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Abstract. Traditional satellites are designed and developed according to specific
functions, resulting in large size, high price and long development cycle. With
the rapid development of small satellite technology, the satellite has higher and
higher degree of modularization. Similar to smartphones, satellites can dynami-
cally upload “Apps” in-orbit, achieving the transition from “function satellites”
to “smart satellites”. In view of the rapid, efficient and reliable development of
on-board software, a model-driven software development framework and a devel-
opment tool chain are proposed in this paper. To solve the problems of lack of
standardized architecture in on-board software development, poor communication
of various development stages, serious coupling of software and hardware, and
low automation, the framework adopts unified architecture, standardized compo-
nents, configurable integration and automatic code generation. The development
tool chain provides a complete set of tools for entire on-board software develop-
ment based on the model-driven framework. It improves the software reusability
by decoupling software design from hardware platform and shortens the develop-
ment period by automatically connecting the various development stages. Finally,
this paper demonstrates and assesses the process of developing iSat-1, which is a
CubeSat for function in-orbit defined experiment.
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1 Introduction

RADITIONALLY, how to design, build, test, and launch satellite is mainly
“requirements-driven” [1]. In order to provide reliable telecommunications, broadcast-
ing, remote sensing, meteorological services, navigation, positioning, etc. and sustain
long-term operation in the hostile space environment, these satellites are usually bulky
and expensive, need to be carefully qualified and tested, and take several years to develop.
Therefore, after the satellite enters orbit, the technologyusedmay lagbehind the technical
level for more than ten years.

Small satellites are dedicated to achieve a significant reduction in volume, mass,
development time and cost by taking advantages of modern technologies (e.g., inte-
grated circuits, digital signal processing, MEMS, and additive manufacturing) [2]. The
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development of small satellite will combine with rapid development model implemented
by small agile teams [3] and typically use commercial off-the-shelf (COTS) to design and
manufacture satellites. In recent years, small satellites have provided a low-cost platform
for spacemissions and played an increasing important role in space exploration, technol-
ogy demonstration, scientific research and education. Therefore, the rapid development
of on-board software is more urgent [4, 5].

With the emergence of the small satellite constellation projects and the deep con-
struction of the space information system, the production and application mode of small
satellite will undergo profound changes. At the beginning of the 21st century, smart
phones quickly replace the old mobile phones that were restricted to a few sets of tasks
such as calling and texting. By dynamically installing “Apps”, smart phone can provide
dedicated date for different users and accomplish specific tasks [6, 7]. In addition, var-
ious applications of smartphones can run on hardware produced by different vendors.
Similarly, the on-board software is also can be developed in the form of “App”. The
“App” is able to become a portable entity and run on various satellite hardware platform.
This new pattern can bring the following benefits [8–12].

1) Enlarge the production scale of satellite.With the separation of software development
and hardware production, satellite hardware can achieve large-scale general-purpose
production like computers and mobile phones.

2) Enhance the ability of precision service. By uploading personalized “Apps” to
satellites, it can provide users with fast and accurate customized services.

3) Accelerate the development of the satellite industry. Software is more flexible and
reusable than hardware. It is easier to meet all kinds of new application scenarios
and requirements by upgrading.

At present, some organizations have conducted related research. They hope to mod-
ularize the original on-board software and improve the platform independence, portabil-
ity and reusability of onboard software. NASA’s Goddard Space Flight Center (GSFC)
designed a multi-project core flight system called cFS for space rapid response [16, 17].
cFS is a component-based software production line and a platform-independent flight
software environment with key feature including support for rapid assembly support for
dynamic loading and integration, support for automated document generation and test
cases. The CubeSat Laboratory of Vermont Technical College developed the reusable
software package CubedOS for CubeSat [18]. CubedOS provides a robust software plat-
form for the CubeSat’s mission, which simplifies the development of CubseSat flight
software. It is similar to cFS. The difference is that CubedOS is written in SPARK and its
key parts are verified to ensure its operational reliability. The Flight Instrument Reuse &
Standardization Library (FIRSL) encapsulates the constantly updated device drivers and
exposes the basic functionality of a common aerospace instrument. The framework uses
an object-oriented approach to separate the conceptual operation of abstract devices
from the physical devices in the real world. FIRSL provides a portable and unbound
interface between applications and device controllers with high reusability, portability
and extensibility [19]. In addition to the above projects, TERMA company built the
on-board operation platform called OBOSS and P&P company built a reusable software
framework using an object-oriented approach for AOCS [20].
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In addition to the research on the modularization of on-board software, there is also
the research on the software definition of satellite. It is inspired by software defined
radio (SDR). At present, the standard software architecture of the SDR mainly includes
Software Communication Architecture (SCA) and Space Telecommunications Radio
System (STRS). In 2012, the International Space Station carried out three SDR payload
for technical verification, which was developed by Haris. NASA researched on the use
of cFS to implement STRS [21]. The “Eutelsat-quantum”, designed by European Space
Agency (ESA) and Eutelsat, is a software defined payload satellite [22]. It changes
the parameters of the communication payload by software defined to achieve functional
reconfiguration [20]. The satellite is expected to launch and conduct in-orbit experiments
in 2019. The above projects are mainly to implement SDR on the satellite platform and
do not achieve a totally software defined satellite. The Institute of Software, Chinese
Academy of Sciences (ISCAS) organized the Software Defined Satellite Technology
Alliance in 2017 [21, 22]. The alliance aims to create an open source platform-level
software solution for satellites using common computing platform, creating the condi-
tions for flexible software definition and expansion of satellite capabilities [23]. The
first experimental satellite “Tianzhi-1” for verifying the technology was launched in
November 2018.

