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ABSTRACT For a constellation of agile Earth Observation Satellites (EOS), efficiently scheduling image
acquisitions presents a complex decision-making challenge characterized by balancing a multitude of
qualitative and quantitative preferences on the imaging requests while considering a high number of
operational and temporal constraints. Current research predominantly focuses on the scheduling aspect, often
neglecting the fuzzy multi-objective nature of the problem and the near real-time computation requirement.
This study proposes an innovative three-stage solution method. Initially, an a priori multi-criteria scoring
approach, based on the ELECTRE-III method’s fuzzy pairwise evaluation, is employed to value each
potential imaging attempt, addressing the gap in comprehensive pre-scheduling valuation. The problem is
then redefined as a Longest Path Problem in a Directed Acyclic Graph with Interdependent and Allowed
Nodes (DAG-IAN). This re-conceptualization accommodates unique multi-satellite operational needs and
imaging techniques such as stereo and strip acquisitions. We introduce the Extended Longest Path Algorithm
(ELPA) for this purpose, which emerges as a novel solution mechanism. The final stage is a decision support
system designed to guide decision-makers through the satellite operation’s intricate trade-offs, facilitating
iterative enhancements and a deeper understanding of the conflicting objectives through a weight space
analysis and a significance test. Our approach not only demonstrates high adaptability and explainability
but also shows computationally efficient performance. In smaller problem scenarios, the ELPA closely
approximates exact methods while significantly outperforming other approaches in large-scale applications.
The research advances state of the art by offering an intuitive, customizable, and scalable framework in the
preference integration aspect of the Satellite Image Acquisition Scheduling Problem.

INDEX TERMS Satellite image acquisition scheduling problem, agile earth observation satellites, multi-
criteria decision making, directed acyclic graph, longest path algorithm, weight space analysis.

I. INTRODUCTION

Selecting the optimal set of image acquisitions for a constel-
lation of agile high-resolution Earth Observation Satellites
(EOSs) is a complex combinatorial problem incorporating a
high number of operational constraints and qualitative prefer-
ences [1], [2]. In the Satellite Image Acquisition Scheduling
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Problem (SIASP), multiple preference conflicts exist, e.g.,
the trade-off between obtaining as many high-priority images
or high-quality acquisitions as possible. Furthermore, as the
last delivery date nears, the sun elevation lowers, or other
criteria affecting quality decrease, the intricate priority
structure between any two attempts changes dynamically.
A low-priority image request with a due delivery date can
be preferred over a higher-priority image request if they are
conflicting, as the alternative otherwise is a lost customer.
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FIGURE 1. A holistic illustration of the procedure behind an automated
decision-making scheme. In order for a proper automatic decision
process to take place, the four domains should overlap as much as
possible, meaning the preference structure reflects the decision maker
(DM), the problem formulation integrates the preference structure, and
the solution maximizes the objectives through the problem formulation.
See the work of A. E. Vasegaard [7] for a detailed discussion on the
automatic decision procedure.

EOSs has several advantages relative to other image
acquisition approaches, e.g., large acquisition capability in
a relatively short time, worldwide coverage, high revisit
frequency enabling repeated imagery, increasing accessibility
to space, and unlimited airspace borders. Simultaneously,
the growing technical capabilities of satellites such as
agility, memory, communication, or imaging types (passive
or active imagery; s.a., panchromatic, multi-spectral, pan-
sharpened, hyper-spectral, and microwave radiometry; or
synthetic aperture radar, Lidar, radar altimetry, GNSS-R,
and radar scatterometry, respectively) allow for information
retrieval of multiple different objectives, whether it stems
from a purpose of global monitoring of the environment,
earth mapping, urban development, disaster management,
agriculture, maritime surveillance, or Intelligence, Surveil-
lance, and Reconnaissance (ISR) for defense. As a result, the
total number of EOSs launched has increased extensively and
reached 1,184 by January 2023, according to the database at
the Union of Concerned Scientists [3]. Consequently, the high
demand for EOS imagery has led to increased interest from
research communities in the EOS scheduling problem, which,
when omitting the ground station communication, formally is
denoted by the Agile EOS Scheduling problem (AEOSSP)
or the Satellite Image Acquisition Scheduling Problem
(SIASP) [4]. The mathematical problem is equivalent to the
satellite broadcast scheduling problem [5] and even the space
telescope observation scheduling problem [6].

In multi-objective (MO) optimization problems with
real-time execution requirements, adding a decision maker
(DM) to evaluate a high-dimensional Pareto front in operation
is not feasible, so the question is how to deploy a preference
structure, weight setting, or goal such that no matter the
scenario, the DMs will always be satisfied with the solution.
To do this, we must not only focus on objectives but
also consider criteria associated with the image attempts.
Hence, we seek an automated decision-making scheme to be
implemented in this problem domain, omitting the regular
a posteriori approaches and investigating those that a priori
integrates preferences. In doing so, we want to ensure that the
DM has as much control over each domain in the automated
decision-making scheme presented in Figure 1.
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FIGURE 2. A map representation of a generated problem scenario and
the corresponding solution. Note the colors of the requests convey
information to the DM of either qualitative, political, or operational
character. E.g., an image request from a high priority customer is colored
purple. See the source codes for the details on the scenario generator.

For the SIASP, the DM faces the great challenge of
balancing the multiple criteria affecting the decision process
such that it aligns with the preferences of all stakeholders
of the satellite operation while resulting in the highest
number of high-quality acquisitions under the uncertainty
of cloud cover, as well as satisfying operational constraints
like maneuverability, energy, memory, reachability, etc. This
is, however, a very difficult task, as the stakeholders of the
satellite operation cover the investors, employees, customers,
executive leadership, and even the greater community. When
utilizing a posteriori MO approach, the DM still faces
complicated comparative tasks in selecting a solution from
the Pareto front, especially when many objectives are
integrated in the evaluation. Similarly, when using standard
a priori approaches, there is difficulty in defining a fitting
preference structure. It is, for example, challenging to state
the direct preference where a high-priority image attempt
with cloud coverage lower than 10 % must be preferred over
any other image attempt through a weight setting scheme.
In addition, not understanding the combined effect of all
criteria when defining rules in the scoring procedure can lead
to unintentional bias.

Therefore, unlike the existing approaches, we formulate
and analyze the SIASP through a three-stage solution
approach that combines a customizable a priori decision
framework with an explainable a posteriori tuning frame-
work. Firstly, a multi-criteria scoring approach that builds on
the MCDM method, ELECTRE-III, is utilized to value each
image attempt. Secondly, due to the complexity of the multi-
SIASP, we formulate the problem as a longest path problem in
a Directed Acyclic Graph with Interdependent and Allowed
Nodes (DAG-IAN). The graph-based representation of the
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satellite network integrates the multi-satellite framework,
stereo, and strip acquisition characteristics. We employ
the Extended Longest Path Algorithm (ELPA) to obtain
a solution. Thirdly, a Weight Space Analysis (WSA) is
conducted to explain the weight setting of the scoring
procedure, while a significance test allows the DM to adjust
their preference structure s.t. it follows the quality objectives,
priority structure, and behavioral aspects. We perform an
extensive simulation study to present the expected outcomes
of the weight space. The overall solution approach for the
SIASP is visualized in Figure 3.

This paper is organized as follows; In Section II, the
research works on MO optimization and the SIASP is
briefly reviewed; Section III explains the model formulation,
utilized methods, performance comparison, as well as the
simulation procedure, WSA, and the significance test;
Section IV discusses the findings and showcases the utility
and application of the system from a managerial perspective,
as well as its relevance for other problem domains; Section V
concludes on the findings.

