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ABSTRACT Article information:
The large number and many types of electrical equipment in modern house-
holds pose major challenges to developers. To increase the breadth of
smart homes, improving the development e�ciency of electrical equipment
in smart homes is essential. The present research proposes a development
method based on embedded components for devices in smart homes. Be-
sides improving the development e�ciency, this method of development
reduces the developmental complexity and increases the scalability of elec-
trical equipment. The smart home devices are developed and controlled in
TOPPERS Embedded-Component System (TECS), a component descrip-
tion language that automatically generates template C �les when expand-
ing new components or functions. Using the ECHONET Lite plugin, TECS
then reads the parameters of the electrical device in the device description
�le (JSON �le), and outputs the function parameters for implementation
by the developer. The evaluation shows that the code automatically gen-
erated by the plugin slows down the software execution time by only 2%
compared with the default, thus improving the software development e�-
ciency.
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1. INTRODUCTION

Recently, due to the rapid development of smart
homes, the scale of embedded control system soft-
ware has been continuously expanding. The num-
ber and types of electrical equipment are a heavy de-
velopment burden for developers [11]. Rapid device
updates are relatively heavy burden for developers.
Therefore, the requirements associated with the abil-
ities of the developers of IoT components have also
become higher, and the development time and costs
have also increased. Because of the increasingly com-
plex structures of huge embedded systems, it will be-
come more inconvenient to maintain and develop the
components in the future. It is signi�cant for develop-
ers to �nd e�ective development methods to improve
the e�ciency and reusability of smart home software
development.

Therefore, we propose a development method that
developers will �nd convenient to maintain and ex-
pand embedded systems. Reducing design complex-
ity is particularly important for rapid development

and ensuring correct software products. Because as-
sembly languages are not universal and modular, they
are highly non-portable. Therefore, in embedded
software applications, assembly languages should be
used to the least possible extent. Using high-level
languages for development can e�ectively improve
the portability and reusability of application software
programs. Component-based development (CBD) is
particularly suitable for this purpose [16]. CBD is
a process that emphasizes the use of reusable soft-
ware components for design and development. De-
velopers can quickly build application software by
adding or removing components as needed, to pro-
vide greater �exibility and simplify development and
maintenance.

To make user's lives more convenient, with the sup-
port of smart homes, the electrical equipment in the
home is developed to facilitate its easy usage. The
main goal of IoT is to advance a better and safe so-
ciety, where �Everything is a service,� such as public
safety, environment, health care and production [2].
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With the implementation of integration technology,
communication technology, interoperability and ca-
bling standards, smart home network will continue
to improve. This includes the operation and manage-
ment of all smart furniture, equipment, and systems
in home networks using integrated technologies. The
technical characteristics of the smart home are as fol-
lows. Through the home gateway and its system soft-
ware, a smart home platform system is established.
An intelligent home terminal uses computer technol-
ogy, microelectronic technology, and communication
technology to integrate all the functions of the home
intelligence. Thus, a smart home is built on an inte-
grated platform. The external expansion components
realize the connect to and control of the household
appliances. The development board and all the com-
ponents are connected through an embedded system.

In this research, we propose a component-based
smart home development framework based on TOP-
PERS Embedded-Component System (TECS). The
framework �rst de�nes the attributes and functions
of the device by designing application modules in the
component description language. The TECS gen-
erator then creates the necessary header �les and
template C �les. The device parameters in the
ECHONET Lite device description �le (JSON �le)
are obtained through the ECHONET Lite plugin.
To write code to support the device, developer only
need to add the function content in the C �le based
on the device parameters. Finally, the device ap-
plication module is compiled. The proposed frame-
work generates a binary �le for the application mod-
ules, and writes it into the embedded board. The
smart home is connected and controlled through the
general-purpose input/output interface of the embed-
ded board.

