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1    Introduction

With the rapid development and popularization of world-
wide  aerospace  industries  over  the  recent  decades,  the
optimization  requirements  of  multi-satellite  management
have  exploded  significantly.  The  latest  data  show  4852
operational satellites orbiting the earth, of which the US,
China, and Russia own 2944, 499, and 169, respectively.
Therefore,  how  to  manage  and  schedule  effectively
hundreds  of  satellites  to  conform  to  the  developing  and
popularizing aerospace tendency emerges as a worldwide
problem.
The  satellite  scheduling  problem  is  a  real-world  com-

binational  optimization  problem  that  models  satellite
resources and tasks and then maximizes their benefits via
optimization  algorithms,  subject  to  certain  constraint
conditions.  Compared  with  classical  combinational  opti-
mization  problems  in  operational  research,  satellite
scheduling problems often show great real-world charac-
teristics  of  high  complexity,  uncertainty,  and  modeling
difficulty  (Karapetyan  et  al.,  2015;  Wang  et  al.,  2021;
Zhang and Xing, 2022), which could hardly be addressed
by  mainstream  optimization  techniques  in  theoretical
studies. Furthermore, the hundreds of satellites that differ
in payload modes, orbital maneuver abilities, and energy

using rules have made a great deal of management trou-
ble,  particularly  in  the  scheduling  system  development
and  application.  Currently,  various  satellite  scheduling
systems are independently developed and working without
interaction, resulting in great difficulties in multi-satellite
operation,  management,  and  coordination.  Troubled  by
these  issues,  the  satellite  management  agencies  strongly
need  an  intelligent  and  overall  engine  to  solve  multi-
satellite  scheduling  problems.  Thus,  the  development  of
the engine turns into an important research and engineer-
ing topic.
In  the  computer  field,  “engine”  refers  to  the  core

program  or  system  component  developed  on  computer
platforms,  such  as  game  and  search  engines,  which  can
support developers to build program and system functions
quickly. In the optimization field, a “scheduling engine”,
also known as a “scheduler”, refers to a general-purpose
solver  for  certain  types  of  optimization  and  scheduling
problems,  such  as  the  well-known  CPLEX  (by  Interna-
tional  Business  Machines  Corporation  (IBM))  and
Gurobi.  Despite  the  fact  that  CPLEX and  some  satellite
scheduling  solvers  such  as  Europa2  and  STK/Scheduler
have  been  developed,  they  did  not  show  qualified
compatibility,  extensibility,  and  performance  that  can
assist in operating satellite scheduling with complex real-
world  constraints.  Under  such  circumstances,  to  fulfil
current  and  future  requirements,  satellite  management
agencies  prefer  a  flexible,  compatible,  expandable,  and
easy-to-use solver with state-of-the-art algorithms, which
is  named  “satellite  scheduling  engine”  in  this  study.
With  this  engine,  multi-satellite  management  could  be
promoted efficiently and conveniently with more powerful
optimization  techniques  and  less  rework,  contributing  to
the  prosperity  and  development  of  worldwide  aerospace
industries in the new decades.
In  the  remainder  of  this  paper,  the  related  solvers  in

terms of mathematical programming, spacecraft schedul-
ing,  and  heuristics  will  be  reviewed.  Then,  several  key
techniques  of  models,  algorithms,  and  frameworks  will
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be discussed to develop the satellite scheduling engine. A
framework  of  this  study  is  shown  in  Fig.  1,  where  the
main  opinions  of  the  paper  are  outlined  for  smooth
reading.

 

2    Related solvers for satellite scheduling
problems

 2.1    Mathematical programming solvers

Mathematical  programming  solvers,  such  as  IBM
CPLEX,  Gurobi,  FICO Xpress,  and  Cardinal  Optimizer,
can model the satellite scheduling problems as linear and
other programming problems and solve them by efficient
built-in  algorithms  such  as  Simplex  and  branch-and-
bound. Among those solvers, CPLEX developed by IBM
is  best-known  and  has  been  adopted  in  many  satellites
scheduling studies.  It  is concise, easy to understand, and
compatible  with  mainstream  programming  languages
such  as  C++,  Java,  and  Python.  In  many  benchmark
problems  of  operational  research,  CPLEX  keeps  the
best records.