Themodular software projects and software defined satellite projects described above
illustrate the growing importance of on-board software. On-board software will become
the “soul” of the satellite, in the near future. At present, most of the development of
on-board software is based on the method of embedded software development. It lacks
theoretical methods and specific tools for on-board software development [24]. Many
development tools can only be used on certain satellite platform. The model-driven
software design method uses the model as a unified description of each stage of soft-
ware development and ensures the consistency of each design stage through automation
tools [25]. This method has been used in software development in many fields, such as
automotive electronics [26], avionics [27], robotics [28], etc. But these work are not fit
into the satellite on-board software. Therefore, we aim to solve the problem that adopts
model-driven method to satellite on-board software.

With regard to this, the contribution of this paper has the following three points:

1) A model-driven framework for satellite on-board software is proposed to adopt uni-
fied architecture, standardized components, configurable integration and automatic
code generation.

2) The meta-models of atomic components and composite components in the satellite
software field are designed and the model conversion constraints are given. The
engineering realization of the meta-model is given based on gmf.

3) The method and process of satellite on-board software development under model-
driven framework are given, and the development tool chain is realized based on
eclipse, which can provide complete development tools, management software, and
analytical assessment reports to automate the design of software and enhance the
consistency and maintainability of the development process.

This paper is organized as follows: Sect. 2 describes the transformation of satellite
design patterns, analyzes the reasons for the change, and looks forward to the future
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development direction of satellites. In addition, an overview of the on-board software
technology and software defined satellite projects is presented. Section 3 proposes a
model-driven satellite software development framework, describing the development
goals, architecture and development process of the framework. Section 4, based on
the software development framework, proposes the corresponding software develop-
ment tool chain, which provides a complete set of development tools for on-board soft-
ware. Next, Sect. 5 demonstrates an application of the development tool chain with an
instance of developing on-board software of a CubeSat named iSat-1 and assesses the
development tool chain. Finally, Sect. 6 concludes the paper.

2 Related Works

2.1 The Transformation of Satellite Development Patters

The design concept of satellite has been slowly evolving since the launch of the first
satellite for more than 60 years. In combination with the development trend of other
electronic systems, such as computers, mobile phone, ATS (Automatic Test System),
etc., they are all moving in the direction of increasing modularity [8].

Discrete Component Design Approach. At first, limited by the level of electronic
devices, satellites use a discrete design approach.Thehardwaremostly uses discrete com-
ponents and the software uses low-level languages, such as C or assembly language. This
satellite function is simple andmainly completed by hardware. According to themission,
the satellite is decomposed into sub-systems, such as TM/TC (telemetry/telecommand)
subsystem, AOCS (attitude and orbit control subsystem), PCDU (Power Conditioning
and Distribution Unit), OBDH (On-Board Data Handling) subsystem, etc., and designed
separately. All the sub-systems will be tested and integrated.

Since the satellite has just appeared in the world, there is no ready-made experience
to learn from. This discrete design approach can meet the space task requirements well.
However, it takes too much time, money and manpower to development a satellite.
Moreover, the satellites designed in this way have a low degree of modularity. Each sub-
system cannot be customized, replaced or upgraded throughout the life of the satellite.

Platform and Payload Design Approach. With the advancement of electronic
devices, the satellite design gradually evolved into a common platform and payload
design. By reusing the common platform and carrying different payloads, the satellite
can perform a variety of space missions. The on-board software is also divided into plat-
form software and payload software, which can be designed separately and exchange
data though reserved interface.

However, due to the strong correlation between the platform and the payload, it has
been proved by practice that the common platform has limited adaptability and can only
satisfy several payloads with very close characteristics. Additionally, this development
approach still does not change the feature that the function is too dependent on the
hardware. The change of hardware electrical characteristic and interface parameter will
cause the software to be unusable. The development of software always needs to wait
until all the hardware design is completed and the interface functions are written. This
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is a waterfall development approach that is inefficient and time consuming. In general,
satellites have a certain degree of modularity in this design approach. However, due
to the tight coupling between the platform and the payload, only the same or similar
functional modules can be replaced or upgraded.

Modular Design Approach. Based on the platform design approach, the modular
design approach was discussed at the 19th Annual AIAA/USU Conference on Small
Satellite held at the University of Utah in August 2005 [9, 10]. The approach divides
the satellite into a series of standardized and generalized modules according to func-
tions. Depending on the mission requirements, the developer of satellite can select and
combinate these modules to develop satellites.

This method is proposed for many reasons. The level of embedded processors has
increased. For example, the embedded processors (ARM) begins to be widely used in
satellites. The embedded multi-tasking operating system (Vxworks, Linux) continues to
mature. The in-depth application of object-oriented high-level programming language
(C++, Java) makes software compatible with the difference of the various hardware
platforms.

The satellite designed by the modular design approach has a structured mapping
between the function and the actual components. The components can be connected to
each other though standard interfaces. Through the standard interfaces, each module
can be freely replaced or upgraded without damaging other parts of the system. This
is very similar to a personal computer. Users can customize and upgrade quickly and
easily according to their application requirements. However, for the current satellites,
the interface between the modules are not fully standardized. It is not yet possible to
achieve plug-and-play, raid customization and replacement of the modules like personal
computer. The development of satellite modularization is advancing. Some new concept
satellites, such as plug-and-play satellite (PnPSat) [11], Satlets [12], fractionated satellite
[13], has been proposed. They tried to develop standardized interfaces to facilitate the
modular manufacture of satellite. The degree and proportion of satellite modularization
will continue to increase.