In our proposed framework, a platform can be de-
veloped outside of the smart home development en-
vironment. The proposed framework improves the
scalability of smart home systems and reduces the
di�culty of development and maintenance. As the
framework is highly independent, device functions are
easily added or removed. The remainder of this pa-
per is organized as follows. Section 2 introduces the
system model, including TECS and ECHONET Lite.
Section 3 describes the process and method of real-
izing a smart home in the proposed framework. Sec-
tion 4 discusses related frameworks and components
for smart home development. Section 5 evaluates the
proposed framework, and Section 6 suggests future
work and research directions.

2. SYSTEM MODEL

This section describes the system model of the
proposed framework (Fig. 1). Section 2.1 intro-
duces the basic information and the basic develop-
ment framework based on TECS. Section 2.2 intro-
duces ECHONET Lite.

Fig.1: System Model Of The Proposed Framework.

2.1 TOPPERS Embedded Component Sys-

tem

TECS is a component system designed for develop-
ing embedded systems [11]. The TECS-based devel-
opment method is to �rst divide the project into com-
ponents and subsystems, and then develop applica-
tion components by using subsystems. This method
of development can improve the reusability of the
embedded software, improving production e�ciency
and reducing development costs. TECS can be used
in domains of embedded systems because it supports
multi-sized and diverse components [14].

TECS has statically developed components, which
will not generate any excessive overhead when run-
ning, e�ectively reducing the memory resource re-
quirements. The control of a smart home and the
detection of its status is performed in real-time, and
thus we also develop components based on a real-
time system. TECS can deal with real-time oper-
ating system (RTOS) resources (such as tasks and
semaphores) as components [13]. The TECS genera-
tor plugin can componentize RTOS features, requir-
ing complex static API generation using the proposed
plugin [15]. Thus, TECS meets the requirements of
smart home development. The TECS design is as
follows.

2.2 Component model

Fig.2: Component Diagram.

An example of a component is shown in Fig. 2. It
can help developers better understand the structure
of the component. Each cell is an instance of a TECS
component, and it includes entry ports, call ports, at-
tributes, and variables. Each celltype de�nes the en-
try ports, call ports, attributes, and internal variables.
The entry port is an interface that provides functions
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to other cells. The call port is an interface that uses
the services of other cells. A cell communicates in
the environment through these interfaces. The ports
of each component are de�ned by its signature (i.e.,
sets of functions), which de�nes the component's in-
terface.

2.3 Component description

We use the component description language (CDL)
to describe the components in TECS. In TECS, a
component contains a signature, celltype, and single
cell description speci�ed using CDL.

2.3.1 Signature description

The function of the signature description is to de-
clare the name of the signature and its related func-
tions. The keyword �signature� is followed by the sig-
nature name, which is pre�xed with �s,� e.g., sLight
(Fig. 3). The signature body includes a set of unit
interface functions, each of which is described in the
C language. The function parameters must contain
speci�ers for the input and output, such as �[in]� and
�[out].�

Fig.3: Signature Description.

2.3.2 Celltype description

A Celltype description de�nes a component's cell-
type, including the component's entry port, call port,
attributes, and variables which is shown in Fig. 4.
The call port is used to call the entry function of other
units, and the entry port is used to provide functions.
We use the keyword �entry� to de�ne the call port, fol-
lowed by the signature (e.g., sLight) and port name
(e.g., cEchonet). The de�nition of the entry port is
similar to that of the call port. The attributes and
variables are de�ned using keywords �attr� and �var,�
followed by a name.

Fig.4: Celltype Description.

2.3.3 Cell description

A Cell is used to instantiate and connect which is
shown in Fig. 5. The keyword �cell � is followed by
the celltype e.g., Echonet, and name. The cells are
linked by specifying the call port, caller name, and
entry port, in the same order. For example, in Fig. 5,
the eLight entry port of the Light cell is connected to
the cEchonet call port of the Echonet cell.

Fig.5: Cell Description.