Il. RELATED WORKS
Generally, the SIASP is addressed through a two-phase solu-
tion approach, i.e., a pre-processing segment and scheduling
of candidate attempts with an intrinsic scoring of each
attempt [2], [8], [9]. The pre-processing conducts a discretiza-
tion of the satellite paths, establishes all feasible attempts
based on satellite reachability, decomposes feasible customer
requests, and computes all relevant criteria information on
each attempt. The pre-processing is often trivial and specific
to the solution approach; it is often neglected. The scoring
procedure aligns the expected qualitative value of each
attempt and the value assigned from the satellite operation’s
internal priority structure but is often diminished by only
representing a single objective, e.g., maximizing expected
number of images. In general, the majority of the SIASP
literature focuses on the scheduling procedure and omits the
managerial perspective of integrating preferences [10]. How-
ever, in the last couple of years, the literature has presented a
plethora of multi-objective optimization approaches [11].
When considering multiple objectives and integrating DM
preferences, the literature distinguishes between a priori,
a posteriori, or interactive methods [12], in integrating the
preferences before, after, or during the solution search,
respectively. On the a posteriori side, various methods have
been investigated to showcase the applicability [13], [14],
[15]. In the works by Niu et al. [14], the multi-objective
genetic algorithm, NSGA-II, was applied for rapid response
to natural disasters. The general consensus seems to be
that the SIASP is a many-objective problem. Therefore,
regular a posteriori approaches are not applicable unless a
high number of objectives are omitted; otherwise, a high-
dimensional Pareto front must be obtained and evaluated,
which is computationally expensive and often confusing for
DMs. On the a priori side, and due to the many-objective
aspect of the problem, an objective function combining
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multiple viewpoints is often seen constructed with various
levels of systematic reasoning [10], [11]. This could be as
a customized reward function combining quality and the sig-
nificance of a polygon [2], [16], a value function representing
the expected value of profits executed under uncertainties
of clouds [17], a function representing the ‘‘value of
information” combining nominal value and profits [18],
or a utility-based function [19], [20]. Additionally, a single
objective is often picked to represent a simplified version of
the DM’s preferences. This could be profit [9], [21], [22],
[23], marginal profit [8], gain of polygons [24], or total
attitude maneuvering time [25], and sometimes, the issue of
defining an objective is completely omitted [26], [27]. Only a
few works have actually implemented a systematic approach
to integrate preferences a priori [28], [29], [30]. Notably,
Hierarchical approaches, which iteratively obtain a solution
given one objective and then constrain the solution space have
shown great promise for real-time scheduling [31]. Similarly,
the works by Wang et al. [30] utilize a bargaining mechanism
relying on the theory of Nash equilibrium to evaluate a
bi-objective framework and arrive at a compromise solution.
In the paper by Baek et al. [32], a customizable weighted
scoring approach implementing an array of parameters is
presented in the context of a GUI. Preferences can also be
introduced through an interactive selection stage [19], [33],
but as the real-time requirements and size of the problem
scenarios increase, so does the difficulty of the decision
process, which will leave it impossible for the DM to manage
every selection process.

Because of the issue in integrating preferences, combined
versions of a posteriori, interactive, and a priori approaches
have recently started appearing. The work by Li et al. [34]
showed great promise as the preference-based algorithms t-
NSGA-III are compared with other state-of-the-art MOEAs.
An improved NSGA-III also showcased great results in
integrating both a priori and a posteriori preferences in the
satellite scheduling [35]. However, all this work still relies
on the a posteriori integration of a DM in operation, which
bypasses the possibility of real-time execution. The solution
approach of this paper continues this quest by presenting
a framework where operational preferences are integrated
a priori but tuned a posteriori.

Ill. SOLUTION APPROACH

In the STASP, alarge set of decisions govern the outcome, e.g.,
how the intricate priority of customers relates to the physical
quality of imaging attempts. Additionally, the decision
environment changes regularly due to new regulations, new
priority structures of the satellite operation, etc. As a proper
preference structure is complex to define, some decisions
and trade-offs are introduced through hierarchical scheduling
or hard constraints to handle differently prioritized customer
requests. However, the proper preference structure is often
neglected or simplified when decisions are imposed by con-
straints, as these decisions are scenario-specific. Ultimately
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the valuation of requests imposed by the defined priority
structure should reflect three aspects of the decision making
in the SIASP:

1) The political agenda reflects the intricate priority
structure of customers relative to other customers

2) The qualitative agenda is imposed on the criteria set to
maximize the quality of the acquired images

3) The operational agenda convey the changing value
of attempts relative to the resoluteness of time until
expiration of requests, the uncertainty of cloud coverage,
willingness to complete requests, multi-strip, or stereo
request completion

Note cross-agenda decisions also exist, e.g., the value of a
high-priority, low-quality acquisition with high uncertainty
relative to low priority, high-quality acquisition with low
uncertainty. This paper introduces a solution approach
where the different agendas are incorporated in the scoring
procedure.

A. MODEL FRAMEWORK

To generate a problem scenario for the SIASP, three important
types of information must be attained: customer-specific
information (e.g., request location, type, area, customer
type), satellite-specific information (e.g., satellite orbit,
planning horizon, maximum off-nadir angle, slew-speed,
memory, or battery capacity), intermediate information of
satellite and customer (e.g., feasible acquisition attempts
and corresponding forecasted cloud cover, uncertainty,
or depointing angle). An example of a generated problem
scenario can be seen in Figure 2. See the source codes for
the details on the scenario generator.

The customer-specific information focuses mainly on the
data generation and is provided in detail in the Supplementary
file S2. Generating customer requests located worldwide
allows for experimentation of the scheduling procedure over
longer periods, ultimately enabling the DM to understand the
long-term effects of deciding between acquiring a request
on different orbits while simultaneously scheduling other
acquisitions.

The satellite-specific information is a multitude of mostly
fixed data sources, e.g., the planning horizon from UTC
09:40 to 17:40 at the 26th of July 2022 for the two
satellites, SPOT 6 and 7. We found their reference orbits
through the Two-Line-Element set (TLEs) obtained from
www.celestrak.com. Note we discretize the satellite paths
given a temporal resolution variable 7, which indicates the
satellite’s position being considered for every t seconds.
The lower the resolution 7, the closer the solution will be
to the solution of the continuous version. The size of the
problem scenario will likewise increase when 7 is increased.
Additionally, we assume slew-speed to be constant and 2°
per sec [36]. A feasible attempt follows user-given threshold
specifications of off-nadir angle relative to the satellite, sun-
elevation angle, forecasted cloud coverage, and operational
constraints.
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The intermediate information of satellite and customer
requests refers to all the relevant information deduced from
knowing a satellite’s position and the location of a customer’s
request. That is, incidence angle, sun elevation, cloud cover
forecasts for the request, and uncertainty of that forecast. The
computation details for the intermediate information can be
found in the supplementary file of Section S-II.

The pre-processing computes the data frame P represent-
ing all feasible attempts and the relevant criteria for the
particular problem scenario. See Table S1 for an example of
a P data frame.

B. DIRECTED ACYCLIC GRAPH WITH INTERDEPENDENT
AND ALLOWED NODES (DAG-IAN)

To model the decisions of the SIASP, we introduce the DAG-
IAN. A general, DAG is a set of nodes connected by directed
edges without the possibility of cycles, see Figs. 4 and 5 for
an example of a STASP and the corresponding DAG.

In the case of the DAG in Figure 5, a node represents an
imaging attempt of a specific request. Some attempts acquire
the same request, and as we have to ensure the stereo and
strip constraint, we denote a set of nodes representing the
same request as interdependent nodes. That is, a subset of
the DAG where a maximum number of nodes from that set
can be acquired. Similarly, some attempts are stereo attempts
meaning they have to be acquired together. This adds a further
constraint on which subsets from the DAG that must be
acquired together. We denote any set of nodes with such
characteristics as allowed nodes.

o 1 1 1 1 1 1 1 1 1
o 1 1 1 1 1 1 1 1
o 0 1 1 1 1 1 1
o 1 1 1 1 1 1
. o 1 1 1 1 1
olijl= o 1 1 1 1|
0 0 0 1
0 0 1
0o 1
— O—
(1 0 0 1 0 0 0 0]
Blr,il=|[0 1 1 0 0 1 1 0 0 0f,
0 0 1 0 0 1 1 1]
(1
blrl=|2],
2
A0 0 0 1 0 0 0 1 0 0
*9%o o0 0 0 0 0 0 1 1]

whil=[1 1 2 3 2 2 2 2 2 3]

The longest path in a DAG representation of a satellite
network will yield the schedule that includes the image acqui-
sitions that maximize the stated objective function. However,
as the solution space is constrained by interdependent nodes
and allowed nodes, such a path is not necessarily valid.
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FIGURE 3. A holistic illustration of the solution procedure for the SIASP. The WSA seeks to investigate the
relationship between the input and output of the system. Note the solution approach operates around the
customer management scheme. Optimally, the entire solution procedure is automated, and adjustments are only

made according to recommendations from the WSA.

FIGURE 4. An example of a network representation for some arbitrary
SIASP scenario. The specific scenario characteristics in terms of
maneuverability, stereo attempt pairs, strip attempts, strip request type,
and score are shown in the matrices G, A, B, b, and w. Note that request
1 is a regular request (a single acquisition must be made), request 2 is a
strip request (two different acquisitions), and request 3 is a stereo
request. Also, in this example, it is assumed that the two sets of attempts
{4, 8} and (8, 9} create a complete stereo request acquisition, and it is,
therefore, necessary to replicate attempt 8, which is why 8’ and 8" are
present.