Software Design Approach. The development of ATS has gone through special-
purpose instruments, bench-top building instruments, module-integrated instruments,
and virtual instruments [14]. Similarly, after achieving a fully modular design, satellites
will also move toward software design approach. The software design approach means
that the functionality of the satellite will be defined by on-board software. The hardware
only plays the role of providing basic platform.

Moreover, the next generation of satellite will also move toward networking. After
fully implementing the modular design approach, the modularity of a single satellite
has reached a peak. In order to adapt to more complex environments and implement
more functions, it is necessary to expand a single satellite to the satellite network. This
is consistent with the current development trends of Internet and Internet of Things.
The distributed structure provides new capabilities to the system, and the concept of
modularity will shift from static to dynamic [15].

In summary, after more than 60 years of development, the modularity of satellite is
getting higher and higher. Satellite software has evolved from being part of the hardware
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to a major part of the satellite. Software has also evolved from highly customized to
more flexible applications. Traditional embedded software development methods have
not been well adapted to the new features of on-board software. Therefore, research on
satellite software development methods and tools is needed.

2.2 The Research of On-Board Software Development Tools

On-board software is a complex high-tech system. Generally, it does not have a complete
and friendly development environment as a general-purpose computer system. Devel-
opers usually use the command line to encode, compile, link, etc. Therefore, providing
a development tool that is easy to grasp and use can effectively reduce the development
difficulty of on-board software, improve the time-return rate of users and programmers,
and shorten the development cycle.

Currently, most of the on-board software development adopts an embedded devel-
opment environment based on a specific hardware platform, and there are not many
development tools dedicated to satellite software. Some institutions and companies have
conducted research on satellite development tools. The GenerationOne Flight Software
DevelopmentKit (FSDK), developed byBright ascension, is a development environment
for rapidly building a satellite software framework that allows the creationof task-specific
spacecraft flight software using configurable off-the-shelf software components. It uses
a component-based approach to software development that combines custom software
components with previously validated library components to quickly develop reliable
flight software for easy code reuse and easy integration of new features. In addition, it
provides a more streamlined approach to testing and integration. OpenSatKit provides
a complete, fast-deployed cFS-based development environment for onboard processors,
reducing the cost of satellite software development, integration, testing and operation.
The Safety-Critical Application Development Environment (SCADE) is a model-driven
software development environment. It transforms Simulink models or UML models
into SCADE models and provides detailed support for software requirements, enhanc-
ing traceability of software requirements. It also supports automated generation from
models to code, as well as automatic generation and maintenance of documentation at
all stages. NASA Operational Simulation for Small Satellites (NOS3) was developed
by the JSTAR team. It allows multiple developers to simulate hardware models and test
flight software.

In summary, most of the above satellite software development tools are based on
specific tasks or specific software systems, such as cFS. SCADE is based on a model-
driven architecture, but it is not a development tool for satellite software, and there are
problems in the use of models. Therefore, we have proposed corresponding development
frameworks and tools aimed at rapid development of software components and flexible
deployment of software on heterogeneous hardware platforms.

3 A Model-Driven On-Board Software Development Framework

Given the advances in the hardware technologies software development in general is
becoming an increasingly complex activity. However, the time for satellite development
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is getting shorter and shorter. At present, the degree of automation in the develop-
ment process of on-board software in relatively low. Different methods and languages
of description are used in each part of the development process. There is a lack of
corresponding standard specifications. As a result, on-board software development is
time-consuming, prone to human error, poor reusable, and unable to flexibly adapt to
changes in task [29].

In order to fundamentally promote and standardize the further development of mod-
eling technology, theObjectManagementOrganization (OMG) proposed a new software
development framework in July 2001, the model-driven architecture (MDA). MDA uses
the modeling language as a programming language to take software development to a
higher level of abstraction and ultimately to separate problem domains, business logic,
and implementation platforms. It divides software development into three steps, cor-
responding to three types of models. They are computing-independent model (CIM),
platform independent model (PIM) and platform specific model (PSM). CIM focuses
on the system environment and requirements. PIM focuses on system operations and
hides platform details. It usually describes in a platform-independent general-purpose
modeling language. PSM focuses on the implementation details of a particular platform.
MDA supports mapping CIM into PIM, PIM into PSM and PSM into implementation
code. Therefore,MDA is independent of the specific platform and the particular software
vendor, achieving standardized development.

This section proposes a model-driven on-board software development framework.
The framework combines MDAwith satellite domain. It uses a dedicated modeling app-
roach for satellite applications to design satellite software system model. Through the
formal verification of the model, the correctness of the design is ensured. Through the
automatic model transformation, the consistency of the system design in each develop-
ment stage is maintained. Through the automatic generation of code and documents, the
efficiency of software development is improved.

3.1 The Target of Development Framework

The traditional satellite development process does not solve the communication chal-
lenge of each stage, which ismainly caused by two reasons. Firstly, all stages of on-board
software development use different descriptions. Secondly, due to the different satellite
functions, various satellites use different software architectures. In order to solve these
problems, the targets of the framework are proposed: unified architecture, standardized
components, configurable integration and automatic generation.