2.3.4   Development �ow

The development process when using TECS is
shown in Fig. 6. Note that the TECS development
can be divided into two modules: component design
and application development. First, the TECS gener-
ator generates RTOS con�guration �les (*.cfg) from
CDL �les. We then de�ne the signature and celltype
through component design, and use the C template
code (celltype code) generated by the TECS genera-
tor to implement the component functions. The ap-
plication diagrams and prede�ned celltype are used to
develop applications. The application module is gen-
erated by connecting the header �le, and compiling
the interface, and celltype code.
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Fig.6: Development Flow.

2.4 ECHONET Lite

ECHONET [9] has been certi�ed as the home
network standard by the International Electrotech-
nical Commission and the International Organiza-
tion for Standardization. ECHONET Lite standards
are structured as shown in Fig. 7. Besides provid-
ing simple remote control commands (such as the
�ON/OFF� button), ECHONET device objects stan-
dardize the functions of highly complex devices, en-
abling the required advanced control of energy man-
agement applications [5]. However, widespread use of
the ECHONET protocol has been prevented by two
limitations. First, ECHONET speci�cation requires
a relatively complex system con�guration with mul-
tiple controllers and multiple devices. Second, devel-
opment must comply with the overall complexity of
ECHONET protocol. To mitigate these limitations,
the ECHONET protocol has been substantially sim-
pli�ed, and was reissued as the ECHONET Lite pro-
tocol in 2011.

Fig.7: Structure Of The ECHONET Lite Standards.

The ECHONET Lite protocol provides a standard
method for controlling household appliances. In par-

ticular, the ECHONET Lite protocol achieves inter-
operability between devices from di�erent manufac-
turers in the smart home. Although ECHONET
Lite is based on ECHONET standards, its struc-
ture enables easy development by home network sys-
tem builders and service system developers. Devices
that comply with the ECHONET Lite speci�cation
cannot be connected to devices complying with the
ECHONET speci�cations, but may coexist in the
same system.

The system architecture of ECHONET Lite is
shown in Fig. 8. The largest manageable area of
ECHONET Lite is the domain, which speci�es the
variety of controlled resources (e.g., home equipment,
appliances and consumer electronics, sensors, con-
trollers, and remote controls) within the speci�ed net-
work range of ECHONET Lite. A system performs
communication and linked operations between the
devices and controllers that monitor/control/operate
the devices themselves. Multiple systems that reside
in a domain can include the same device or controller.
When connecting a system to another system outside
the domain, the ECHONET Lite gateway can be used
as an interface.

Fig.8: Architecture Of The ECHONET Lite Sys-
tem.

The ECHONET Lite standard de�nes the com-
munication between components (called ECHONET
objects). An ECHONET object has certain prop-
erties that dictate the operation of actual devices.
This middleware provides 1) a static application in-
terface (API) that de�nes ECHONET objects, and 2)
a static API that de�nes the properties. User-de�ned
ECHONET objects and their properties in the static
API are converted to C source code in the TOPPERS
kernel con�gurator. The code is then compiled and
linked to the application software.

2.5 Embedded board

This subsection describes the design and method
of smart home development based on TECS. Func-
tions are implemented on a GR-PEACH development
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board with the speci�cations listed in Table 1. To
evaluate the sending and receiving of data, we con-
nect the board to a host PC via a LAN cable and
evaluate the data sent and received.

Table 1: Speci�cations Of The Board.

Board GR-PEACH
CPU Cortex-A9 RZ/A1H 400 MHz
Flash ROM 8 MB
RAM 10 MB
LAN Controller Controller LAN87

3. DESIGN AND IMPLEMENTATION

This section introduces smart home development
methods and presents our developmental framework.

This section is organized as follows. Section 3.1 in-
troduces the development method of the smart home.
Section 3.2 describes the process and method of the
proposed framework. Section 3.3 introduces the de-
vice description in JSON �le and Section 3.4 intro-
duces ECHONET Lite plugin.