By topologically sorting P and consequently the adjacency
matrix G (order in which attempts appear) by first satellite
and second time, the adjacency matrix (feasible maneuvers)
is upper triangular. Ultimately, this permits G to represent
a DAG-TIAN constituting all feasible solutions with the
interdependent and allowed nodes represented by the
matrices B and A, respectively, and the maximum number
of interdependent nodes by b, and the abstracted length
illustrated by the vector w.

C. MODEL FORMULATION
We introduce the following operational constraints on the
scheduling procedure:
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N

FIGURE 5. The SIASP scenario presented in Figure 4 represented as a
DAG. The interdependencies and allowed nodes characteristics, which
distinguish it as the DAG-IAN, are indicated by matrix B and A. Note the
start and finish nodes are not necessary for the ELPA to work.

1) The payload of each satellite can only perform one
task/request at a time [2].

2) Maneuvering time and acquisition duration make a set
of attempts infeasible, i.e., some attempts cannot be
performed sequentially if there is not enough time for
maneuvering the attitude of the satellite.

3) A request must only be acquired once within the time
horizon.

4) Requests too large to be acquired in one acquisition are
segmented into multiple strips, jointly representing the
full request [2].

5) We consider two types of requests: mono, where each
area is acquired once; and stereo, where each area
must be acquired twice, but from different angles
(convergence angle between 15 to 20°) [13].

6) Satellites have limited memory and energy, constraining
the schedule. [25].

7) Attempts must be initiated only if conditions are within
some specified quality thresholds (max. off-nadir angle
of 309, min. sun elevation of 15, max. forecasted cloud
cover of 60% [36]).

Consequently, the problem can be formulated as a discrete
multi-objective optimization problem with each feasible
imaging attempt as an element in a binary decision variable
x;. If x; = 1, the ith feasible attempt is acquired, and x; =
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0 otherwise. Correspondingly, in the scheduling procedure,
we want to maximize the following objective function:

max Fy(x) = max g(fi(x). o(x). ... fux). 0) (D)

= max CiX; 2)

where N represents the total number of feasible attempts
within the planning horizon, f;, is the nth objective function in
the optimization problem, and c; represents the corresponding
non-negative value of the ith attempt when the a priori prefer-
ences, expressed by the parameter configuration 6 regarding
all objectives, are considered by the DM. Additionally, the
function F(.) is consequently a composite function (g o
{fi.f2, ..., fah(x), where the g(.) function is the mapping
of preferences towards all objectives. This assumes that we
a priori know the preferences of the DM and the behavior of
the Pareto front. Practically, creating a preference structure
and mapping that accurately mirrors the decision maker’s
preferences is challenging, as the landscape of the Pareto
front is unknown until optimization starts. It is therefore
important to include a tuning procedure to align the DM’s
expectations with the outcome. This involves utilizing a
system for decision support, which aids in fine-tuning the
parameters based on DM feedback and preferences. This is
described in detail in Section III-H.

The score, c;, is computed through the ELECTRE-III
approach, which is based on the concept of outranking.
In this method, alternatives are compared pairwise across
multiple criteria. The core intuition is to establish the
extent to which one alternative is at least as good as
another, considering all criteria. The scoring involves two
main elements: concordance, which measures the degree of
dominance of one alternative over another, and discordance,
which assesses the extent of inferiority in certain criteria. This
dual assessment helps in capturing the nuances of preference,
particularly in cases where alternatives excel in different
criteria. Consequently, the final score reflects a balance
between these competing factors. See the Supplementary file
S-1 for an extensive explanation of the scoring method [28],
[37], [38].

In extension to this, the set of constraints indicating the
feasible region X can be formulated as:

1) Incorporating the maneuvering feasibility of the sched-
ule involves considering the satellite’s time consumption
for maneuvering between two consecutive attempts and
the acquisition duration of the former attempt. If the
time consumption for the particular maneuver between
two attempts for the same satellite exceeds the available
time, this maneuver is infeasible.

V{i,j} :Gij=0=xi+x =<1 3)

Here, the binary matrix G represents all such feasible
pairs of attempts, thus being the adjacency matrix for
the DAG-IAN. Note that G should be an upper triangular
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2)

3)

matrix, as P is ordered with respect to satellites and time
in that order.

: man acq clock clock
0 T +T,7 <777 — g

A sat(i) = sat(j) @
1 otherwise

G,’_j =

where the maneuvering duration, Ti’fj?’” is computed
based on the rotational speed of the satellite platform
and the angle between the two vectors representing the
line of sight of the satellite for the two acquisitions
i and j in P. T[acq is the acquisition duration for i’th
attempt, and tl."l"d‘ is the starting time of acquisition i.
The function sat(.) returns the satellite ID of the i’th
attempt. Naturally, a maneuver can only be infeasible if
it is performed by the same satellite.

A request can only be acquired multiple times if the
additional acquisitions are due to the request being
a multi-strip or stereo request. A specific number of
each set of interdependent nodes can be included in the
longest path.

ZB,,,-x,-gbr vre{l,...,R} 5)
ieN
where B, ; is a binary representation of every set r of
unique attempts, and b, is the upper limit for the number
of acquisitions for that unique request. Note that R is the
number of unique requests in P.

1 ifid(i) = Uid(r
B, ;= (). ") (6)
0 otherwise

where the functions id(.) and Uid(.) represent the request
ID and enumerated unique request ID in P, respectively.
Some attempts represent stereo requests, which can only
be acquired together in specific pairs to complete a
request. That is, only specific pairs of these interdepen-
dent nodes are allowed together.

D A =1{0.2} Vse{l,....S}) (7
ieN
The binary matrix A represents any allowed pair s of
attempts that jointly represent a complete stereo request.
S is the number of unique pairs of attempts completing
a stereo request.

Asi= { 1 ifid@) = ID_allowable(s) ®)
0 otherwise

where ID_allowable(s) = ID’s for the s’th pair of
allowed attempts. Note due to the interdependence
constraint in Eq. (5), it is not allowed for any attempt
to be part of more than one pair of allowed stereo
requests. Therefore, if that happens, an attempt must be
replicated, and the corresponding multiple allowed pairs
relative to that attempt split into each replication, see
Figure 4. Note this is computed in the pre-processing.
If Eq. (7) equals O, no attempts of that set of stereo
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acquisition are made, and if it equals 2, the complete set
s is acquired [39].

4) The acquisition of a request takes up both storage of
the satellite memory and energy for maneuvering from
the battery. A simplified scenario is considered where
both down-link (increased memory) and sun exposure
(recharging battery) are neglected, and the available
levels are thereby known prior. For a longer scheduling
horizon, this should be modified. We consider the

following:
> Mixi<m VieQ )
ieN
D Euxi<e VteQ (10)
ieN

where M; ; represents the memory usage of attempt i of
satellite . Note €2 represents the set of satellites, and
my represents the upper threshold of memory capacity
for that particular time horizon. E;; represents the
approximated energy consumption for the maneuver of
attempt i for satellite 7, while e, represents the available
energy for satellite 7 in the planning horizon.
5) Lastly, the decision variable is of binary characteristic:

x;€{0,1} VieN (11

Note from the perspective of model formulation, Perea et al. [40]

ignored the impact of stereo imaging, memory, and energy
(Eq. (7)-(10)); Wang et al. [41] ignored stereo, strip, energy,
and memory (Eq. (5)-(10)); Bensana et al. [42], Jang et al. [8],
Xu et al. [43], and Valicka et al. [44] ignored stereo con-
straints. Additionally, the way we introduced maneuvering
feasibility (Eq. (3)-(4)) to consider the reachable request in
near real-time and stereo images (Constraints (7-8)) is also
quite new, and it reduces the computational complexity.

D. EXTENDED LONGEST PATH ALGORITHM

The ELPA has been developed to take advantage of the
inherent structure of the network of attempts in the SIASP.
It requires no parameter tuning, has lower computational
effort, and can easily accommodate the multi-satellite
framework and the stereo and strip imaging characteristics
of the requests. Utilizing a heuristic that uses the graph
representation is not novel; however, designing one that
implements the strip, stereo, and multi-satellite framework
is. The ELPA modifies the classical Longest Path Algorithm
(LPA).