However,  mathematical  programming  solvers  could
hardly  tackle  complex  nonlinear,  large-scale,  and  over-
constrained satellite scheduling problems with real-world
aerospace characteristics. For example, Xiao et al. (2019)
formulated the satellite imaging and downlink scheduling
problems as a flexible job-shop model, but CPLEX spent
at least 7200 s solving this model with only 20 tasks. Liu
et  al.  (2017)  simplified  and  linearized  the  ladder  time
constraints of agile satellite orbital maneuver, but CPLEX
can only address 12 tasks at most. Wang et al. (2010) and
Xu  et  al.  (2016)  combined  CPLEX  with  local  search
heuristics,  but  the  100-task satellite  scheduling still  took
up  to  1800  s.  Thus,  mathematical  programming  solvers
could not efficiently address real-world satellite schedul-
ing  problems  within  acceptable  running  time,  especially
as  the  size  and  complexity  of  these  problems  would
be continuously increased in the recent future.

 2.2    Spacecraft-oriented solvers

Some spacecraft scheduling software has been developed
and  applied  to  solve  satellite  scheduling  problems,  such
as  Europa2  and  STK/Scheduler.  Europa2  is  the  second

 

Fig. 1    Summary of current solvers for satellite scheduling problems and key techniques required to develop a satellite scheduling engine.
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generation  of  extensible  universal  remote  operations
architecture  developed  by  the  US  National  Aeronautics
and Space Administration (NASA) for spacecraft planning
problems. It  integrates new domain description language
and  constraint  propagation  techniques  and  has  been
applied  to  some  operating  satellite  systems  (Muscettola
et al., 1998; Tran et al., 2004; Liu et al., 2012). However,
Europa2 was initially designed for spacecraft action plan-
ning problems that arranges action sequences to complete
short-term  missions  rather  than  the  long-term  spacecraft
scheduling  problems  that  properly  allocate  resources,
including  payloads,  energy,  and  data  storage  space  over
time. To address the multi-satellite scheduling problems,
Europa2 shows the following: 1) It lacks the optimization
mechanism  that  iteratively  produces  better  solutions
driven  by  certain  objective  functions.  2)  The  constraint
propagation techniques built in Europa2 are only efficient
in small-size problems in real-world applications. 3) The
latest  version  of  Europa2  (2.6)  was  released  in  2011
without  continuous  updating.  Despite  that  NASA
released  a  new  open-access  scheduling  and  planning
interface  for  exploration  (OpenSPIFe)  in  2015  based
on  Europa2,  few  further  developments  or  applications
occurred in recent years.
STK/Scheduler  is  a  general-purpose  solver  developed

by the US Orbit Logic Corporation for satellite scheduling
problems.  As  a  plug-in  of  Space  Tool  Kit  (STK),  it  can
easily  construct  satellite  scheduling  models  with  STK
data  and  solve  them  using  built-in  algorithms.  Orbit
Logic describes STK/Scheduler as a solver “for any type
of space system scheduling”, and attributes its advantages
to  the  “unique  approach  to  task  and  resource  definition
along  with  the  powerful  algorithm  implementation”.
With this solver, Li et al. (2012) modeled the relay satellite
scheduling  problem  considering  some  basic  constraints.
Bai et al. (2010) pointed out that multi-pass and random
algorithms  among  the  five  built-in  algorithms  outper-
formed  in  his  STK/Scheduler  application  scenarios.
Gokhale et al. (2019) applied STK/Scheduler to perform
communication  scheduling  among  US  Landsat  satel-
lites.  Meanwhile,  practical  applications  indicate  that:
1)  Although  STK/Scheduler  is  user-friendly  and  stan-
dardized, it is still difficult to address complex real-world
modeling  and  secondary  developments.  2)  It  lacks  the
dynamic-response  function  that  adjusts  tasks,  time
windows,  payloads,  and  satellites.  3)  The  built-in  algo-
rithms  exclude  current  mainstream  optimization  (meta-)
heuristics,  such  as  Tabu  search,  simulated  annealing,
evolutionary algorithms, and memetic algorithms, and the
user’s  guide  has  not  been  updated  since  2006.  Nonethe-
less,  an  online  version  of  STK/Scheduler  was  released
(Herz et al., 2013) and applied to satellite range scheduling
problems,  where  the  core  functions  such  as  scenario
modeling  and  scheduling  can  be  accessed  online  by
remote  users,  presenting  a  new  way  for  the  future  app-
lications of satellite scheduling solvers.

