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Abstract 
The development of people’s living standard is bring with the growing demand for smart 
home systems. With the leading of smart home requirements, this paper proposes a 
smart home lighting control system design based on digital twin technology. To satisfy 
different user needs and achieve intelligent adjustment for the optimal brightness and 
atmosphere in various environmental conditions, the proposed system in this paper 
consists of system modeling, data processing, simulation experiment and system 
optimization. Therefore, low cost, good controllability and convenience can be obtained 
compared to the traditional lighting control system, which cannot achieve a variety of 
functions for different user needs. In this paper, we propose a smart home lighting 
system based on digital twin technology and smart home system, and design a living 
room as a case to prove the timeliness of the system. 
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1. Introduction 

The rapid development of the Internet and the increasingly rich network resources bring the 
increasing penetration rate of users and the continuous expansion of the design field, and the 
corresponding professional services are constantly optimized [1]. At present, the development trend 
of the Internet economy has begun to transition from consumer Internet to industrial Internet. The 
rapid development of industrial Internet will strongly promote digital and intelligent transformation 
and upgrading [1,2]. Internet of Things (IoT) is an important component of the rapid development of 
the Internet in the new era and an important development stage in the "information" era. IoT, as an 
extension of the Internet, represents the only addressable interconnection object of the global network 
[3]. Based on perception, data analysis expression, cloud computing, as a unified framework, IoT 
promotes the third revolution in network science and technology. IoT is essentially a combination of 
the Internet of Things and the network, which uses communication technologies such as local network 
or Internet to connect sensors, controllers, machines, people and things in new ways, in order to 
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simplify users' access to smart devices [4]. A smart home system connects household equipment, 
people and the Internet to make household equipment more intelligent. 

The technology derived from smart home should be people-oriented, realize users' needs through 
software and equipment, take cognitive system as the mainstream trend, and combine technology 
with reality[3,5]. Now, intelligent household equipment are developing rapidly, but the overall usage 
rate is not high, the main problem is that the price is generally higher than that of traditional household 
equipment.  The corresponding technology is not mature, thus, more technical iteration is needed to 
stabilize the product quality for satisfying market demand. The key technology of smart home is 
composed of wireless sensor networks (WSNs), Hubs, Cloud computing, Smart objects, 5G and other 
technologies [7]. For example, many applications of smart home benefit from the perception of the 
state of objects at home; each Hub has certain data storage capacity and can communicate with 
devices by WSNs at home, making it convenient to help users in life[8,9]. 

Dr. Michael Grieves proposed a virtual space that could connect virtual entities and subsystems of 
physical devices [6]. In this paper, a system design for intelligent lighting system based on digital 
twin technology combined with intelligent household is proposed, which includes a virtual lighting 
system. The virtual system needs to be tested in the laboratory to continuously upgrade its 
performance. The resources of high-tech products can be saved as well as product demands can be 
fully meet. Therefore, the cost of intelligent lighting system can be saved, so as to greatly improve 
the acceptance of market users. 

In this paper, we design a cloud-based network physical architecture. In the proposed architecture, 
each underlying physical device will automatically generate a virtual model in the cloud [11]. 
Following the main idea of digital twins, a cloud-based smart home lighting system is proposed. The 
basic mechanism of the lighting system is the user's action decision and task setting [12]. Through 
ZigBee technology, the data information obtained by the sensors to investigate the types of night 
activities and the number of people under the light is evaluated and implemented to achieve 
information feedback. Finally, the feedback information is perceived to the user through ZigBee 
technology. In addition, the executing intelligent device can provide appropriate brightness for user 
by self-adjustment and construct mechanism model by automatic memory of subsequent operations. 
Then, it provides data terminal storage for the device layer through ZigBee technology, and finally 
realizes interaction with the adjustment of relevant data of mobile phone APP [10][13]. For better 
implementation, taking the lighting system of the living room (details in Section IV ) as an example, 
we first select the most commonly used scenario for reading by using ZigBee as the main technology 
of communication to guarantee a minimum data transmission and low complexity communication 
network structure. 

The rest of this paper is organized as follows. Section II introduces the background of smart lightning 
system and digital twins. Section III proposes the system framework of the proposed DT-based 
intelligent lighting system; In Section IV, An example based on the proposed intelligent lighting 
system is demonstrated to verify the proposed design system. The conclusions and future work are 
given in Section V. 