For a regular DAG, it is possible to identify the longest
path by utilizing a topological sorting of the nodes in G
and after that employ the LPA [45]. The computational
complexity of the LPA is O(E + N), where E and N
are the number of edges and nodes, respectively. The LPA
linearly determines the longest path for each node from one
end to another. This is possible as the topological sorting
sorts the nodes in relation to how they appear in the DAG.
However, as interdependencies exist in the DAG-IAN, this is
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Algorithm 1 Extended Longest Path Algorithm for a
Weighted DAG-IAN With Interdependent Nodes

Result: Longest weighted path in the directed acyclic graph with
interdependent and allowed nodes G
G:= matrix representation of the topologically sorted DAG-IAN representing
edges between nodes i and j
B:= matrix representation of interdependencies between nodes i and j
b:= vector representation of the max number of acquisitions for each
interdependent node i

[

w o

4 A:= matrix representation of all pairs s of allowed stereo attempts i
5 w:= vector representation of the weight for each node
6 «:= depth variable
7 Longest_path:= list w/ longest path for each node
8 path_weight:= list w/ weight of longest path for each node
9 for each node i in G do
10 /fidentify longest allowable path to i
1 Incomming_paths:= subset of Longest_paths leading into node i, sorted
by path_weight and with no more elements than «
12 if Incoming_neighbours = {} then
13 x:= binary representation of the path with only node i
14 if Ax = {0, 2} then
15 Longest_pathli]:= x
16 path_weight[i]:= wx
17 else
18 Longest_path[i]:=[]
19 path_weight[i]:=0
20 end
21 else
22 for each incoming path j € Incoming_neighbours do
23 x:= binary representation of the path j with node i
24 Longest_path_temp:= temporary list w/ longest path for each
path
25 path_weight_temp:= temporary list w/ weight of each path
26 if Bx < b then
27 if Ax € {0, 2} then
28 if j = 1 then
29 Longest_path[i]:= x
30 path_weight[i]:= wx
31 break
32 else
33 Longest_path_templ|j]:= x
34 path_weight _templ[j]:= wx
35 end
36 else
37 //add stereo attempts
38 stereo_i:= node prior to i that completes stereo
request
39 if stereo_i = () then
40 Longest_path_temp|j]:=[]
41 path_weight_[j]:=0
42 else
43 x_stereo:= INSERT(x, stereo_i)
44 Longest_path_temp|j|:= x_stereo
45 path_weight_templjl:= w x_stereo
46 break
a7 end
48 end
49 else
50 //lremove the least contributing interdependent node
51 if node i is not a stereo request then
52 interdep_i:= interdependent nodes in path x
relative to node i
53 min_illegal _node:= smallest weighted node in
interdep_i
54 Longest_path_temp[j]:= REMOVE(x,
min_illegal _node)
55 else
56 illegal _stereo_node:= nodes in A that complete
the same stereo request as node i
57 stereo_inter _n = nodes in A that together with i
complete stereo constraint
58 x:= REMOVE(x, illegal _stereo_node)
59 illegal _stereo_node:= INSERT(x, stereo_inter_n)
60 end
61 end
62 end
63 Longest_path|i]:= highest weighted path in Longest_path_temp
64 path_weight[i]:= weight of Longest_pathli]
65 end
66 end

67 RETURN(highest weighted path in Longest_path)
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TABLE 1. Notation table for problem formulation.

Indices

N Number of imaging attempts (¢ € {1,...,N})

R Number of unique requests (r € {1,..., R})

S Number of complete pairs of stereo requests (s € {1,...,S})

Parameters and Matrices

ci the relative value of image attempt ¢ with respect to all the other attempts and criteria

G j Binary matrix that represents all feasible maneuvers between any two attempts {7, j }

i Binary matrix that for any unique request r yields which attempts that represent particular request

by Maximum number of acquisition per request

Asi Matrix yielding which pairs of attempts that can be acquired in order to complete a stereo request, i.e. a request of two attempts
acquiring the same area where the convergence angle between these two attempts are between 15°-20°. (Value of 1 indicating
first acquisition in the pair s, and 0 indicating attempt that are not part of the sth pair)

E; ¢ The energy consumption for satellite ¢ on attempt ¢

et Maximum energy capacity for satellite ¢

M; ¢ The memory consumption for satellite ¢ on attempt ¢

mi Maximum memory capacity for satellite ¢

Decision variables

T; Binary variable that represents either an included or excluded ith acquisition

Algorithm 2 Pseudocode Representing How to
Remove a Non-Allowable Node I in a Path p as
REMOVE(@p,I)

Result: remove node / in path p

1 p:=list with all nodes in path

2 I:=node in G which should be removed from p
3 x:=binary vector representation of path p

4 x1:=0

5 //search for alternative nodes

6

7

8

9

a:= the last node before I included in the path p

b:= the first node after I included in the path p

r:=range of interest, i.e., list of nodes between node a and b

F_n:=nodes in the range r that connect nodes a and b relative to G
10 if F_n is empty then

1 | RETURN(x)

12 else

13 Longest_path_temp:= temporary list w/ longest path for each alternative

14 path_weight_temp:= temporary list w/ weight of each alternative

15 for each node k in F _n do

16 X_temp:= binary representation of the modified path p’ with
feasible node k and without the removed node 7

17 if Bx_temp < b A Ax_temp = {0,2} then

18 Longest_path_tempy,:= x

19 path_weight_tempy := wx

20 end

21 end

22 RETURN(highest weighted path in Longest_path_temp)

23 end

not sufficient, and the regular longest path algorithm must be
extended to satisfy the additional constraints. A pseudocode
of the proposed extension can be seen in Algorithm 1.

There are three fundamental phases, which the ELPA
iteratively goes through for each node: a ranking phase of
the incoming paths to the current node based on the path
lengths; a correction phase where paths are investigated and
corrected based on the constraint it is violating; and lastly,
a searching phase where another node is sought to be included
as an alternative to the correction made in the previous phase.
The traditional LPA only consists of the ranking phase, and
consequently, the ELPA is a two-loop version of the LPA
in which the correction phase and the path are investigated,
and depending on its state relative to the interdependency
and stereo constraints, a fitting correction procedure can be
determined.
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Algorithm 3 Pseudocode Representing How to Add
a Node [ to the Path p as INSERT(p,/)

Result: insert node [ in path p

1 p:=list with all nodes in path p

2 I:=node in G which should be added to path p

3 x:= binary vector representation of path p

4 xp=1

5 //check for violations

6 if Bx > b then

7 /Iviolating number of interdependent nodes

8 interdependent__n:= nodes in p that are interdependent with node /
9 remove_i:= node with smallest weight in interdependent _n
10 x:= REMOVE(x, remove_i)
11 end

12 if Ax # {0,2) then

13 /Iviolating stereo constraint

14 stereo_inter _n = nodes in p that together with / violate stereo constraint
15 remove_i = node with smallest weight in stereo_inter_n

16 x:= REMOVE(x, remove_i)
17 end
18 ifJieN:xi+xy =2A(G[i,I11=1VG[l,i]=1)then

19 //violating maneuverability

20 remove_i = i, which violates the above if-statement

21 x:= REMOVE(x, remove_i)

22 end

23 RETURN(x)

For the ELPA, only one of the following four scenarios is
true for a step-wise generated path when adding node i:

1) Bx < b A Ax € {0,2} = The path is acceptable as
it is not violating any constraints. The search phase is,
therefore, omitted.

2) Bx < b AAx ¢ {0,2} = The path is missing a stereo
attempt to yield a complete stereo request.

3) Bx > b A Ax € {0,2} = The path incorporates too
many interdependent nodes, and the smallest weighted
interdependent node relative to node i should be
removed.

4) Bx > b ANAx ¢ {0,2} = The path is incorporating
another complete pair of stereo attempts, so to fix this,
the pair should be removed, and another stereo attempt
should be included to yield a complete stereo request.

When modifying a path by removing a non-stereo node,
two things must be true: the path will still satisfy the stereo
constraint, and it is possible that another alternative node
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could replace the removed one. The ELPA is designed only
to remove a complete pair of stereo attempts (a complete
stereo request) to include another stereo attempt of the same
request. For that modification, the procedure is the same,
where another node is searched for as an alternative to that
node. Ideally, an entire alternative set of nodes could replace
the removed nodes, but the algorithm omits this as the search
for a set is very computationally expensive.

When inserting a node that does not follow the order
of the DAG-IAN, the maneuverability constraint is not
necessarily preserved. Therefore, one has to check for both
interdependency and stereo constraint. If any constraints are
violated when inserting a node, the responsible nodes in the
path (not the inserted and the last node) are removed, and
an alternative node to the removed node will be searched
for. As the algorithm only goes through two loops when
traversing the DAG-IAN, the optimal path can sometimes
be neglected. This is because the algorithm, in searching for
an alternative node to a removed one, is not allowed to also
search in the set of alternative nodes that violate a constraint.
Doing so would have made the ELPA a three-loop version
of the LPA. If the optimal solution should be ensured, then
by continuing the extension, that version of the ELPA would
have a worst-case complexity of O(NY).