3.1 The development method of smart home

The hardware implementation of a multi-platform
control system for home automation was proposed by
Kadima [7]. Such systems belong to a wider domain
commonly called smart home systems. The Inter-
net of Things (IoT) home automation systems equip-
ment can be designed on a Raspberry Pi microcom-
puter, and light bulbs and circuits can be connected
on an Arduino Uno board as the controller and relay.
The signals are transmitted through radio frequency
waves (in wireless communication) or through wires
(in wired communication). In this setup, IoT is easy
to use and the complexity is reduced since a single
device controls various other devices. Additionally,
hardware and software technologies are combined and
can be easily used in the automation applications of
smart homes.

The SmartHomeML based modular language is a
domain-speci�c modeling language for smart home
applications [1]. SmartHomeML uses model-to-text
conversion templates to generate smart home adap-
tation services that meet the target provider's spec-
i�cations. Users of SmartHomeML can de�ne new
skills, and can apply template-based model-to-text
conversion for automatic adapter generation and con-
nection to smart home devices. SmartHomeML can
also be used on other development platforms, such
as the Amazon Alexa platform. SmartHomeML pro-
vides the mapping relationship between the module
language and development platform, reducing the dif-
�culty of development, although sorting the mapping
relationship is a time-consuming task.

The proposed development framework is based on
embedded-component development, and is extendible

to local smart home devices. Our development
method has a more transparent process and struc-
ture than the methods of Kadima [7] and Einarsson
[1]. When extending the functions of any equipment
belonging to the Energy Conservation and Homecare
Network ECHONET Lite protocol, we can familiar-
ize ourselves with the mapping relationship between
the module language and development platform. The
generator can create the celltype code using the tem-
plate code, and then use the template code to imple-
ment the functions.

3.2 Proposed framework

The proposed framework is shown in Fig. 9.It
shows how software for smart homes is developed
based on device descriptions in JSON. The JSON
code contains the version information, status in-
formation, and function information of the smart
home. As the present example is limited to light-
ing, we extracted the light-related parameters from
the ECHONET Lite device description JSON �le.

Fig.9: Architecture Of The ECHONET Lite Sys-
tem.

Once the components have been de�ned, the TECS
generator generates a header �le and interface code.
The generated C �le contains template code for call-
ing all header functions in the generated �le.

The ECHONET Lite plugin (currently un-
der development) acquires the information about
ECHONET Lite and light components from the
TECS generator, then acquires the related parame-
ters of the smart home from the JSON �le, and �nally
creates the TECS component code. After compiling
the generated interface code and TECS code, a bi-
nary �le that can be written to the embedded board
is generated.

After writing the binary �le to it, the embed-
ded board is connected to the computer via USB
and LAN. Finally, the IP address of the embedded
board is entered into the super speed node generator
(SSNG) for ECHONET Lite application. The user
controls the write operations through the SSNG.
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3.3 Device Description in JSON �le

In the ECHONET Lite device description, the de-
vice speci�cation part (in JSON format) provides the
device descriptions of objects such as air conditioners
and smart meters. The JSON �le de�nes the relevant
parameters of the devices supported in ECHONET
Lite. Before developing the device, the developer can
learn the functions and device parameters of the de-
veloped device in detail through the JSON �le.

As shown in Fig. 10, this code is a part of the
device description JSON �le, and speci�es some at-
tributes of the device which are shown in this code.
For example, 0x80 represents the action's state of the
device. The action state includes two states: one on,
the other o�. The on and o� states are represented
by 30 and 31, respectively.

Fig.10: ECHONET Lite Device Description.

3.4 ECHONET Lite plugin

The ECHONET Lite plugin extracts the relevant
parameters of the device from the ECHONET Lite
device description �le. In the initial development pe-
riod, developers require time to understand the device
and implementations of the various description types
and the many parameters of the related device func-
tions. Developers can use the parameters extracted
by the ECHONET Lite plugin in their models, and
draw component model diagrams of TECS.