 2.3    Heuristic solvers

With  the  recent  development  of  (meta-)heuristic  algo-
rithms,  some  general-purpose  heuristic  solvers,  such  as
PlatEMO and OptaPlanner, are developed for addressing
combinational  optimization  problems.  PlatEMO  is  an
open-access  evolutionary  multi-objective  optimization
platform  developed  by  Anhui  University  and  University
of Surrey (Tian et al., 2017) in Matlab. It integrates more
than  150  algorithms  and  continuously  updates  state-of-
the-art  algorithms.  With  PlatEMO,  Du  et  al.  (2019)  and
Wei  et  al.  (2021)  modeled  the  simplified  satellite  range
scheduling and imaging scheduling problems and solved
them by  built-in  algorithms.  However,  current  PlatEMO
applications  based  on  evolutionary  algorithms  have  not
shown enough applicability and effectiveness in addressing
complex  real-world  satellite  scheduling  problems.  Thus,
more algorithmic studies and examinations are required.
Different  from PlatEMO,  OptaPlanner  is  developed  in

Java  based  on  another  kind  of  heuristics,  local  search
algorithms, including hill climbing, Tabu search, simulated
annealing, and late acceptance. It is also open-access and
frequently  updated  to  improve  its  accessibility  and
performance  in  real-world  applications.  The  latest  Opta-
Planner released in 2022 integrates over 30 well-designed
optimization  demos,  such  as  vehicle  routing,  employee
rostering, conference scheduling, and school timetabling,
but the aerospace application area has not been involved.
Despite  the  current  application  issues  of  PlatEMO  and
OptaPlanner, these kinds of heuristic solvers with state-of-
the-art  algorithms  show  great  potential  and  achievable
solutions for the multi-satellite management discussed in
this paper.

 

3    Key techniques in the development of
the satellite scheduling engine

Regarding the complementary advantages and shortcom-
ings of the solvers mentioned above and to implement the
flexible, compatible, expandable, and easy-to-use satellite
scheduling  engine  with  state-of-the-art  algorithms,  some
new techniques ought to be developed, including but not
limited to the following.

 3.1    Unified modeling method and language for satellite
scheduling problems

Unified  modeling  methods  and  languages  are  necessary
to  describe,  model,  and  solve  problems  in  a  compatible
and  easy-to-use  manner.  Du  et  al.  (2021)  indicated  that
many satellite  scheduling models  have great  similarities,
concentrating on the visibility among tasks and resources
in domains of time, space, or frequency. Thus, the unified
modeling  can  fit  well  and  greatly  assist  in  the  efficient
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re-use of satellite scheduling basic models. For example,
in different satellite scheduling problems, users can easily
format  targets,  satellites,  payloads,  orbits,  and  time
windows  (including  the  relationship  among  them)  via  a
unified  modeling  method  and  language  and  construct
standardized combinational optimization models in a user-
friendly way. Nonetheless, given the lack of special char-
acteristics  of  combinational  optimization  and  satellite/
spacecraft applications, commonly used unified modeling
languages  are  difficult  to  model  complex  real-world
satellite  scheduling  problems.  Consequently,  developing
a  unified  modeling  method  and  language  is  necessary.
They  integrate  satellite  scheduling  and  combinational
optimization  characteristics,  providing  standardized  and
general-purpose  modeling  basis  for  further  algorithmic
development for the satellite scheduling engine.

 3.2    High-performance and general-purpose algorithms for
real-world satellite scheduling

High-performance  optimization  algorithms  are  also
required, especially in real-world and large-scale satellite
management  scenarios,  to  solve  the  satellite  scheduling
problems  modeled  by  the  unified  modeling  method  and
language.  Despite  many  well-designed  algorithms  with
good  performance  in  previous  studies,  such  as  local
search (meta-)heuristics (Luo et al., 2017; He et al., 2018),
evolutionary  algorithms  (Song  et  al.,  2020;  Chen  et  al.,
2021),  and memetic algorithms (Du et al.,  2019),  few of
them have been applied to operating satellites because the
real-world  complexity  and constraints  cannot  be  ignored
or  simplified.  For  example,  Peng  et  al.  (2019)  designed
several  efficient  algorithm  operators  when  they  studied
that  an  agile  imaging  satellite  scheduling  problem could
be  simplified  as  an  orientating  problem.  However,  those
problem-dependent operators probably cannot work well
considering the downlink and onboard data-erasing opti-
mization  required  by  operating  satellites.  Furthermore,
the increasing operational satellites cause “combinatorial
explosion”  and  require  state-of-the-art  algorithms  with
higher  performance  and  lower  time  consumption.  The
algorithms include but are not limited to heuristics, meta-
heuristics,  hyper-heuristics,  learning-based  and  data-
driven  algorithms,  self-learning  algorithms,  and  parallel
and distributed computing. Developing high-performance
and  general-purpose  algorithms  for  satellite  scheduling
problems, especially for real-world and large-scale prob-
lems often omitted in previous studies, is of great impor-
tance in implementing the satellite scheduling engine for
operating satellite systems.