The unified architecture is the basis of collaborative development. However, the cur-
rent satellite architectures and interfaces are different. On one hand, due to the different
functions and structures of satellites, there is a lack of commonality between different
components. For example, the AOCS is a typical real-time control system, while the
TM/TC system is a communication system [30]. The sensor type and signal processing
algorithm are completely different between the remote sensing payload and the commu-
nication payload. On the other hand, the entire satellite system is too large and complex.
Therefore, the framework will design a unified software architecture to provide guidance
for the design of on-board software.
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The traditional on-board software development is a vertical design around the
requirements of satellite. Whether it is application software or basic function software,
it needs to be developed specifically. The complexity and urgent development period of
satellite software requires cooperation among various departments to integrate newprod-
ucts with their respective strengths. Based on a unified architecture, the reuse of a large
number of standardized components is a viable way to achieve this target. Therefore,
the framework will use the low-coupling layered component model. For the key basic
software component, performance optimization and formal verification are proposed. It
is beneficial to the early detection of problems in system design.

The traditional on-board software is developed by manually code writing. With
the advent of automated modeling, model transformation and automated generation
have become important ways to improve the drawbacks of hand coding. However, it is
continuously converted and refined from the top to the bottombased on the systemmodel.
The reusability between different projects is relatively low.Therefore, the frameworkwill
make full use of the unified architecture and standardized components. Through unified
description files and configuration parameters, development of software components
and personalized configuration of the operation environment can be implemented for
different applications. It achieves a high degree of reuse of standardized components
and decoupling of hardware platform and software development.

Automation is an importantmeans to improve the efficiency of software development
and eliminate human errors. There is a large number of hand-written code and documents
in traditional on-board software development process. The modern model-driven design
methodology is directly related to the display [31]. The framework will design a tool that
is able to automatically generate code and documents based on the graphical models. It
will improve the code quality and simplify the modification of system.

3.2 The Architecture of Development Framework

The model-driven on-board software development architecture is a model-centric soft-
ware engineering approach. Through graphical modeling, a highly abstract model of
complex system is constructed to characterize the hierarchical structure of the system
and the associations between the layers. The developers have a better understanding of
the internal entity of system, attribute, the relationship and evolution process between
entities. Meanwhile, it also establishes a unified communication between experts and
project teams in different fields [32]. By designing themodel automatic conversion tools,
the “automatic” design is realized. Therefore, the framework is a complete on-board
software development solution, shown in Fig. 1.

3.3 Development Environment

The development environment is a model-based integrated development environment
for on-board software, including the design tool, the configuration tool, the validation
tool, the generation tool, and the test tool. These tools are based on virtual abstract
connections and implement integration in a unified data exchange format.

An abstract connection of the entire on-board software components can be built in
the design tool. To facilitate reuse and migration, software components are implemented
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Fig. 1. Architecture of the development framework.

independently of hardware. They are designed with standardized interfaces that enable
connections between components. The components also have fully defined ports through
which you can define how and what types of data are exchanged.

The configuration tools used to connect the PIM and the PSM, achieving themapping
between software components and hardware platform. It uses the component description
files as input and system description files as output. By analyzing the resources and
structure of the entire system, the components are mapped to the hardware platform and
related parameters are configured.

The verification tool is used to verify the models at every stage. Via the formal
verification method, the correctness of the model design and model transformation is
ensured.

The generation tool will automatically convert the models and associated config-
uration files into code. After that, the pieces of code are integrated and assembled to
generate the complete code. After compiling and linking, the executable file will be
obtained finally.

The test tool is used for testing the code. The generated code can be tested for
functional correctness via simulation. It also can be tested the performance by hardware-
in-loop testing.

Hierarchical Software Model. The operation environment is a software environment
in which the on-board software runs. It is a modular hierarchical architecture, including
hardware platform, operating system, system service and application.

The hardware platform contains all the hardware units of the satellite and abstracts
the hardware devices into four categories of resources: computing resources, sensing
resources, acting resources and storage resources. All kinds of resources are connected
via standardized interfaces.

Operation system, hardware abstraction layer and device drivers are the key to realize
software cross-platform operation. They can encapsulate and virtualize various hardware
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resources and provide a unified API for information acquiring, processing, storing and
other specific functions.

The system service contains three parts. The information transmission layer defines
a set of abstract information interaction patterns and types to realize communication
between application components. In the middle, there are three service packages that
provide public services, platform services and software management services. They
are the main part of the system service. The top layer is the basic components of the
application, including individual component, run-time environment and connector. The
satellite can discover, start, stop, install, update and uninstall application atwork by them.
They provide support for on-board multi-application running and task reconfiguring.

There are various kinds of satellite “Apps” on the top layer. These “Apps” can be
divided into two categories. The first category is the system “Apps”. The satellite relies
on these “Apps” to achieve the basic functions, such as TC/TM, AOCS, heat control,
camera basic application, communication, etc. The other category is user “Apps”, which
can be developed freely by users. The satellite can use these “Apps” to extend functions.
For example, users can develop an image recognition “App” to process an image taken
by on-board camera directly and display the result to the user.

The On-Board Software Development Process. The process of on-board software
development is usually divided into five steps: system requirements analysis, system
design, system configuration, code generation, and system integration. These steps are
all around the system model.

The system requirement model will be established in the system requirements anal-
ysis stage, which can describe the goal of the on-board software. It includes the demand
modeling and the demand verifying. Based on the demand model, the system is specif-
ically designed to find the solution to achieve all the requirements of the system in the
system design stage. It includes system model design and system model verification.
In the system configuration stage, the system model will be mapped with the specific
hardware platform to generate the final models and configuration files. The implemen-
tation code will be automatically generated in the code generation stage based on the
model and configuration files. The system integration is a unique task of on-board soft-
ware development. It matches the software with the specific satellite through parameter
configurations. It is also guided by the system model.