The procedure for selecting the device description
�le by ECHONET Lite plugin is shown in Fig. 11.
The �lename is the name of a JSON �le, and is rep-
resented by JSON fname. The device description �le
is designated as DevDes. �Devices� and �De�nitions�
represent the classes of the device and the device de�-
nition, respectively, in the device description. Devices
represent the class of the device in the device descrip-
tion �le. To facilitate the development and debugging
of devices, this code provides di�erent device descrip-
tion demonstration �les.

The ECHONET Lite plugin extraction of device
parameters from the device description �le is shown
in Fig. 12. The main function of this code is extract-
ing and printing the device parameters in the selected
device description �le. The equipment to be printed
and its functional parameters can be selected by the
user. The printed parameters are shown in Fig. 13.

The function name generated from the JSON �le
is shown in Fig. 14, including the parameter part of
the function.

The component code automatically generated
based on the JSON �le is shown in Fig. 15. Each
component needs to use di�erent GPIO interfaces.
The speci�c functional part of the component code
needs to be written manually.

The relevant function parameters of the developed
equipment can be applied along with the interface
code in the code development. After the �nal com-
pilation, the required application module �les will be
generated.

Fig.11: Device Description File Selection.

Fig.12: ECHONET Lite Plugin.
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Fig.13: Printed Description Information Of The
Device.

Fig.14: Automatically Generated Function Name.

Fig.15: Component Code.

4. RELATED WORK

This section introduces the development and de-
sign of mainstream smart home system models. De-
velopment platforms and methods for smart homes
are varied and include integrated modeling languages
[1], independent custom development [12], and de-
sign and implementation on open-source platforms
[4]. Table 2 compares the features of our work with
those of current component development methods for
smart home software.

Table 2: Ours Versus Previous.
EBD ML EX CBD MA

Component + TECS [15]
√ √ √

Test Model [6]
√ √ √

TECSInfo [11]
√ √ √

Customized Design [7]
√

CoDeL [10]
√ √ √

SmarthomeML [1]
√

Design by Contract [3]
√

ASP+TECS [13]
√ √ √

MIMO + LQR [8]
√

mruby on TECS [16]
√ √ √ √

This Thesis
√ √ √ √ √

EBD: Embedded-based development
ML: Modeling language
EX: Extendability
CBD: Component-based development
MA: Maintainability

The holistic framework of Biljana et al. incor-
porates di�erent components from the IoT architec-
tures/frameworks proposed in the literature. This
framework e�ciently integrates smart home objects
in a cloud-centric IoT based solution to improve the
integrability of the existing state-of-the-art applica-
tions for smart homes into IoT enabled environment.
The authors identi�ed a smart home management
model for the proposed framework and the main tasks
to be performed at each level. In addition, they dis-
cussed the practical design challenges with an empha-
sis on data processing, as well as smart home com-
munication protocols and their interoperability. They
contend that their holistic framework provides a solid
base for future developers of IoT based smart home
solutions.

Shirata et al. proposed a component framework
for obtaining the information about component sys-
tems [11]. The proposed framework supports obtain-
ing static information of the generated components
and runtime component information during genera-
tion and execution periods. The framework uses a
plugin to automatically perform this operation, auto-
matically generating a unit that saves the information
of the system. Plugin and dynamic connections can
e�ectively reduce the number of lines of code, im-
proving the productivity and reusability. They are
implemented as a set of components, so the develop-
ers can easily add or remove them in the project.

Yamamoto et al. presented an extended mruby
on TECS framework for its application in developing
software for IoT devices [16], including sensors and
actuators. Each mruby program runs on a RiteVM
mapped to a componentized task of an RTOS. No-
tably, mruby programs can call the TINET functions
required for network software through the mruby-
TECS bridge, and TINET+TECS can be applica-
ble to various embedded systems. Thus, the soft-
ware embedded in IoT devices can be developed.
TINET+TECS for IoT devices improves the con�g-
urability and scalability and o�ers software develop-
ers high levels of productivity through variable net-
work bu�er sizes and also o�ers the ability to add
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or remove various TCP (or UDP) functions. There-
fore, developers can easily add, remove, or reuse their
functionalities as required.

