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Abstract. Due to the diversification of observation missions and the
differentiation of satellite resources, the task scheduling of Earth obser-
vation satellites has always been an NP-hard problem. In this paper,
aiming at multi-load Earth observation satellite mission scheduling, con-
sidering multi-satellite coordinated observation, facing regional target
mission and point target mission, a weighted set cover model is proposed
to represent the coupling relationship between multi-satellite and multi-
task. The classical greedy approximation algorithm is used to optimize
the sum of satellite observation time windows. The model-based algo-
rithm can effectively save satellite storage resources and sensor resources,
and realize multi-satellite coordinated observation task scheduling.
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1 Introduction

As an effective tool for the exploring of the earth’s resources, the earth observa-
tion satellites (EOS) have been widely used in the fields of the agricultural
monitoring, the natural disaster warning, the large-scale infrastructure con-
struction and the ground military target identification [12]. However, with the
increase of the number of observing tasks and the diversification of observational
demands, the scarce resources on the star become more and more valuable. How
to maximize the resource utilization through reasonable scheduling has become
an important issue to be solved urgently.

For example, when it is necessary to observe a large range of targets, or to
make continuous observations on a hot-spot area, it will take a long time or
cannot complete at all depending on the periodic motion of one single satellite,
where the joint observation of multiple satellites and the splitting-aggregation
of multiple tasks will greatly shorten the observation delay and save the satellite
resources.
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The task scheduling of the earth observation satellites is a typical NP-Hard
problem. In the process of multi-satellite coordinated observation, due to the
different geographic locations and the different requirements in time delay and
resolution of the observation tasks, as well as the limited time windows of the
remote sensing satellites flying upon the observation tasks, the optimal matching
method of satellite resources and tasks is difficult to find.

The existing scheduling models include integer linear programming model
[4,6], backpack model [5], graph theory model [1,9,10], etc. The related algo-
rithms are mostly heuristic algorithms such as simulated annealing algorithm
and tabu search algorithm [9]. These algorithms have uncertain time complexity
and cannot give approximate optimal solutions of NP-hard problems in polyno-
mial time, resulting in high task acquisition delay and low utilization of satellite
observation resources and energy resources.

In this paper, we will focus on the graph model representation of multi-
satellite multi-task scenario in the earth observation process. Firstly, we will
present the satellite observation scenario. Then, the weighted set cover modeling
process will be introduced, followed by a greedy approximation algorithm, proved
to be the optimal approximation algorithm in polynomial time for the minimum
cost in our model.

2 WSC Model

2.1 Observation Scenario

Figure 1 shows the expansion diagram of multi-observation satellite flight
around the earth over a period of time. The colored lines represent the satellite’s
flight paths, and the elliptic colored part represents the to-be-observed tasks.

Fig. 1. The expansion diagram of multi-observation satellite flight around the earth
over a period of time.
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2.2 Modeling Process

Since the satellite trajectory is periodic, we consider the situation in which
resources and tasks are predictable. In addition, due to the principle of fairness,
the priority of observation tasks is not considered. Based on these principles, we
model satellite observation scenarios.

Definition 1. The parameters used in the following are defined as follows.

– mi: The identification number of the original task, i = 1, 2, ...;
– mij: The identification number of the sub task split from mi, j = 1, 2, ...;
– M: The set of all sub tasks, M = {mij |i, j = 1, 2, ...};
– T : The total period of time considered;
– τk: The k-th discrete time slot;
– satp: The identification number of the satellite, p = 1, 2, ...;
– Sτk

satp
: The collection set of the sub tasks which can be observed by satp within

time slot τk;
– GSτk

satp
: The gain of the set Sτk

satp
, which is defined as the number of the ele-

ments in the set Sτk
satp

;
– wSτk

satp
: The wight of the set Sτk

satp
, which is defined as the time window size

required to observe all sub tasks in the set Sτk
satp

;

Firstly, the original tasks mi(i = 1, 2, ...) are split into sub tasks mij(j = 1, 2, ...)
of the same size according to experience or learning, satisfying |mi| =

⋃

j

|mij |,
where |∗| represents the geographic location of task ∗, as shown in Fig. 2(a) the
task1.

Then, the total period of time we considered T is sliced into n time slots,
donated in order as τ1, τ2, ..., τn.

In each time slots, we model the collection of the sub tasks covered by each
satellite as a set. The gain of each set can be expressed by the number of elements
in the set, that is, the number of subtasks observed. In addition, a cost factor is
attached to each set, defined here as the time required for all elements in the set
to be covered, i.e. the length of time window required by the satellite to observe
these subtasks.

For example, Fig. 2(b) shows the trajectory coverage of satellite sat1 and
satellite sat2 in the same time slot τ1, and the shaded parts represent subtasks
m11 and m12, then we get Sτ1

sat1 = {m11,m12}, GSτ1
sat1

= 2, wSτ1
sat1

= 1, and
Sτ1

sat2 = {m12}, GSτ1
sat2

= 1, wSτ1
sat2

= 1. That is, the two sets have the same
cost, but the set Sτ1

sat1 covers more elements and the gain is larger, so the set
Sτ1

sat1 is better than the set Sτ1
sat2 . In addition, intuitively from Fig. 2 that storage

resources will be wasted to observe non-target areas if satellite sat2 were utilized
in this area. The specific planning algorithm will be mentioned in Sect. 3.