The detail flow of the on-board software development is shown in Fig. 2. It
abstractly describes three steps of the development: software component design, system
configuration and system test.

In the step of software component design, the developer will design a platform
independent model for on-board software based on the system component library. There
are two types of software components: Atomic Software Component (AtomicSC) and
Composition Software Component (CompositionSC). AtomicSC is the elementary unit
describing a function and communicates to others by relevant ports. CompositionSC
is composed of AtomicSCs and can be nested. First of all, the system requirement
model will be designed. Then the model will be confirmed and verified through model
verification and modified based on the result of the verification. It is an interactive and
iterative process. After that, the validated requirement model will be converted into a
system model and designed in detail. Similarly, the well-designed system model also
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Fig. 2. The detail flow of the on-board software development.

needs to be verified. Based on the result, the developer corrects the system model or re-
adjusts the design of the requirement model. Finally, the validated requirement model
and system model are configured with specific target platform.

In the step of system parameter configuration, the platform independent model will
be mapped to a specific hardware platform and parameterized in order to convert into
platform specific model. After the configuration, the model will be transformed to gen-
erate the code with the software component in the system component library. Obviously,
before the code is generated, the model will be verified to ensure that no errors occur
during the configuration. After compiling and testing, the code can run on the hardware
devices and become an “App”.

The system test is also based on the model. The test process is to load the generated
executable “App” into the test platform and execute the test case. It will test the function
and performance of the development software. If the result of test cannot meet the
requirements, it will return to the previous steps and begin a new round of iteration.

4 The Design of Development Tool Chain

Although there are a large number of integrated development environments for on-
board software development, they are mostly based on traditional development process
for specific satellite hardware platforms. The tools based on theMDA have the following
challenges. Lack of tools for effectively composing satellite system form components.
Lack of tools for configuring middleware. Lack of tools for automating the deployment
of satellite component onto heterogeneous target platforms. Therefore, according to the
framework proposed in Sect. 3, an on-board software development tool chain is designed
in this section. On one hand, it develops on-board software in the form of components,
achieving flexible combination and rapid construction. On the other hand, it decouples
the development process of software and hardware, achieving the deployment of software
on heterogeneous hardware platform.

The tool chain consists of the software component tool, the system configuration tool
and the software test tool, integrated by a plug-in platform. The software component tool
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provides a graphicalmodeling environment. It can design software components and build
system software models according to the on-board software meta-models. The system
configuration tool can build the satellite hardware systemmodel, establish a relationship
with related software components and configure related parameter. The software test
tool can simulate satellite operations according to the integrated STK kernel and realize
the test of the software. The overall design of the development tool chain is show in
Fig. 3.
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In order to promote the development of the tool chain and improve the convenience
of data interaction between tools, the tool chain adopts a unified Eclipse-based plug-in
development platform, shown in Fig. 4. The platform is divided into three layers. The top
layer is the application development platform that enables the development of specific
functions of the tool. Currently, the tool chain contains three tools. The middle layer
is the core tool platform, which includes the implementation of meta-model, model
analysis, model comparison, basic project management, etc. The bottom layer is the
Eclipse platform, which is a scalable open source multi-function system that integrates
the program development platform, run time environment and application framework
[33]. The tool chain integrates tools and related plug-ins in the form of plug-in on the
Eclipse platform. In addition, the tool chain can dynamically call some mature software
to assists the function, such as MATLAB/Simulink, C/C++ development tool (CDT),
STK, etc.

4.1 The Design of Software Component Tool

The software component tool is the beginning of the development tool chain. Its mission
is to provide a graphical modeling environment, complete the design and packaging of
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Fig. 4. The architecture of tool chain development platform.

satellite software components, and provide model validation capabilities. Specifically,
we need to design the following functions.

1) Graphical software component modeling interface;
2) Configure the port and interface data of the software component;
3) Define the communication relationship between the various software components;
4) Internal behavior modeling and code generation;
5) Provide the software component model verification;
6) Establish a software component library, and provide functions such as component

creation, saving, and searching.

The software component tool consists of three parts: the on-board software meta-
model, the component editor and the interface data configurator.

A meta-model is used to describe the common elements of software component
model. Although there is no uniform standardized architecture for on-board software
now,we design the on-board softwaremeta-model. The software components are divided
intoAtomicSC andCompositionSC, which aremodeled byUML shown in Fig. 6. Atom-
icSC is the smallest implementation unit in satellite software, with a complete functional
implementation. It communicates to others by relevant ports. The internal algorithm of
AtomicSC is designed by calling MATLAB/Simulink. CompositionSC is used for pre-
sentation of top-level system. It can contain several AtomicSCs or CompositionSCs and
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support nesting. Regarding components, there are the following definitions:

C = Cc ∪ Ac

P = Pp ∪ Pr

I = Ics ∪ Isr
R = Ra ∪ Rd

(1)

Among them, component C is a collection of CompositionSC Cc and AtomicSC
Ac. And port P includes Provided ports Pp that are used to provide data or services
and Required ports Pr that are used to request data or services. Interface I is make
up of Client server interfaces Ics and sending and receiving interfaces Isr . Connector R
contains associations Ra between internal components of a CompositionSC and associ-
ations Rd between internal components and CompositionSC. They have the following
relationships:

R ⊆ P × P
Ra ⊆ Pp × Pr
Rd ⊆ Pp × Pp ∪ Pr × Pr

(2)

Figure 5 shows the meta-model of the AtomicSC Ac. The meta-model defines the
three components of the AtomicSC, namely interfaces, ports, and internal algorithms.
As for the meta-model of composite components, as shown in Fig. 6. The meta-model
also describes its components: connectors, ports, and AtomicSC.

