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Abstract 

Indoor and underground space positioning and navigation systems are important infrastructure for urban lifeline 
construction. With the development of 5G communication technology, artificial intelligence, intelligent construction, 
and other technologies, autonomous mobile terminals have become the main application subjects, and the require-
ments for accuracy and ubiquity of indoor positioning technology are also increasing. Two main indoor positioning 
technologies, sensor based and RF signal based are introduced, basic concepts of new visible light communication 
positioning technology are discussed, and in-depth results on non-imaging and imaging positioning methods are 
presented in this article. We propose a pose-assisted imaging positioning method applied in the 11 m × 8 m × 3.5 m 
room, which is based on visible light communication. This test shows that this method can achieve the positioning 
results with a plane positioning error less than 5 cm and the height error less than 6 cm by using low-cost sensors. Vis-
ible light positioning technology provides a cost-effective and convenient new solution for indoor positioning, simul-
taneously solving the integration problem of communication and positioning. It can provide positioning technology 
supporting the construction of urban lifelines in enclosed spaces.

Keywords  Urban lifeline, Intelligent construction, Indoor positioning, Underground space, Visible light 
communication positioning

1  Introduction
Urban construction, especially the construction and rapid 
development of urban lifelines, has posed serious chal-
lenges to the utilization of urban space. The development 
and construction of three-dimensional transportation, 
large venues, and underground spaces have become the 

main ways to alleviate the shortage of urban land. Navi-
gation and positioning in open spaces can be achieved 
through Global Navigation Satellite System  (GNSS), as 
receiving satellite navigation signals is not obstructed. The 
high-precision navigation and positioning of underground 
and other enclosed spaces is the main challenge faced by 
current urban construction. China’s engineering construc-
tion has gone through the stages of digital construction 
and information construction, and is developing towards 
the stage of intelligent construction. Intelligent construc-
tion [1–3], with Building Information Modeling (BIM) 
as core, uses modern information technologies such as 
Artificial Intelligence (AI), Internet of Things (IoT), and 
virtual Reality (VR) to achieve an integrated collaborative 
support system driven by digital chain from project ini-
tiation planning, planning and design, construction (pro-
cessing) to operation and maintenance services through 
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standardized modeling, full factor awareness, networked 
sharing, visual cognition, high-performance computing, 
and intelligent decision support. Intelligent construction 
highly relies on information technology, communication 
technology, sensor technology, and other advanced digi-
tal technologies. The main technologies involved are: 1) 
virtual reality technology, 2) indoor/underground precise 
navigation and positioning technology, 3) artificial intel-
ligence, 4) Internet of Things, 5) mobile Internet, 6) Big 
Data, etc. In this article, the main discussion is on indoor/
underground (enclosed space) navigation and positioning 
technologies involved in supporting intelligent construc-
tion of urban lifelines [4].

In this article, traditional indoor positioning meth-
ods, namely sensor based indoor positioning technol-
ogy and RF signal based indoor positioning technology 
are introduced, and authors propose a pose-assisted 
visible light communication imaging and positioning 
method,  with a focus on introducing our team’s latest 
research achievements.

2 � Development of indoor positioning technology
With the introduction of the concept of Metaverse, the 
digital twin technology of mapping and interacting 
between real world and virtual world has become a hot 
research topic [5]. The demand for real-time, dynamic, 
and high-precision twin interaction has put forward 
higher requirements for indoor positioning. Multi-
camera optical motion capture technology can meet the 
requirements of twin interaction in limited scenarios, but 
the system is relatively complex and requires specialized 
optical markers, making it difficult to widely apply. With 
the development of sensor technology and AI technology, 
new positioning technologies such as visual/inertial navi-
gation fusion, simultaneous localization and mapping 
(SLAM) technology and optical communication visual 
pose integration not only meet the real-time and high-
precision characteristics of twin interaction, but also the 
positioning scene layout is relatively simple and easy to 
be terminal, which has the prospect of widespread appli-
cation. Current indoor positioning technology can be 
mainly divided into two modes: sensor based and Radio 
Frequency (RF) signal based, as well as new visible light 
communication positioning technologies.