2. Smart lightning System 

The lighting system is mainly applied in each room of a smart home system, aiming to create a fully 
intelligent lighting control system. The application scenario is mainly composed of the living room 
with different intelligent lighting types and the plan of the lighting system of other rooms (as shown 
in Fig. 1). There are two light source models in the living room, which are the main light source of 
the vertical auxiliary lamp standing on the side of the sofa, and the other is the surface light source 
composed of the ceiling lamp belt and the ceiling lamp. In addition, sensors are installed on the ceiling 
and TV wall, at the side of the corridor, and on the wall backed by the vertical auxiliary lamp at the 
side of the sofa, in order to facilitate the collection of data. 
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Fig.1. The structural diagram of smart lightning system 

3. DT-based Intelligent Lighting System Framework 

A cloud-based network physical architecture was proposed in [1], which assumes that many 
independent system connect together to perform a specific task. Throughout the network based on 
cloud physical architecture, each of the underlying physical device will automatically generate a 
hosting in the cloud with digital twin model. Following this idea, the cloud-based smart home lighting 
system is proposed in this paper, as shown in Fig. 2. The whole framework is divided into four layers. 
The bottom layer is the equipment layer, which contains all terminal intelligent devices, including 
bulbs, tubes, infrared cameras and photoelectric sensors required for the realization of a smart lighting 
system. The second layer is the transmission layer, which is mainly responsible for data transmission 
and edge calculation. The third layer is the model layer, which is mainly responsible for building the 
corresponding digital twin model of the physical entity through the collected data and the parameters 
of the physical entity. The fourth layer is the application layer, which refers to the application of data 
and models, including central computing, data prediction, decision making, data visualization, etc., 
distinguished from edge computing. The communication rules for the whole framework are as follows. 
The access to terminal sensors is granted through the service layer. Based on the communication 
standards, both physical and digital twins can communicate with each other. Each group is marked 
by a unique relationship ID. All communication in a particular relationship can only be transmitted 
to the members of that group, not to other groups. Any intelligent device can be a member of multiple 
relational groups at any given time, that is, it can exchange multiple sets of information with multiple 
agents. These communication are created as peer network groups in the peer relationship layer of the 
digital twin objects. Sensory information collected by the device layer is stored in its own data center, 
as well as in the data center of the cloud-based network layer. Interactions between things can occur 
through direct self-organizing communication in the device layer. 
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Fig.2. Framework of intelligent lighting system based on digital twins 

3.1 Modeling 

A. Physical modeling 

Because people cognitive limitations of the physical world, establishing a physical model is usually 
requires a lot of assumptions that may eventually lead to large deviations in the model data. The 
physical modeling in this paper can be started from the following aspects. 

1) Test analysis modeling 

Test analysis modeling, as the name implies, involves modeling a system by experiment or 
investigation to understand quantities or models in a system that researchers cannot directly measure. 
In general, test analysis modeling simplifies the internal structure and only parameterizes the overall 
properties. Therefore, this modeling method is carried out against very rough temporal and spatial 
resolution. Test analysis modeling needs experiments; however, it is not convenient to conduct 
experiments on larger systems, such as a living room, even though laboratory experiments are 
conducted on a scale of partial investigation questions. Furthermore, the laws of physics do not always 
meet certain conditions, thus limit the usefulness of this approach. In addition, both laboratory and 
field experiments are very expensive. 

2) Mechanism analysis and modeling 

Mechanism analysis and modeling means modeling a system based on its mechanisms, such as 
physical or chemical changes. Firstly, reasonable assumptions are made according to the application 
situation of the modeling object and the modeling purpose. Then, mathematical equations are 
established according to the internal mechanism of the system, and the number of process variables 
is compared with the number of independent equations to analyze the degree of freedom, so as to 
ensure that the model has solutions. Finally, the model is simplified and verified. In mechanism 
analysis modeling, 3D modeling is the first applied technology. In the digital twin model of a system, 
3D modeling describes the external physical characteristics of the system. The second developed 
technology is the high-fidelity numerical simulator. In the process of solving mathematical equations 
of system mechanism, a large number of partial differential equations lead to the complexity of 
solving, so the discretization technology represented by the finite difference method (FDM) came 
into being. At present, advanced high-fidelity numerical simulators have been applied in the 
prediction of some disease models, but due to the limited computational efficiency, the current high-
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fidelity numerical simulators still cannot simulate natural systems, and can only simulate artificially 
designed objects to a certain extent. 