AtomicSC

Internal 
algorithmPortInterface

Internal 
algorithm 

design
RportPportMode

group
Data

format

Fig. 5. The description of AtomicSC.

In addition, for CompositionSC, since it is a combination of AtomicSC, it should
satisfy the following constraints:

Rpi ⊆ P × I
Rcp ⊆ C × P
∀i ∈ I ∧ ∃rpi(p, i) ∈ Rpi → ∃rcp(ct, p) ∈ Rcp

∀ra(p1, p2) ∈ Ra → �rcp(ct, p1) ∈ Rcp ∧ �rcp(ct, p2) ∈ Rcp ∧ p1 ∈ Pp ∧ p2 ∈ Pr

(3)
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In other words, for CompositionSC, the nesting of components can only be inside the
CompositionSC. The interface of the componentmust be connected to the corresponding
port. When it comes to the internal nodes of the CompositionSC, the connection can
only be from the P-type port to the R-type port. Constraints can avoid meaningless
connections, leading to logical errors such as connections in the model.

4.2 The Design of System Configuration Tool

The system configuration tool is an intermediate part of the development tool chain, com-
bining the software components with the hardware platform. The same software compo-
nent requires different configuration parameters for different hardware platforms. The
systemconfiguration systemseparates the information related to the hardware implemen-
tation form the software and dynamically loads the information at runtime. Therefore,
the tool has the following functions.

1) Parse the software component description files.
2) Design hardware topology.
3) Establish system mapping relationship and configure related configuration parame-

ters.
4) Generate the executable code automatically.

Based on the function listed above, the system configuration tool consists of four
modules: hardware topology design module, system mapping module, system config-
urator and code generator. The work flow is shown in Fig. 7. The software component
description file is used as the input and the system configuration description file and
executable code are the output.

Hardware topology design is the premise of system mapping and the basis of system
configuration. It also uses GMF graphical modeling framework to build a graphical
interface. According to the satellite architecture in Sect. 3, the developers will add and
connect various processors and related peripherals. After that, the resource description
files and topology description files, in the form of XMLfiles, will be generated and saved
for subsequent configuration.

System mapping module will establish a connection among the software component
description file, the resource description file, and the topology description file. First of
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Fig. 7. The work flow of the system configuration tool.

all, through Java Document Object Model (DOM), the above three types of description
files will be parsed. The internal modules and connection relationships of the hardware
and software are loaded into the display. Then, the software components will be mapped
to the corresponding hardware platform. In the mapping process, the processors are first
mapped, then the sensors and actuators are mapped, and finally the ports of software
components are mapped to the interfaces of the hardware.

The system configuration includes network configuration and parameter configura-
tion. The network configuration is to configure the internal data transmission protocol
of the satellite, achieving the requirements of different software components, such as
data bandwidth, speed, reliability, etc. The parameter configuration includes interface
parameters, such as interface type, data rate, data width, parity, etc. The priority of the
software component, in order to realize the management and scheduling in the operation
system.

The code generator can convert models and configuration files into executable code.
It is based on the Velocity template engine. Firstly, the mapping between template and
hardware is established. Then, the parameters in the XML files are converted to Java
classes. Finally, the C code is generated. The specific process is shown in Fig. 8.

4.3 The Design of Software Test Tool

The test tool can load the generated description file and execution code on the hardware
platform and simulate the running state of satellite by STK kernel to test the software.
The tool has the following functions:

1) Input configuration document.
2) Test the software function.
3) Simulate satellite running state.
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Therefore, the software test tool consists of three parts: test files, user interface and
STK kernel. The test files are mainly responsible for recording and managing the input
and out files, including the software component description files, system configuration
description files, the executable code, and hardware communication files. The software
test tool can interact with the data of the above two tools freely. It parses the files through
Java DOM, obtains all the software functions in the project, and displays them in the
user interface.

A complete set of software test flow can be implemented through the user interface,
including sending user instructions, loading configuration files, receiving and displaying
the operation data, reconfiguring the software application. The software test tool can
communicate with the satellite platform. Through the received data, the correctness,
reliability and real-time performance of software can be tested. Users can test a function
independently or design test cases to test the whole on-board software. The user interface
is implemented by the Eclipse Standard Widget Toolkit (SWT).

The STK kernel is integrated in the software test tool. Through setting up the satellite
scenarios, the overall running state, multi-task operation mode, software reconfiguration
logic and resource consumption of on-board software can be tested. Embedding the STK
into the Eclipse platform is mainly achieved through the Object Model, which calls the
Object Model API to manipulate most objects and functions in STK. The Object Model
provides STK secondary developer with methods for controlling and managing entities
in STK scenarios, acquiring simulation data, analyzing, and calculating.

5 Application Case and Assessment

This section describes some actual software development cases which use the devel-
opment tool chain presented in Sect. 4. The on-board software of a CubeSat named
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iSat-1, developed at the College of artificial intelligence of the National University of
DefenseTechnology (NUDT). The iSat-1 is designed to experiment the software on-orbit
definition.

5.1 The Development Tool Chain Platform

The development tool chain platform is showed in Fig. 9. The component editor includes
sections such as toolbars, graphical editing interfaces, and other auxiliary views. The
toolbar is a collection of tools, including interface configuration tools, system mapping
tools, and testing tools in the system configuration. But the key part is the component
designed that is relied on the graphical editing. The graphical editing interface consists
of two parts: the drawing toolbox and the graphic editing area. The Drawing Toolbox
provides tools for creating models under the current window. The graphic editing area
is the area where graphics are created, edited, and displayed. Other auxiliary views
provide some auxiliary functions for the component editor, such as providing outline
views, property views, and so on.

