AEQS can lengthen the visible time window of the task
so that the observation start time of the task f» can be
advanced to facilitate the execution of the task 3.
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