Guan et al. presented a novel integration test
strategy (CREMTEG) for component-based real-
time embedded software [6]. The strategy examines
the states of all the components involved in a col-
laboration to exercise component interactions in the
context of integration testing. This strategy solves
the observability problems by recording the average
value of each test pass, and it makes �nding the dif-
ference between the expected and actual diagnosis re-
sults easily.

Einarsson et al. introduced SmartHomeML [1], a
domain-speci�c modeling language for smart home
applications, which allow users to de�ne new func-
tionalities. SmartHomeML has a model designer and
a model generator which use template-based transfor-
mation to automatically generate smart home device
adapters and connectors for the target home control
system.

Mukendi et al. proposed the design and implemen-
tation of a customized IoT smart home [7]. By indi-
vidually designing and implementing the functions of
the smart home system, without considering devices
with di�erent regions or protocols, the complexity
of the smart home system can be reduced. Muk-
endi used a Raspberry Pi microcomputer to design
the IoT automation system, and used the Arduino
development board as the controller to connect the
circuits. The home automation system is equipped
with a Wi-Fi module and LCD, which displays when
each system is turned on or o�. The user can control
the on/o� of various household appliances through a
device, and can con�rm the operating status of the
device through the LCD screen.

Nandi et al. presented a statistical inference
based approach for computing real-time contracts for
component-based real-time control applications [3].
By verifying this system and checking the function-
ality and real-time properties, component-based real-
time applications can be merged in an e�cient and
easy manner.

Ste�en et al. proposed a component-based descrip-
tion language (CoDel) [10], which enabled system de-
signers to use the parameterizable attributes of com-
ponents, models, and interconnectivity to represent
components as reusable building blocks of the system.
CoDel can improve the usability, reusability, and scal-
ability of the application components and models.

Khalilzad et al. proposed a framework that sup-
ported multi-resource, end-to-end resource reserva-
tion [8]. The framework utilizes a multiple-input
multiple-output controller that coordinates the re-
serve size to track the dynamic resource requirements
of the software components.

5. EVALUATION

This section evaluated the application execution
time. We evaluated the application execution time
for 1000 times and calculated their average execution
time. First, the execution time of the handwritten
code version of the application, which is about 1.20
microseconds, was evaluated. Then, the application
execution time of the automatically generated code
version, which is about 1.22 microseconds, was eval-
uated. The execution time of the automatically gen-
erated code is about 0.02 microseconds longer than
the execution time of the handwritten code. The au-
tomatically generated code is only 2% slower than
the execution time of the handwritten code. There-
fore, the results show that the automatically gener-
ated code can be used in practical applications. The
comparison of results is shown in Fig. 16.

Fig.16: Application Execution Time.

6. CONCLUSIONS

This study proposed a development method based
on embedded components (i.e., CBD) to develop de-
vices for smart homes. Through the embedded de-
velopment technology, the software and hardware de-
velopment for smart homes can be integrated in a
quick and convenient manner. By developing CBD
based smart homes, development modeling such as
language modeling can be performed even before ap-
plication development. The established development
model can help developers clarify the development
structure. The parameters in the device description
�le can be obtained through the ECHONET Lite plu-
gin, and the developer will gradually improve the code
according to the interface code and parameters. The
software for smart homes can be gradually developed
using the established model diagram, reducing the
complexity of development.

The proposed developmental framework enables
the development of embedded components for smart
homes. The framework can reduce the complexity
of development and improve the scalability of smart
homes, and promote the update and maintenance of
device functions. The proposed framework enables
automatically generated based on the device descrip-
tion �le. The framework is based on ECHONET Lite
for device development, but currently cannot support
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other protocols.
In future work, we will extract the relevant pa-

rameters from the device description �le through the
ECHONET Lite plugin, and combine them with the
interface code for cross-compilation. An automat-
ically generated application module is also on the
agenda.
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