B. Data-driven modeling 

While physical models dominate the design phase, data-driven modeling is becoming more common 
due to the availability of rich data offerings in digital environments, open source cutting-edge and 
easy-to-use libraries (TensorFlow, Torch, openAI), and inexpensive computing infrastructures (CPU 
and GPU). In contrast to physical modeling approaches, data-driven modeling is based on the 
assumption that since data is a representation of known and unknown physics, the complete physics 
can be explained by developing data-driven models. One of the main reasons for the recent popularity 
of digital Twins is the availability of inexpensive and tiny sensors capable of recording a wide range 
of possible image data, including text, audio, RGB images, hyperspectral images and video. The 
advantages of data-driven models are that they evolve as more and more data (experiences) are fed 
into the models. 

3.2 Intelligent Computation 

Data analysis and intelligent computing include possible data analysis and calculation methods. In 
the process of data analysis, intelligent computing methods are often used. In the proposed intelligent 
lightning system, Machine Learning (ML) is mainly considered. With the further development of ML, 
it is playing a significant role in the field of digital twin. ML is consisted of reinforcement learning, 
supervised learning and unsupervised learning. The computer can find rules or solutions from the 
data by ML algorithm, and then perform tasks. In the context of digital twin, constrained Boltzmann 
machine (RBM) is used for anomaly detection of data. Time RBM can be used to model multivariate 
time series; convolution RBM is used to understand the structure of time series; mean-variance RBM 
is used to understand the covariance structure of data and used for dimensionality reduction. In 
addition to RBM, RNN is a recursive neural network, in which predictive capability of LSTM (Long 
Short Term Memory Networks) helps us to predict the future states and scenarios of digital twin 
models. In addition, generative adversarial networks (GANs) has been able to generate data 
indistinguishable from real data, so that GANs can be further used for data analysis, filling missing 
data, improving image resolution, filtering, d etc., all of which are closely related to the establishment 
of digital twin model. 

3.3 System Optimization 

 
Fig.3. The flow chart of intelligent lighting system based on digital twin 
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In the modeling of digital twin model in this paper, fusion modeling method can be considered, that 
is, physical and data-driven fusion modeling method. The control center sits in the cloud with the 
digital twin model, allowing real-time monitoring of the entire house. Both the digital models and the 
physical system can be optimized lies in the selection and optimization of intelligent computing 
methods. As mentioned above, intelligent computing has a variety of methods, which are suitable for 
solving various problems. At this time, we need to optimize it according to application scenarios and 
service requirements. 

4. Lightning system design of the living room 

4.1 Design plan of the living room 

After conducting a literature data survey on the current development of smart home devices in the 
market and consumers' use of technologies such as the Internet of Things (IoT), digital twins and their 
applications in their lives, it is found that consumers of all ages could not comprehensively understand 
the level of smart home devices, and the awareness of related technical concepts is extremely low. In 
this case, the current interior decoration is still based on traditional decoration ideas and methods, 
only a small part of the furniture have the IoT function or not at all. 

When investigating smart homes, users have become accustomed to household functions that are 
necessary in daily life except for security-related systems. Therefore, we choose the basic home 
function of lighting system as our goal in this example. The living room is chosen because of its most 
complicated types of family activities. 

 
Fig. 4. Framework of intelligent living room illumination system based on digital twins 

Based on main idea of digital twins, the designed living room system can achieve the goal of 
"adapting to the habits of any user". In this paper, we design five tasks. Once the system accomplish 
any three of them, it means that the system can adapt to the user’s habits. 
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(1) After the user turns on the lights for the party, the system records the number of people and the 
brightness of the lights, and then decides an appropriate range of light brightness according to the 
previous party situations in user's house, and adjust it according to the number of people. 

(2) When the user needs to turn off the lights or dim the lights because they need to watch a movie in 
the living room, it is determined that "watching a movie" is the cause, turning off the lights is the 
result, and the lights are automatically adjusted when watching a movie next time. 