The component editor is designedbasedon theGraphicalModelingLanguage (GMF)
framework, which consists of a graphical development and a runtime environment. We
develop the component editor by defining the domainmodel (Ecoremodel), the graphical
definition model (gmfgraph model) for describing the domain model, the tool model
(gmftool model), and the mappingmodel that associates the abovemodels. The interface
of the component editor is shown in Fig. 9. The user can quickly build the on-board
software model in the graphical editor by a drag-and-drop manner. After completing
the component editing, through the description file generator, the corresponding XML
description file can be generated to provide a unified exchange format. It is convenient
for developers to save and view model information.

Fig. 9. The view of the development tool chain platform.

Another key work of component design is the data interface configurator. The data
interface configurator realizes the design of the interaction relationship between software
components through a visual configuration interface. It includes a data type editor and an
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interface type editor. Thedata type editor provides configurationof data structure anddate
semantic. The interface type editor completes the configuration of two communication
modes of software components (send-receive mode and client-server mode). The output
of the interface data configurator is the interface description file. The contents of the
interface description file are: name, data type, content, description, and sending method.

5.2 The Test for the Framework

The functions of iSat-1 are divided into two categories. The one is the functions neces-
sary to maintain satellite operations, such as TM/TC, heat control, AOCS, power control
and housekeeping system. The other is the various applications implemented by satellite,
such as SDR, remote sensing. All of these functions are first designed through software
component tool, as shown in the Fig. 10. In the figure, every module is an Composi-
tionSC, which contains some CompositionSCs and AtomicSCs. These AtomicSCs can
be designed by developers themselves, or they can directly reuse existing component
models. The reuse of software functions is achieved through the reuse of models. It
improves the efficiency and quality of software development. Finishing the design of the
software model, an XML file will be generated to describe the model and transform the
information to the system configuration.

In order for the software to run on a specific hardware platform, amapping of software
components to the hardware platform is required through the system configuration tool.
The iSat-1 uses two MCUs as power controller and OBC. The two are connected by
an I2C bus. It also uses a Xilinx zynq SoC (ZYNQ 7020) as the processor of the SDR
payload. The payload and the OBC are connected via Ethernet. It can be modeled by the
system configuration tool, shown in Fig. 10. The software component description file is
imported and combined with the hardware platform description file. These XML files
will be parsed by the system mapping module. Through the drop-down menu, we can
select the corresponding software components to establish the mapping of the hardware
resource. After that, the parameters of every component interfaces will be configured
and the code will be generated by the code generator.

A case is showed in Fig. 11, which demonstrates the development process of the
tool chain platform. The case is about the SDR system model in the SDR SOC. This
paper integrates SIMULINK’s Target Language Compiler code generation tool on the
Eclipse platform to automatically generate the internal behavior code of the component.
This part of the code is platform independent. After the SDR system model is built in
the Graphics editing area and the internal algorithm is designed, based on the principle
of Velocity template engine, the second phase of target language compilation is carried
out. With the software component description file and the hardware platform description
file, the system configuration tool generates .c and .h code files, and finally the target
file is compiled. The executable file can be download to the target board to test its
function. From the platform independent code to the specific platform code, the Velocity
template engine first maps the template, that is, the internal component code, to the
hardware interface, and then reflects the configuration parameters in the code. All other
components can be developed and executed in accordance with this process.

When the code is automatically generated, a code generation report can be generated
to describe the related information of the code generation, such as the generated code
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Fig. 10. The top model of the on-board software.
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Software component 
description file

Hardware platform 
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System Configuration Tool

Fig. 11. Case of the development process of Mode_control

file information, as shown in Table 1, and the variable information that is displayed
in Table 2. In addition, there are functional information and quality evaluation of the
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code. Compared with manually writing code, automatic code generation brings some
advantages, which will be described in detail in Sect. 5.

Table 1. File Information

File name Lines of
code

Lines

Mode_control.c 36 120

Rtwtypes.h 34 92

Mode_control.h 27 90

Table 2. Global variables

Global variables Size (bytes) Read/Writes Reads/Writes in a function

In1 284 1 1

Out1 284 1 1

add 2 1 1

Total 570 3

After generating the code, the functions of each hardware module and the com-
munication between the modules are tested by the system test tool. It consists of four
parts shown in Fig. 12. The satellite task can be customized through the task definition
windows of the user interface. Users can choose to add or delete previously designed
application software functions to form a task queue and set the parameters for these
tasks. The task queue is converted to a satellite command sequence and sent to the
satellite along with the corresponding program. Combined with the simulation of the
satellite running by STK, the function in-orbit definition is tested. The test result show
that on-board software of iSat-1 designed by the development tool chain has the ability
to decouple hardware and software and define the function in-orbit.

We tested the iSat-1 software re-definition on the ground.At first, the programof iSat-
1 is loaded. After the function self-test is completed, the code and related configuration
files of the ADS-B (Automatic Dependent Surveillance-Broadcast) are uploaded to the
OBC viaWi-Fi. TheOBCwill load the code onto the SDR payload and stare the payload.
The process is shown in Fig. 13.

The results of the experiment are displayed in the software test tool, shown in Fig. 14.
As shown in the figure, iSat-1 consumes 3.9 s to complete the reconfiguration. The
function of ADS-B is successfully executed. The nearby aircraft information is received
and displayed. As a conclusion, the development tool chain can effectively support the
development of on-board software in-orbit re-defined.
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Fig. 14. The results of the experiment.