2.1 � Sensor based indoor positioning technology
Sensor based indoor positioning is a traditional position-
ing technology, which can achieve high-precision track-
ing of people and objects in indoor environment without 
GNSS signals. Installed sensors collect data and convert 
them into digital signals that can be processed by com-
puters, providing indoor positioning information. The 
accuracy of this indoor positioning technology can reach 

centimeter level, but the installation, debugging, and cali-
bration of sensors are relatively complex, and positioning 
range is limited [6].

(1)	 Infrared positioning technology [7]: There are two 
specific implementation methods for infrared posi-
tioning. One is to attach an electronic tag that emits 
infrared radiation to positioning object, and meas-
ure distance or angle of signal source through mul-
tiple infrared sensors placed indoors, thereby cal-
culating the position of object. Another method of 
infrared positioning is infrared weaving, which cov-
ers the space to be measured through multiple pairs 
of transmitters and receivers woven into an infrared 
network, directly locating moving targets.

(2)	 Ultrasonic positioning technology [8]: Ultrasonic 
positioning technology is to place an ultrasonic 
generator on target being located, send ultrasonic 
pulses to surrounding area at a certain time inter-
val, and receive pulse signals from ultrasonic emis-
sion devices at more than 3 fixed positions around. 
By comparing the time sequence of signals received 
by more than 3 receiving devices, the specific posi-
tion of ultrasonic generator can be inferred, that 
is, the position of target being located. When tar-
get moves, the motion trajectory of target can be 
depicted through continuous measurement.

(3)	 Inertial navigation positioning technology: Inertial 
navigation positioning is the use of inertial sensors 
such as accelerometer, gyroscope, or magnetometer 
to collect some parameter information of objects for 
measuring the acceleration and position information 
of the carrier itself, in order to achieve the purpose 
of navigation and positioning of moving carriers.

(4)	 Visual positioning technology [9]: Computer vision 
is commonly used for robot positioning. Robots 
install cameras to capture surrounding environ-
ment, process and analyze relevant data based on 
captured images, and perform robot positioning.

(5)	 SLAM technology: SLAM problem originated in 
the field of robots, and its research purpose is to 
realize the automatic work of robots in unknown 
environments [10]. In practical applications, the 
information of environment may not be compre-
hensive or unknown. In this case, it is necessary to 
combine positioning problem with mapping prob-
lem so that robot can use its own positioning to cre-
ate a map, and at the same time, use its own created 
map to achieve precise positioning. That is, simulta-
neous positioning and map creation. According to 
the different sensors relied on, SLAM technology is 
generally divided into laser SLAM technology and 
visual SLAM technology.
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2.2 � Indoor positioning technology based on RF signals
Indoor positioning based on RF signals utilizes RF sens-
ing networks to construct RF field models [11], RF signal 
measurement models, and positioning models. Usually, 
RFID tags, Bluetooth, WiFi, and wireless sensor networks 
are used to achieve localization.

(1)	 WiFi positioning technology: WiFi positioning 
technology is based on and premise of the loca-
tion information of network nodes (wireless access 
points), using a combination of empirical testing 
and signal propagation models to solve the position 
of connected mobile devices, with a positioning 
accuracy of 1 to 20 m.

(2)	 Bluetooth and ZigBee positioning technology: 
Bluetooth positioning technology is based on the 
strength of measured signals for positioning. Cur-
rently, Bluetooth technology mostly uses fingerprint 
positioning methods, and most of its improved 
methods are also based on this method. The imple-
mentation of ZigBee indoor positioning is achieved 
through mutual coordination and communication 
between each blind node, based on the proximity 
detection method.

(3)	 Cellular network positioning technology: cellular 
network positioning is mainly used for the position-
ing of smart phones, which is achieved by detecting 
characteristic parameters of propagation signals. 
The commonly used positioning methods are prox-
imity detection method and based on the observa-
tion of pseudorange multilateration.

(4)	 Radio frequency identification positioning tech-
nology: Radio frequency identification (RFID) is a 
technology that utilizes radio frequency signals to 
automatically identify objects and obtain relevant 
positioning information.

(5)	 Ultra wide-band (UWB) positioning technology: 
this technology uses ultra wide-band (UWB) tech-
nology to measure the time difference of radio sig-
nal propagation between two different positioning 
base stations, so as to obtain the distance differ-
ence between positioning tag and positioning base 
station.