(3) In the afternoon, the lights in the living room are gradually turned on according to the time, and 
finally reach the calibration value when it is dark. According to the user's adjustment of the calibration 
value and the home time, the lighting time and overall brightness are adjusted. 

(4) The brightness of the main lamp in the living room, the ceiling light strip and the vertical auxiliary 
lamps on both sides of the sofa are changed according to the user's reading time at night. The user's 
preference for the seat is recorded to adjust the brightness difference of the two vertical lamps. 

(5) The sleep time of the user turning off the lights is recorded, and all the main lights are turned off 
before sleep, and the auxiliary lights are gradually turned off after sleep. 

4.2 System design 

Due to the versatility of the living room, we selected two of the most common functions as the user's 
behavior. One is reading, and the other is gathering (party). We also considered more interior layout 
designs, and fitted them according to the overall structure and the five tasks previously listed, and 
finally designed a prototype of the living room. 

(1) The mechanism model of the lighting system 

The default value are initialized, and then the brightness is adjusted according to user’s habits, and 
the state of the light is recorded and is set to be the new default value. Later, we will continually 
record user’s behavior and use these data to update the “default value” of the first recording. After 
multiple updates, we can judge behavior and perform operations based on human behavior data and 
the formed users’ behavior model. It is still needed to manually adjustment for a few times, because 
there is no perfect model, the “Reading” option saved on the control panel can be chosen to adjust 
the status of the light in advance, and the brightness of the light back can be adjusted when the 
behavior is late. The number of corrections is set initially, and then it is automatically determined 
whether the behavior occurs or not, and perform the operation. 

(2) The data-driven mechanism for adapting user behavior 

If there is relatively little data, it is needed to collect new data, and then replace the old data with the 
new collected data; if there are extra data and the user habit model has been formed, the data with 
large deviations outside the core model is deleted, the core data is saved, and the user would be 
informed in advance. 

Assuming that the construction of the overall data model is a normal distribution, it is needed to 
collect data at multiple points, form a graph, and take a certain range around the expected value as 
the core area. When the data is collected to a certain extent, the variance is reduced according to the 
above-mentioned method. A normal distribution is established for each application scenario. If a new 
scenario appears, the user must either start from the beginning or choose a similar one based on the 
past scenario. 

(3) Key technologies 

This model uses ZigBee as the main communication technology to ensure a minimum data 
communication flow and a low-complexity communication network. Therefore, all the devices and 
the coordinator are connected by a star link. As a non-staff device, the mobile phone can receive the 
status in real time and control the switch and brightness of the light. 

For data collection, this model adopts an ideal situation, so it will not upload data in real time, which 
can also reduce the total amount of data to be processed. It is found that most of the complete sets of 
smart home devices on the market have a certain time interval before they package and upload the 
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collected data. In this case, we set the interval to be packed once every 3 seconds. The model of the 
data layer uses genetic algorithms to better find the fitness value. 

(4) Types of collected data 

a) Light data, on or off, brightness. 

b) Sensor data, location and number of people. 

c) Mobile phone, TV data, monitor other data, upload usage status, and prevent misoperation. 

(5) Modeling 

 
Fig. 5. Flow chart of double closed-loop feedback and self-optimizing living room illumination 

system based on user behavior 

 

This model adopts a double closed-loop structure. The starting point is the behavior of the user. The 
data is collected by the sensors and then is uploaded to the cloud space for storage on the one hand, 
is used to form a data model for the corresponding behavior, and the model can be continuously 
optimized. After the model is formed, the user's behavior can be predicted and simulated. At the same 
time, it performs behavior judgment based on the data received in real time so that the terminal (light) 
can adjust itself to meet the user's requirements. 

5. Conclusion 

The further development of smart home made the convenient and comfortable of human’s life as the 
core. This paper proposed a smart lighting system based on digital twin, and design the lighting 
system based the proposed system framework. Through this specific room case, it is demonstrated 
that how to exploit digital twin technology in common lighting system, to achieve real-time 
information collection, transmission, processing, integration with feedback, and predict user behavior. 
Combined with digital twin technology, the intelligent home lighting system can be more intelligent 
to serve people and change users' daily life. 
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