5.3 Assessment

Time-Consuming. The software development of traditional satellites is a long process.
Traditionally, a waterfall-type (or V-type) development method is adopted, and the pro-
cess from requirements, design, coding to testing is experienced. In the integration test
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phase, this development method will spend a huge amount of time in debugging the
interface adaptation and functional requirements of each software. If it is found that the
demands cannot be met, it is necessary to start over from the overall design stage.

The framework proposed in this paper is based on model-driven. The platform-
independentmodel is used to verify functional demands at all design stage. After detailed
design, most of the code can be automatically generated. Automatic model verification
is carried out at each stage, which can greatly reduce the development time-consuming.

private static IProject createBaseProject(String projectName, URI 
location) {

// it is acceptable to use the ResourcesPlugin class
IProject newProject = 

ResourcesPlugin.getWorkspace().getRoot().getProject(projectName);
return newProject;

}

private static IProject createBaseProject(String projectName, 
URI location) {

// it is acceptable to use the ResourcesPlugin class
IProject newProject = 

ResourcesPlugin.getWorkspace().getRoot().getProject(projectName);

if (!newProject.exists()) {
URI projectLocation = location;
IProjectDescription desc = 

newProject.getWorkspace().newProjectDescription(newProject.getName()
);

if (location != null && 
ResourcesPlugin.getWorkspace().getRoot().getLocationURI().equals(loc
ation)) {

projectLocation = null;
}

desc.setLocationURI(projectLocation);
}

return newProject;
}
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Fig. 15. Comparison of V-type development and the model-driven development process

The Fig. 16 below is a comparison of time-consuming between the traditional V-type
development method and the model-driven development framework (MDF) proposed in
this paper. Since the time-consuming is related to the specific project, the graph is just
a trend comparison. It can be seen that the V-type will have relatively less time in the
demands analysis and system design, but the time in the coding and testing phase will
increase dramatically. The model-driven framework method will be a little bit more in
system design and detailed design, because the system model needs to be constructed
clearly and exactly, but it will take less time to code and test the software. This is the
benefit of reduced time brought by model-driven.

development 
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Tim
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ing
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Fig. 16. Comparison of the time-consuming of V-Type and MDF
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Software Reuse. The development tool chain encapsulates typical satellite software,
including system models, CompositionSC and AtomicSC, which can be reused. This
can reduce repetitive software development work and shorten the development cycle.
According to the demands of navigation and remote sensing satellites, the design of the
system models of the two satellites is shown in the Fig. 17 below. In these two types of
satellites, most of the other software can be reused except for navigation software and
remote sensing software. It is encapsulated as a general system model, which is benefit
to improve the reuse of the system model. But it is worth pointing out that this does
not mean that other software does not need to be changed, such as the Time_Processing
component. Since navigation satellites require much higher time precission than remote
sensing satellites, the design of this component is more complicated than remote sensing
satellites. But this does not affect the reuse of other parts of the software.

For CompositionSC and AtomicSC, take the Mode_control unit in SDR as an exam-
ple, as shown in Fig. 11. The Selector, if, if Action, Vector and other components in
this component are reused. This type of component has a higher reuse ratio in internal
behavior development, which reduces a lot of work for code development.

Characteristics and Limitations. Aiming at the software development of smart satel-
lites, this paper proposes a model-driven framework and implements the development
tool chain. The entire development process is shown in Fig. 15. The traditional satellite
software development has been greatly changed, not only shortening the development
cycle, but also increasing the reuse rate of satellite software, and improving the reliability
of the software. However, the work of this paper has the following limitations and areas
for improvement.

1) The development tool chain can only be developed for satellite application software
and related drivers and operating environment, but does not support to develop the
software of the operating system.

2) The proposed model-driven framework can be supported to analyze the satellite
hardware structure design, thermodynamics, electromagnetic and so on, but the
current work does not include this part.

3) In terms of testing, a more quantitative evaluation of software development
performance, such as reliability, is also needed.
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Fig. 17. System model of the Navigation and Remote Sensing satellite

6 Conclusion

Comparedwith the software development of other electronic systems, the development of
on-board software is still in amore traditional stage. The on-board software development
framework proposed in this paper are based on the model-driven software development
method. The meta-models of AtomicSC and CompositionSC in the satellite software
field are designed to build satellite software components. The work of the paper shifts
the focus of on-board software fromcodewriting tomodel designing. The entire software
system will be divided into function modules, which are easy to be created, designed,
reused and maintained. Therefore, the developers have more time to design software
function, making the system more powerful and suitable.

It achieves the consistency of on-board software through using model as the unified
description in each development stage. It also ensures the portability and reusability
of on-board software development through standardized components. What’s more, it
decouples the software design from hardware platform and improves the platform inde-
pendence through configurable integration. It improves the efficiency of software devel-
opment through automatic transformation of models and automatic generation of code
and documents.

Based on the development framework, a development tool chain covering all the
stages of on-board software development is presented, facilitating software development
engineers and testers. With the development tool chain, developers can design models
graphically, configure parameters conveniently, and generate executable code automat-
ically. What’s more, the verified software component will be added to the component
library, supporting software reuse and redeployment.

The framework and development tool chain have been used to develop the on-board
software of iSat-1. The on-board software is developed in the form of “Apps” and
independent of the hardware platform. Moreover, it supports to load software in-orbit,
achieving the function software defined.
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