 3.3    Autonomous frameworks and algorithms for future
large constellation self-scheduling

When the operating satellite number increases to a certain
extent,  such  as  the  thousands  of  satellites  in  the  current

StarLink constellation, conventional ground-based sched-
uling  frameworks  would  be  incompetent  to  support
the  large  constellation  scheduling  with  acceptable  com-
puting  resources  and  time.  Under  such  circumstances,
new  autonomous  satellite  scheduling  frameworks  that
perform  thousands  of  satellite  self-scheduling,  negotia-
tion,  organization,  and  decision-making  would  be  requi-
site. Recent studies (Zheng et al., 2019; Yang et al., 2021)
have  clarified  the  autonomous  satellite  scheduling
tendency  and  made  efforts  on  some  small  constellations
with  special  configurations  or  purposes.  However,  few
show  general-purpose  solutions  for  future  large  constel-
lations  where  many  technical  difficulties  need  to  be
addressed.  Besides,  the  autonomous  frameworks  and
algorithms ought to be developed via the unified modeling
method  and  language  for  satellite  scheduling  problems
mentioned above;  otherwise,  the autonomous scheduling
and  management  of  future  constellations  could  not  be
unified  and  compatible  with  each  other.  Autonomous
satellite scheduling should also depend on the aforemen-
tioned  high-performance  optimization  algorithms  given
that  the  self-scheduling  of  certain  satellites  onboard  still
belongs  to  combinational  optimization  problems  and
requires further development of state-of-the-art optimiza-
tion algorithms.

 3.4    A modular system framework to support and integrate
the developing key techniques

With the developing key techniques, a flexible, compati-
ble,  expandable,  and  easy-to-use  system  framework  is
finally needed for the satellite scheduling engine develop-
ment and application. According to the studies and appli-
cation experience over the years, a preliminary framework
that decouples the modeling, constraints, and optimization
in  satellite  scheduling  problems  is  given  in  Fig.  2.  The
framework  includes  three  main  modulars:  1)  Modeling
modular  applies  the  unified  modeling  method  and
language to format the scheduling problem for combina-
tional  optimization.  In  this  modular,  the  inputted  tasks
and  resources  will  be  generally  modeled  with  proper
decision variables first, where all the real-world problem
data can be instantiated and interlinked. Thus, the solutions
can  be  encoded  into  a  numerical  format  and  function  as
interfaces  so  real-world  problem  data  can  be  freely
accessed via neighborhood structures in the optimization
loop over time. 2) Constraints modular reports the feasi-
bility  and objective of  given solutions via  interfaces and
provides  important  criteria  for  optimization  algorithms.
The  constraints,  especially  those  diverse  and  complex
constraints,  are  separated  from  the  modeling  modular
herein because they have made a great deal of trouble and
must  be  managed  and  processed  in  an  independent  and
expandable  manner.  3)  Optimization  modular  adopts  the
high-performance  and  autonomous  algorithms  and  other
optimization techniques to modify (the values of) decision
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variables  intelligently,  reproduce  neighboring  solutions
iteratively,  and  output  satellite  scheduling  results.  With
feedback  from  the  constraints  and  objective  function,  a
closed optimization loop can be implemented among the
decoupled  modulars  in  this  framework.  Based  on  this
kind  of  framework,  the  developing  modeling  and  opti-
mization  techniques  can  be  flexibly  configured  in  the
satellite scheduling engine to support overall and efficient
multi-satellite scheduling in the recent future.

 

4    Conclusions

This  study  proposes  to  develop  an  intelligent  solver
called a satellite scheduling engine to address the overall
and  efficient  multi-satellite  management  of  increasing
operational  satellites.  This  study  made  the  following
contributions.  First,  the necessity  to  develop the satellite
scheduling engine under current and future multi-satellite
management background is clarified. Second, the advan-
tages  and  shortcomings  of  the  current  three  types  of
solvers  for  satellite  scheduling  problems  are  reviewed.
Finally,  three  key  techniques  required  and  a  preliminary
system framework to implement this engine are discussed
and illustrated.
Future  work  should  include  more  efforts  to  address

technical difficulties to develop and implement the satellite
scheduling  engine’s  key  techniques  and  system  frame-
works.  Also,  the  techniques  and  frameworks  should  be
verified by more real-world satellite scheduling problems
rather than simplified problems. With these development
and  future  applications,  multi-satellite  management

would  be  efficiently  and  conveniently  conducted  with
more  powerful  optimization  techniques  and  less  rework,
contributing to the prosperity and development of world-
wide aerospace industries in the new decades.
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