Moreover, for operational purposes, we have included
a depth variable, which determines the maximum number
of incoming paths that are investigated and modified for
each node. The increasing performance and time complexity
are illustrated for different depth variables in Table S3 of
the Supplementary file. Based on that table, we set the
depth variable to 25. Note the computation of each path is
independent of the others, so it is possible to compute this in
a parallel manner, thereby overruling the need for the depth
variable. For reasons of comparison, this is not done in our
research.

The worst-case computational complexity of the ELPA
is O(mN?); see the calculation in Section S-IV of the
Supplementary file. The average-case complexity is, how-
ever, expected to be much better, as the investigated set
of nodes in the ELPA when utilizing the remove and
insert operator is between the prior and later node and not
the entire set of nodes. Consequently, We can assess the
ELPA to have a worst-case computational complexity of the
ELPA is O(mNR?), where R is the maximum number of
attempts between any two scheduled attempts. The worst-
case complexity of the ELPA makes it comparable to that of
the dynamic programming algorithm presented in the works
of Lemaitre et al. [2], which have a time complexity of
O(|B|* x max;T;), where B is the number of imaging attempts
in the problem scenario and max;T; is proportional to the
inverse of the time discretization interval.

For a thoroughly explained example of the ELPA used on
the problem of Figure 5, see Supplementary file S-3. As an
a posteriori check, the solution approach should integrate a
search for the longest path that does not violate the memory
and energy constraint in Eq. (6).
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E. GREEDY AND RANDOM SOLUTION ALGORITHMS

For comparison, we use two solution algorithms often applied
in the literature. One is a greedy approach, which iteratively
adds the highest-scored node to the solution and checks
whether the objective function is improved. If improved, the
node is added. The random approach performs the selection
based on a random distribution. To direct the exploration
phase of the approach, the probability distribution is weighted
based on the corresponding score of the nodes relative to the
total score of all nodes.

Due to the constraints and interdependencies on the
solution space, adding a single node will likely make the
solution infeasible. Therefore, the addition of a node is done
based on the principles of the INSERT operator showcased in
Algorithm 3.

F. ALGORITHM PERFORMANCE

The performance of the ELPA and DAG-IAN formulation is
compared with the GNU Linear Programming Kit (GLPK)
implemented in the CVXOPT package, which is widely
used for large-scale mixed-integer linear programming prob-
lems [46]. As version 1.3.0 of the GLPK implementation
offers an exact solution approach, the performance in
objective value is expected to be higher than that of the
ELPA [47]. All simulations are run on a workstation with a
1.6 GHz Intel 15-8250 processing unit.

As seen in Table 2, the deviation in objective value
performance between the exact approach and the ELPA
is maximum 2% [15], [48]. The Random and Greedy
approaches are much more sporadic in performance, as for
large scenarios when the exact approach cannot deliver a
solution, they can be as far as 70 % away from the objective
function value of the ELPA. For small problem scenarios, the
exact approach is the most efficient option. Still, as it almost
randomly stops being able to obtain a solution, it is not useful
for larger problem scenarios. The problem is complexity
depends on the number of nodes |N| but especially the
number of interdependent sets |B|. When |B| is high, the
performance of the ELPA is much higher than that of the
greedy and random approaches.

G. OUTCOME OBJECTIVES
Despite the intuitiveness behind the scoring procedure,
it becomes challenging to ensure the preferences due to
problem complexity and scale, as well as variations in
problem scenarios, cross-agendas, and incompetence in the
operation. Consequently, it is challenging for the satellite
operation to agree on a common preference setting. This
is especially the case, as the input is the weight setting
of the ELECTRE-III, which allow for a high degree of
customizability. Effectively, the outcome objectives provide
the DMs with the ability to integrate a posteriori tuning of
the a priori preference structure.

In other research, the objective function representing the
preferences of the DM is generic or very simple, and
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TABLE 2. Comparison of the computational complexity and relative performance of the scheduling methods. The scenario size is denoted by |N|, |E|, |B|,

and |A| representing the number of nodes (attempts), number of edges (feasible maneuvers), number of interdep

dent set of nodes (requests), and

number of allowed nodes (set of stereo pairs), respectively. The input for the scenario generator is for reproducibility.

Problem scenario

Performance of scheduling method

Scenario generator

characteristics Runtime Gap to optimal solution (GLPK) and Performance input

nodes  edges int allow | GLPK ELPA greedy random ELPA Greedy Random T requests
sets  sets
|N| |E| |B| |A]| (sec)  (sec) (sec) (sec) gap (F) gap (F) gap (F) (sec) No.
%) %) )

384 72,739 82 0 0.001 1.130 0.385 0.285 1.2 (69.226) 142 (60.068) 1.1 (62.283) 21 500
445 97,648 82 7 0.016 1.715 0.607 0.570 1.4 (70.266) 217 (55.744) 265 (52.328) 18 500
523 135,280 11 0 0.001 5911 0.348 0.395 0.0  (8.989) 7.8 (8.292) 32 (8.699) 2 65
551 149,766 82 30 0.023  3.526 1.402 1.336 1.3 (72.049) 7.8 (60.036) 346 (47.754) 15 500
664 217,491 82 11 0212 4.273 1.401 1.000 0.9  (74.095) 17.6  (61.635) 2.9 (65.122) 12 500
759 282,708 9 181 0.006 20.778 7.805 9.883 0.0  (8.568) 114 (7.594) 55 (8.097) 2 50
911 409,571 83 49 - 9.155 3.689 3.571 - (75.382) - (62.504) - (50.192) 10 500
949 437,725 14 179 0.001  63.047 15.850 17.131 0.0  (14.086) 135 (12.186) 2.3 (13.760) 2 80
1,264 784,862 23 110 0.035  76.988 11.666 15.040 02 (18.712) 7.0 (17.430) 6.0 (17.623) 2 146
1,364 907,730 17 344 0.055 555.708 152.720 136.752 | 0.0  (13.851) 18.8  (11.252) 7.4 (12.834) 2 110
1,407 977,110 83 95 - 22.457 9.610 9.786 - (76.618) - (62.418) - (50.669) 6 500
1,753 1,517,822 178 121 - 23.739 22.014 10.154 - (133.496) - (48.394) - (77.298) 10 1,000
1,782 1,558,594 17 595 0392  234.031 157.556 116375 | 0.0  (16.581) 334 (11.050) 8.2 (15.222) 2 95
1,846 1,683,176 189 123 - 25.507 19.548 13.365 - (145.674) - (56.272) - (82.152) 10 1,050
1,927 1,832,659 198 115 - 27.728 28.887 12.668 - (156.287) - (54.509) - (86.195) 10 1,100
2,112 2,182,319 26 532 3.098 235.858 82312 93.615 0.6 (24.346) 21.8  (19.142) 15.6  (20.661) 2 162
2,288 2,586,951 135 180 - 51.302 32.032 16.210 - (114.891) - (48.105) - (68.175) 6 750
2,332 2,667,270 32 470 - 961.296  130.585 102.521 | - (26.638) - (24.398) - (24.982) 2 194
2,342 2,710,406 140 143 - 50.211 46.889 13.725 - (108.986) - (34.979) - (62.463) 6 775
2,344 2,714,482 143 85 - 46.982 20.339 15.223 - (109.627) - (89.181) - (63.859) 6 800
2,608 3,357,531 157 153 - 62.769 53.537 19.119 - (122.023) - (91.696) - (63.936) 6 850
2,616 3,377,718 151 279 - 96.818 122.890  55.006 - (121.592) - (46.455) - (72.018) 6 825
2,776 3,805,469 161 284 - 120.063  141.759 51.331 - (122.840) - (75.943) - (68.890) 6 875
2,806 3,890,527 166 224 - 100.367  63.203 39.792 - (130.481) - (58.501) - (76.311) 6 900
2,826 3,945,712 170 193 - 84.002  46.332 36.192 - (132.162) - (87.482) - (73.072) 6 925
2,838 3,978,792 173 157 - 76.458 188.372  35.062 - (137.222) - (44.919) - (72.116) 6 950
2943 4,280,259 174 271 - 124.098 146304  65.779 - (133.806) - (46.880) - (77.439) 6 975
3260 5,252,687 83 416 - 223225 195485 88.103 - (78.534) - (66.703) - (54.659) 2 500

due to the complexity of both the scoring and scheduling
procedure, as well as the uncertainty in the information,
the resulting schedule can very well exhibit preferences that
are different from what the DM intended [49]. Therefore,
we construct outcome objectives that reflect the resulting
schedule both in terms of behavior and performance but
are defined directly on the outcome of the schedule. This
yields a much more precise evaluation, allowing the DM
to have a quantifiable compromise when determining a
common preference structure. We choose the following
simple outcome objectives for performance:

1) Minimize average observed cloud cover
2) Maximize the total number of acquisition

Furthermore, we define these simple behavioral outcome
objectives:

3) Are any priority 2, 3, or 4 requests chosen instead of
a priority 1 request?