According to the above modeling method, we construct the multi-satellite
multi-task observation scenario as a weighted set cover model. Next we discuss
the way of minimizing the cost on the premise of all tasks can be observed.
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Fig. 2. (a) Task splitting diagram (b) the example schematic diagram of flight paths
of satellite sat1 and satellite sat2 in time slot τ1

3 Approximate Greedy Algorithm

A large number of scholars have studied the degree of approximation of the set
cover algorithm. The set cover was first proved to be NP-Complete by Karp [3],
and Johnson [7] gave a polynomial time greedy approximation algorithm with
an approximate ratio of lnn. Chvatal [8] extended the algorithm to the weighted
set cover problem. Feige et al. [2] proved that there is no polynomial time
approximation algorithm better than approximation ratio (1 − ε) ln X, (ε > 0),
unless NP ⊆ DTIME

(
nO(log log n)

)
. Zhang et al. [11] gave a greedy algorithm

of ln (|X| + 1)-approximation to the weighted set cover problem, according to
Feige [2], this algorithm is optimal approximation algorithm in polynomial time.

Based on the proposed weighted set cover model, drawing on the classic
greedy approximation algorithm, by adding the constraints of remote sensing
satellite observation, an optimal approximation algorithm in polynomial time is
given to optimize the time window of remote sensing satellite observation to save
the remote sensing resources.

3.1 Constraints

The total on-off duration of each sensor on the satellite is limited by the satellite
storage capacity, i.e., the formula below needs to be always established,

n∑

k=1

∥
∥
∥Sτk

satp

∥
∥
∥ ≤ Csatp

(1)

where
∥
∥
∥Sτk

satp

∥
∥
∥ represents the data sum of the subtask observation in the set, and

Csatp
represents the storage capacity of the satellite satp.
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If the total data amount of the subtasks covered by satellite satp in all time
slots exceeds the satellite storage capacity, the last overflow subtasks will be
discarded according to the algorithm execution order.

3.2 Algorithm Flow

This paper draws on the thought of greedy algorithm proposed by Zhang [11],
and considering the constraints of satellite scenario, the following approximate
greedy algorithm suitable for the satellite scenario is given.

Algorithm 1. Approximate Greedy Algorithm
1: Input: M, Sτk

satp
, wSτk

satp
, Csatp(k = 1, 2, ..., n; p = 1, 2, ...)

2: Output: a series of ordered sets O = {Oτi
satj

|i, j = 1, 2, ...}
3: O ← φ;
4: V ← M;
5: while V �= φ do

6: Select the Sτi
satj

such that
wSτi

satj

GSτi
satj

∩V
is the smallest;

7: if
∥
∥
∥Osatj ∪ Sτi

satj

∥
∥
∥ ≤ Csatj then

8: V = V − Sτi
satj

;

9: O = O ∪ Sτi
satj

;
10: else

11: V = V −
n∑

i=1

Sτi
satj

;

12: end if
13: Output the set O;
14: end while

The algorithm is a greedy algorithm. Each loop selects the smallest set of
wSτi

satj

GSτi
satj

∩ V
from the remaining sets while ensuring that the observation data sum

of each satellite does not exceed its total storage, until all subtasks are covered,
where GSτi

satj
∩ V represents the number of subtasks selected for the first time

in the set Ssatj
, and wSτi

satj

represents the cost (time window size) required to

cover the set Ssatj
. The algorithm returns the selected collection O in order of

execution.

4 Approximate Analysis of the Greedy Algorithm

Theorem 1. The approximation of the greedy algorithm proposed is lnn+O(1)-
approximation of the optimal solution.
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Proof. We analyze the approximation of this algorithm briefly. In the greedy
algorithm, the cost of selecting a set is wSτi

satj

, and there are GSτi
satj

∩ V subtasks

that are covered for the first time in the set. So in this step, the cost of each
node being covered is

cost(xi) =
wSτi

satj

GSτi
satj

∩V
. (2)

Obviously, the total cost of all subtasks in the algorithm is

apx =
∑

i

cost(xi), (3)

where apx is the cost of the greedy algorithm.
Now we consider the optimal solution. Suppose that at a certain step, the

uncovered elements are xi, ..., xn, and the selected element is xi, with another
ci elements selected, that is, the number of uncovered elements are at most ci.
The set cost is wSi

, so the following inequality holds,

opt ≥ n − i + 1
ci

∗ wSi
, (4)

summing the left and right sides of the inequality respectively, we have

apx ≤ opt ∗
n∑

i=1

1
n − i + 1

, (5)

where
n∑

i=1

1
n−i+1 =

n∑

i=1

1
i = ln n + c, c is an Euler constant with a value of 0.6

approximately, i.e.,
apx ≤ opt ∗ (ln n + O(1)). (6)

According to Feige et al.’s proof at [2], the algorithm is the optimal polyno-
mial time approximation algorithm for the weighted set cover model in the EOS
scenarios.

5 Conclusion

In this paper, a weighted set cover model was proposed to characterize the
matching of the tasks and the resource for the multi-satellite multi-task scenario.
We put up one approximate greedy algorithm based on the model, where the
constraint of satellite cache resources was considered, and the approximation of
the algorithm to the optimal solution was analyzed.
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