4) Are any requests with an age less than 13 days chosen
instead of a 13 or more days old request?

Based on these objectives, the DM effectively seeks a
compromise solution where trade-offs can be quantified
rather than imposed by hard constraints. Note that the
performance objectives are numerical, and the range depends
on the measure of interest. In contrast, the behavioral
objectives are binary, with 1 representing an acceptable
behavior in the schedule and O representing an unacceptable
behavior. These outcome objectives are all conflicting, e.g.,
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the lowest average observed cloud cover (in the extreme
case) is obtained through the weight setting that leads to
only a single acquisition with the smallest cloud cover to be
scheduled, which contradicts acquiring the highest possible
number of requests. The extensive simulation evaluated with
these objectives provides the DMs with the expected outcome
of their decisions prior to making them.

H. WEIGHT SPACE ANALYSIS (WSA)

The WSA serves a dual purpose in a decision support context.
First, it includes a simulation study that explores the impact
of different intervals on the feasible weight space. Second,
it incorporates a significance test to identify significant
changes to the current preference structure. This means the
WSA provides the DM with increased understanding of the
decision environment as well as provide suggestions to which
modifications one ought to make.

The inspiration for the WSA springs from the research field
of Stochastic Multi-criteria Acceptability Analysis (SMAA),
which is often applied when criteria and preference infor-
mation are uncertain, inaccurate, or partially missing [50].
It can also be utilized to understand trade-offs, align groups of
DMs, or analyze the robustness perspective of the preference
model parameters by exploring the weight space through
some assumed utility function and stochastic criteria values.

In MCDM literature, the weight space refers to the range
of variable combinations DMs can use to express their prefer-
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TABLE 3. Table representing the WSOL. It holds the range limits for the
different threshold values investigated in the WSA. Note the DM
correspondingly does not assert a specific preference structure but a
range within where their intended preference structure could be.

Criteria lower upper
area (km2) 0 10000
angle (degrees) 0 45
sun elevation (degrees) 0 90
cloud cover (%) 0 100
priority 0 4
Customer type 0 2
Price (euro) 0 20000
age (days) 0 14
uncertainty (02) 0 2

ences. Our approach extends this by including the threshold
values, which also affect the scoring procedure, making
a specific combination of weights and threshold values
equivalent to the DM’s preference structure. The weight space
of interest (WSOI) defined by the DM for the threshold values
is shown in Table 3, i.e., the range reflected by the lower and
upper bound for each threshold variable. Note the WSOI for
the weights of each variable is non-trivial as an experienced
DM with pre-existing knowledge of their preferences is
expected to have a more refined (smaller) WSOL

The interesting aspect of this WSA is to explore how
the outcome objectives behave in the different regions
of the weight space and whether some regions are more
favorable for all objectives. To investigate this, we choose
to separate the ranges of the weights and each criteria range
observed in Table 3 into 10 uniform regions. However,
due to dependencies and the high dimensionality, that
corresponds to 10**° different combinations of regions,
which is infeasible to analyze. Note for the 10 regions to
investigate, there are four parameters for each of the nine
criteria in the ELECTRE-III model. However, for a large
number of simulations, it is expected that some regions of
the weight space will produce significantly different outcome
objectives compared to other regions of the same criteria. The
average outcome objective for aregion [ is utilized as a metric
to compare different regions.

ZhEHl Objlnl

, 12
|H;| (12)

Mobji, =
where H; is the set of instances that fall within region [,
each of the hth observed values of objective-1 in region /
is denoted obj 0y and |H;| represents the total number of
instances in region /. Here, suppose we want to obtain an
accuracy « with a 95% confidence interval. In this case,
we can consider the observations of the simulation to be point
estimators for the outcome objectives of each interval, as well
as assuming the average outcome objectives to be normally
distributed for each interval given the central limit theorem.
Accordingly, the number of simulations required for stated

2
accuracy in each interval is % [51], [52]. For an accuracy «
of 0.025, the number of simulations required for each region

o 1962
I8 7000 = 1537
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FIGURE 6. Heat plot representing the average number of acquisitions
obtained from different ranges seen through 20,000 simulations.
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FIGURE 7. Heat plot representing the average cloud cover obtained from
20,000 simulations.
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FIGURE 8. Heat plot representing the frequency of following the priority
outcome objective obtained from 20,000 simulations.

For this reason, we conduct 20,000 simulations, where the
scenarios are generated based on 2,000 worldwide-located
customer requests and a two-second temporal resolution
on the satellite path, as well as the information previously
mentioned in Section III-A. The results from the WSA are
empirical and allow the DM to include their experience on the
range and, thereby, the significance of the difference between
measures.

To identify improving modifications on the preference
structure, we compute a significance test that utilizes the
computed experiments and a linear model for both the
continuous and binary response variables. We then define
the predictive variables as categorical variables where the
specific segment that each parameter belongs to yields the
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FIGURE 9. Heat plot representing the frequency of following the delivery
time or age outcome objective obtained from 20,000 simulations.

value. This is due to the knowledge that each parameter
does not necessarily have a linear effect on the objectives.
We report the p-values to represent the significance of each
interval, that is, the null hypothesis that the group means
are not different from the others. By utilizing categorical
variables, the test represents how significant the change
from an assumed base model to another model is. That is,
a specific interval is chosen instead of the one occurring in
the base model. Note the base model refers to the assumed
preference structure. Accordingly, the first segment will be
incorporated into the intercept, and the effect of moving from
one segment to another can be evaluated. Additionally, the
categorical features ensure that two segments of the same
parameter cannot be incorporated at the same time. Before the
simulation is conducted, a base preference structure must be
defined by the DM as the intercept. We assume, for simplicity,
the base preference structure to be the first segment of each
parameter in the WSOL

N N N
Yi=Bo+ D BiQij+ > BiPit+ D BuVim

j=1 I=1 m=1
N
+ z ﬁnWi,n
n=1
N N N
Ri=vyo+ Z ¥iQij + Z ViPig + Z YmVim
Jj=1 =1 m=1

N
+ D yWinViel

n=1
where Y; is the continuous response variable, R; is the
binary response variable, B and y are the linear regression
parameters for the continuous and binary response variable,
respectively, and Q;, P;, V;, and W; are the categorical
variables of each segment i on the WSOIL.

IV. RESULTS AND DISCUSSION

The results of the simulation are presented via the heatmaps
in Figures 6, 7, 8, and 9 and the p-values of Table 5, 4, 6,
and 7 indicate the significance of modifying the assumed base
model.
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The decision process of the operator can be seen in In
Figure 10, where the input (WSOI, number of intervals,
outcome objectives, and base preference profile) to output
(outcome objectives) relations can be investigated in greater
detail through the WSA. Additionally, the operator also is
suggested significant updates based on the significance test
results.

Consequently, the operator can through the WSA in
Figure 7 obtain the recommendation for minimizing the
average observed cloud cover as the following: set an
indifference value less than 0.2 of the range previously stated
in Table 3, i.e., a value of 20%; preference value of less
than 30%; veto threshold of less than 40%; and surprisingly,
a weight between 0.1 and 0.5 or of more than 0.9. The
preferred ranges of weight are probably due to the fact that
a higher weight will exclude the information stated in the
threshold values. This means the uncertainty information
will be completely excluded. Interestingly, this result mimics
some of the characteristics presented by Braess’ paradox [53].
Furthermore, the angle parameters should be set at a higher
indifference, preference, and veto threshold, where the
indifference threshold, in particular, should be set in between
0.4 and 0.8 of the defined criteria limit. In general, this means
that one should neglect the influence of incidence angle
when minimizing cloud cover. Similarly, if one were to make
changes compared to the assumed base preference structure,
then for the cloud objective, any change in the cloud coverage
parameters would lead to a significant change, as well as the
latter segments of any of the uncertainty and depointing angle
parameter segments. See Figures. 5-7.

For maximizing the number of acquisitions, we can deduce
the following recommendations based on Figure 6: generally
set a high indifference threshold for all criteria (especially
angle and uncertainty); generally set a high preference
threshold and veto threshold; and refrain from setting high
weights for any single criterion and therefore small weights
for the others. This means to set as equal weights as possible.
For this outcome objective, the large multi-dimensionality
becomes a problem, and a smaller WSOI should be analyzed
to uncover it better.

To follow the behavioral objective of always acquiring
priority 1 over priority 2,3, and 4, it can be seen in Figure 8
that the DM should set a higher indifference value for angle,
cloud cover, and age while setting low indifference thresholds
for priority, type, and price; the same pattern applies to the
preference threshold; set high veto thresholds for all criteria
except priority, type, and price; set weights s.t. priority, type,
and price in the range of 0.1 — 0.4 of its limit, while the
others should be in the first part of the range. Note that a
higher priority weight does not necessarily lead to acceptable
behavior; e.g., the weight for priority, type, price, and age
should be either the lower or higher segments of the range.

To follow the behavioral objective of always acquiring
requests with an age of 13 days or more relative to requests
with a lower age, it can be recommended that indifference
thresholds, in general, should be high for all criteria except
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TABLE 4. The p-values of the different segments of the indifference threshold parameters computed for the four objectives; maximizing the number of
acquisitions (UL), minimizing average cloud coverage (UR), accommodating the behavioral priority outcome (LL), and accommodating the behavioral age

outcome (LR), respectively.

| [1.2) [2.3) [3.4) [4.5 [5.6) [6.7) [7.8) [8.9

[9.1]] [1.2) [2.3) [3.4) [4.5) [5.6) [6.7) [7.8) [8.9) [9.1]

area 050 073 092 073 083 065 044 044 043 | 065 072 017 068 091 035 024 054 085
angle 064 034 004 098 0.1 058 031 021 084 | 031 000 000 000 0.00 0.00 0.00 0.00 0.00
sun 023 052 093 092 087 094 046 083 054 | 042 052 028 0.18 080 058 0.19 038 058
cloud 026 0.05 085 051 074 067 093 037 053 | 000 000 000 000 0.00 0.00 0.00 0.00 0.00
priority 023 027 088 026 036 032 041 094 011 | 067 062 071 059 097 075 043 033 029
type 1.00 086 024 050 025 092 047 023 043 | 066 093 060 0.09 037 08 089 031 013
price 068 041 003 075 092 083 077 010 064 | 069 056 095 020 080 016 061 093 036
age 080 044 083 090 055 040 030 043 032 081 041 048 047 065 041 005 087 041
uncertainty | 0.35 0.88 0.05 081 022 099 074 051 096 | 045 084 0.09 0.5 004 016 010 049 040
area 077 078 051 093 042 033 013 026 021 | 059 039 074 021 08 077 062 071 078
angle 005 081 014 034 056 002 001 008 006 | 073 093 041 010 082 0.01 0.00 0.00 0.03
sun 045 040 027 027 0.67 091 025 044 032 | 052 018 007 067 043 043 034 008 0.10
cloud 094 078 021 087 059 039 067 062 047 | 052 062 066 017 009 055 078 0.69 0.16
priority 002 0.00 025 006 0.04 078 026 058 024|079 038 035 050 063 08 093 056 0.82
type 026 034 068 095 098 087 036 065 097 | 028 021 051 079 042 040 0.10 0.65 099
price 008 016 080 020 095 098 065 097 091 | 015 054 024 039 070 006 023 026 011
age 038 029 0.18 065 081 056 091 09 025 | 045 048 096 045 0.14 055 043 063 027
uncertainty | 0.08 0.14 100 065 079 073 020 094 061 | 083 011 021 047 018 031 010 0.05 0.73

age, and the same applies for the preference and veto
threshold. The weight of all other criteria does not affect
the behavioral objective. However, the preferred range for
the weight of age should be 0.1 — 0.3. Due to the timely
delivery requirement, the DM may need to sacrifice the
quality criteria; this is also reflected in Figure 9 where angle,
sun elevation, and even customer type are closely related to
upholding this objective.

It is clear that these outcome objectives are conflicting;
however, when describing the preference structure through
this weight space, it is easier to find trade-offs between the
objectives, as one can quantify and evaluate them based on
informed grounds. For example, for the outcome objectives
of cloud cover, priority, and age, one can observe the general
proposal of setting a high indifference, preference, and veto
threshold for the area, angle, and sun elevation criteria.
Another common trait for these three objectives is to set low
indifference, preference, and veto threshold values for the
priority, type, and price criteria.

Most studies fail to consider the multi-criteria nature
of the problem, and they, therefore, ignore the aggregated
impact of some specifications in the scheduling. From our
analysis, we can observe that the indifference, veto threshold
values, and weights provide the DM with much more
flexibility and allow for the integration of a more robust
preference structure. In general, adding information about the
uncertainty of preferences through fuzzy sets can leverage the
decision-making environment significantly [54].

A. MANAGERIAL IMPLICATIONS

In a typical operational context, to make the best use of
satellite resources, the DM needs to express their preferences
accurately in order for the outcome of the scheduling process
to meet their expectations. To that extent, priorities are
assigned to each request, and scores are computed for
each imaging attempt depending on the criteria given in
Table 3. Previous scoring functions, as devised by the satellite
operation, are most often an average and weak compromise
between the quantity, quality, and timeliness of images
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delivered by the system. After the scheduling procedure, DMs
verify the selection of images by investigating the expected
quality of the included and the omitted customer request pool,
and if the scheduling output does not meet their expectations
regarding customer requirements, their options are limited
to changing request priorities, or suspending / re-submitting
requests to influence the subsequent cycles of the scheduling
procedure. The decision process of the proposed approach is
illustrated in Figure 10 and provides the following benefits to

improve satellite operations:
e The MCDM framework (here based on ELECTRE-

IIT) provides more insight into the different criteria
through indifference, preference, and veto thresholds,
while the weight can be set differently depending on the
type of request, customer, or application. Additionally,
it provides the capability of an intuitive a priori
integration of preferences which is compatible with
future operational requirements.

o The scheduling algorithm based on the ELPA provides
a good compromise between the quality of the schedule
and the run-time performance, such that operators
can quickly get feedback on how their preferences
may translate into a feasible schedule. Additionally,
it incorporates the multi-satellite framework, exploiting
the information symmetry of a centralized approach.
Similarly, it accommodates the stereo and strip request
characteristics.

e The WSA can be performed offline on a number
of typical scenarios to provide critical insight into
how the criteria weights and thresholds actually affect
the resulting schedule performance objectives. The
significance test allows the DM to identify significantly
positive corrections to the preference structure, and the
operators can locate a way to fix the threshold for each
criterion.

B. PERSPECTIVATION
The multi-criteria decision-making framework, the ELPA,
and the decision support information to the DM here
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TABLE 5. The p-values of the different segments of the preference threshold parameters computed for the four objectives; maximizing the number of
acquisitions (UL), minimizing average cloud coverage (UR), accommodating the behavioral priority outcome (LL), and accommodating the behavioral age
outcome (LR), respectively.

| 112 [2.3) [3,4) [4.5 [5.6) [67) [7.8) [8.9 [911] [12) [2.3) [3,4) [4.5 [5.6 [6.7 [7.8) [8.9) [91]

area 064 083 095 063 042 081 021 056 091 | 071 044 007 013 0.68 003 013 024 043
angle 003 0.01 014 025 003 007 030 022 0.2 | 045 076 085 055 098 040 072 094 094
sun 0.57 021 1.00 042 083 051 076 1.00 048 | 041 011 0.08 0.14 004 0.04 0.05 040 0.01
cloud 082 001 09 068 031 026 024 088 032 | 012 005 0.00 0.02 000 0.00 0.00 0.00 0.00
priority 024 068 044 021 069 056 08 08 0.9 | 020 075 030 055 091 033 089 030 0.67
type 020 045 046 014 0.11 018 060 0.14 0.04 | 0.77 0.60 091 036 0.65 085 048 074 0.80
price 076 1.00 092 087 026 068 055 088 043 | 066 1.00 062 035 055 088 007 070 0.58
age 088 065 09 067 072 042 042 027 098 | 022 023 0.3 019 042 092 037 087 094
uncertainty | 093 0.07 061 082 09 019 066 045 084 | 093 057 074 099 011 021 047 073 1.00
area 022 026 084 09 084 040 091 051 031 | 08 016 018 059 099 099 062 035 0.15
angle 077 0.67 053 066 045 090 041 034 029 | 037 052 046 035 090 092 092 091 052
sun 077 052 037 002 051 038 017 077 091 | 093 0.66 023 083 057 047 060 067 038
cloud 042 006 077 072 020 038 017 079 0.14 | 032 057 003 015 0.02 0.01 002 0.00 0.06
priority 087 0.02 003 015 0.01 004 003 0.01 002 | 022 02 007 058 013 035 010 041 042
type 001 006 0.00 001 057 032 070 0.08 008 | 011 014 0.2 003 013 0.08 015 001 0.12
price 026 071 038 039 091 017 028 022 0.1 | 025 020 065 026 0.65 069 032 014 035
age 038 0.18 015 007 051 088 057 032 057 | 008 094 009 012 062 09 080 074 0.3
uncertainty | 0.90 033 064 089 026 027 021 034 049 | 096 040 063 050 062 079 042 084 0.83

TABLE 6. The p-values of the different segments of the veto threshold parameters computed for the four objectives; maximizing the number of
acquisitions (UL), minimizing average cloud coverage (UR), accommodating the behavioral priority outcome (LL), and accommodating the behavioral age
outcome (LR), respectively.

| [1L,2) [2,3) [3.4) [4.5 [5.6 [67 [7.8 [8.9 [911] [L2) [23) [34) [45) [56 [67 [7.8) [8.9) [91]

area 005 0.19 0.02 007 027 005 005 013 0.07 | 08 097 093 079 0.8 09 09 058 0.73
angle 052 087 014 045 0.10 070 003 031 024 | 020 0.08 0.04 001 0.00 0.00 000 0.00 0.00
sun 055 007 069 089 062 055 076 070 061 | 068 090 097 056 030 028 021 022 025
cloud 029 0.5 027 081 025 011 034 020 033 | 001 000 0.00 0.00 000 0.00 0.00 0.00 0.00
priority 092 039 044 057 061 066 092 079 055 | 056 028 059 045 019 039 062 005 0.50
type 089 077 095 070 037 0.8 044 077 0.8 | 074 092 028 084 079 0.76 066 0.78 040
price 091 0.8 022 015 008 014 021 024 019 | 051 085 052 013 024 040 038 041 044
age 093 053 066 040 099 055 069 088 085 | 015 063 045 042 066 032 051 082 057
uncertainty | 0.53 050 077 094 097 037 078 074 0.88 | 006 006 028 0.01 0.05 003 0.00 007 0.02
area 006 049 0.04 001 0.03 0.01 001 0.01 000 | 024 008 0.3 003 003 0.07 011 0.03 0.00
angle 0.06 0.02 0.00 000 0.00 0.00 000 000 0.00 001 0.00 000 000 0.00 0.00 000 0.00 0.00
sun 0.01 0.00 0.03 005 0.04 0.01 001 003 0.00 ]| 058 097 045 071 087 064 028 041 0.79
cloud 067 078 038 066 024 076 052 046 045 | 095 046 017 030 044 044 055 058 0.54
priority 088 0.04 0.00 001 0.00 0.00 000 0.00 0.00 | 039 08 0.8 087 078 024 035 049 051
type 031 052 0.03 002 0.00 0.01 000 0.2 000 017 017 0.02 0.04 013 0.09 010 030 0.02
price 0.19 0.16 0.00 0.00 0.00 0.01 000 000 0.0 | 063 077 081 038 0.18 066 029 021 036
age 070 058 09 047 030 029 045 021 031 | 074 0.04 000 000 0.01 0.00 000 0.00 0.00
uncertainty | 0.07 042 058 0.64 011 092 025 0.18 026 | 079 009 016 0.19 020 025 070 037 045

TABLE 7. The p-values of the different segments of the weight parameters computed for the four objectives; maximizing the number of acquisitions (UL),
minimizing average cloud coverage (UR), accommodating the behavioral priority outcome (LL), and accommodating the behavioral age outcome (LR),
respectively.

| 11,2 [2,3) [3.4) [4.5 [5.6 [67 [7.8 [8.9 [911] [L2) [23) [34) [45) [56 [67 [7.8 [8.9) [91]

area 005 0.19 0.02 007 027 0.05 005 013 0.07 | 08 097 093 079 0.8 09 09 058 0.73
angle 052 087 014 045 0.10 070 003 031 024 | 020 008 0.04 0.01 000 0.00 0.00 0.00 0.00
sun 055 007 069 08 062 055 076 070 061 [ 068 090 097 056 030 028 021 022 025
cloud 029 015 027 081 025 011 034 020 033 001 0.00 000 000 0.00 0.00 000 0.00 0.00
priority 092 039 044 057 061 066 092 079 055 | 056 028 059 045 0.19 039 062 005 0.50
type 089 077 095 070 037 0.18 044 077 0.8 | 0.74 092 028 084 079 0.76 066 078 040
price 091 0.8 022 015 008 014 021 024 019 | 051 085 052 013 024 040 038 041 044
age 093 053 066 040 099 055 069 088 085 | 015 063 045 042 066 032 051 082 057
uncertainty | 0.53 050 077 094 097 037 078 074 088 | 006 006 028 0.1 005 003 0.00 0.07 0.02
area 006 049 0.04 001 0.3 0.01 001 0.01 000 | 024 008 0.3 003 003 0.07 011 0.03 0.00
angle 0.06 0.02 0.00 000 0.00 0.00 000 000 0.00 001 0.00 000 000 0.00 0.00 000 0.00 0.00
sun 001 0.00 0.03 005 0.04 0.01 001 003 0.00 | 058 097 045 071 0.87 064 028 041 0.79
cloud 067 078 038 066 024 076 052 046 045 | 095 046 0.17 030 044 044 055 058 0.54
priority 088 0.04 0.00 001 0.00 0.00 000 0.00 0.00 | 039 08 0.8 087 078 024 035 049 051
type 031 052 0.03 002 0.00 o0.01 000 0.02 000 017 017 0.02 004 013 0.09 010 030 0.02
price 0.19 0.16 0.00 0.00 0.00 0.01 000 000 0.00 | 063 077 081 038 0.18 066 029 021 036
age 070 058 09 047 030 029 045 021 031 | 074 0.04 0.00 000 0.01 0.00 000 0.00 0.00
uncertainty | 0.07 042 058 064 011 092 025 018 026 | 079 0.09 016 0.19 020 025 070 037 045
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FIGURE 10. A holistic illustration of the decision support system for the DM, indicating how the proposed
WSA is developed and how the preference structure can be iteratively improved based on informed
suggestions from a significance test. Essentially, aiding the DM in understanding the intricacies of the
problem scenarios, the system, and the collaborative effect of the multiple criteria affecting the decision

process.

have potential implications beyond the realm of EOS,
as they embody principles applicable to various optimization
problems - especially when integrating multiple objectives.
For instance, in disaster response and relief operations
to compromise the many different criteria efficiently and
in a scalable manner [55], [56], [57]; healthcare resource
allocation for the scheduling of medical staff, equipment, and
patient appointments in hospitals to optimize resource use
and patient care [58]; fleet management for logistics [59],
and urban traffic management to balance the many conflicting
requirements [60]. All of these problem domains require the
modeling of interdependencies in the solution space, as well
as efficient solution approaches that intuitively allow for
preference integration out-of-operation for a fast deployment.

V. CONCLUSION

The proposed three-stage solution procedure increases the
explainability of the system to human operators. It provides
valuable assistance to adequately express preferences and
manage conflicting and fluctuating customer requirements in
an uncertain environment. Although we consider nine differ-
ent criteria, the scoring scheme makes the problem context
analytically simple, as it is possible to neglect the operational
a posteriori integration of preferences or hard constraints
associated with the problem. We also found that the ELPA
approach seems to perform within 2% of the objective func-
tion value compared with an exact solver for smaller problem
scenarios, while it efficiently solves large-scale problems,
as opposed to the exact approach, which fails. Compared
to the random and greedy approaches, the ELPA has
significantly higher performance, which stems from its ability
to manage interdependencies efficiently. The complexity of
the problem is very dependent on the number of nodes |N|,
and especially the number of interdependent sets |B|. When
|B| is high, the performance of the ELPA is much higher than
that of the greedy and random approaches, and when |A| is
high, the runtime is higher for all approaches. Finally, and
most importantly, the WSA and significance test conducted
in the study can always serve as a decision support tool to ease
operation and understanding in both the day-to-day schedul-
ing process and the long-term strategic decision process.
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Nonetheless, there exist several limitations to the research.
Some assumptions could be relaxed to reflect more tangible
insights. The price is assumed to remain uniform, which
is inconsistent with commercial EOS imaging. In reality,
it depends on the total size of the area, quality specification,
satellite type, and even the waiting time of customers.
Therefore, one of the next challenges is to integrate the
influence of such industrial practices into the scoring system.
Additionally, behavioral outcome objectives are still difficult
to accommodate through the proposed ELECTRE-III scoring
model. Therefore, it would be interesting to introduce
linear or non-linear extensions to the criterion threshold
or to incorporate reference actions for assigning scores
as the ELECTRE-Score method [61]. Lastly, utilizing the
developed scenario generator and solver in EOSpython to
provide analyses for the design of EOS constellations in terms
of the expected results one can obtain from certain orbit
selections, platform characterstics, sensor types, etc, is of
particularly high interest.
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