2.3 � Visible light communication positioning (VLP) 
technology

Visible Light Positioning (VLP) is a new indoor position-
ing technology that can not only achieve positioning but 
also solve communication problems. Therefore, for intel-
ligent construction, it can solve the integration problem 
of communication and positioning. It mainly utilizes the 
fast on/off response characteristics of LEDs to modulate 
and send information, and the receiving end receives 

optical signals through devices such as photodiodes 
(PDs). VLP technology is an application of low speed vis-
ible light communication (VLC) technology, which can 
be divided into VLV_PD method and imaging method 
according to the different types of sensors used to receive 
VLC signals at positioning terminal. PD method mainly 
utilizes PD to receive and analyze visible light signals and 
received signal strength (RSS) information, Based on the 
light intensity information, it performs ranging intersec-
tion or fingerprint matching to achieve position estima-
tion of PD terminals, with positioning accuracy reaching 
sub-meter or even centimeter level. The imaging method 
is called VLP Imaging Sensor (VLP_IS) method for short. 
It mainly uses Complementary Metal–Oxide–Semicon-
ductor Transistor (CMOS) sensors to image the VLP light 
source, uses the shutter effect of CMOS sensors to obtain 
the stripe image of VLP light source, and uses stripe 
image to obtain coordinate information corresponding to 
light source ID, and then uses photogrammetric principle 
to calculate the spatial coordinates of photography points 
relative to VLP light source to achieve indoor positioning 
[12].

2.4 � Analysis of indoor positioning technology
With the development of artificial intelligence and 5G 
communication technology, the number of autonomous 
mobile terminals, such as indoor mobile robots and 
unmanned vehicles are gradually increasing, becoming 
the main application subjects, and the requirements for 
the accuracy and ubiquity of indoor positioning technol-
ogy are also increasing. Traditional indoor positioning 
technology usually requires deployment of additional 
positioning devices, dedicated receiving equipments, ded-
icated processing centers, and professional personnel for 
maintenance, which has disadvantages such as high cost 
and poor universality. Although suitable for local applica-
tion scenarios, it is difficult to scale the application.

The indoor/underground structural environment is 
complex, and there are significant differences in the 
requirements for positioning accuracy, speed, and cost 
among different application scenarios. The distribu-
tion of system positioning accuracy and cost applica-
tion fields of existing indoor positioning technologies 
is shown in Fig.  1. Infrared and ultrasonic positioning 
technologies have been applied to early indoor position-
ing technology research, but the system cost is relatively 
high. Indoor positioning technology based on wireless 
communication is often used for indoor personnel posi-
tioning, with relatively low positioning accuracy. How-
ever, indoor and mobile measurement usually require 
accuracy at the centimeter or even millimeter level, 
and wireless communication positioning is far from 
meeting this requirement. Based on the development 



Page 4 of 16Li et al. Urban Lifeline            (2023) 1:10 

of photogrammetry and machine vision technology, 
visual imaging has high positioning accuracy and good 
dynamic performance, but the measurement range is 
limited. In the field of high-end equipment manufactur-
ing, such as the assembly and manufacturing of large 
products such as airplanes, ships, and rockets, there is 
a high demand for machining accuracy and a large site 
space. It is necessary to establish large-scale precision 
measurement and positioning technology. The indoor 
Global Positioning System (iGPS) and workspace Meas-
uring and Positioning  System (wMPS) measurement 
systems based on laser angle measurement technology 
have achieved indoor submillimeter-level positioning 
accuracy [13, 14]. With the development of 5G mobile 
communication technology, Indoor Atlas, based on 
intelligent mobile terminals, launched indoor position-
ing scheme of geomagnetic/WiFi/BLE/PDR multi-tech-
nological convergence [15], which has also been rapidly 
promoted commercially.

3 � VLP_ PD positioning method application
The non-imaging VLP method is mainly achieved by 
PD receiving and analyzing the characteristics of visible 
light communication signals. Its positioning speed is 
high, computational complexity is small, and position-
ing terminal is easy to integrate. However, synchronous 
signal modulation is required for light source sending 
end, which has certain requirements for the distribu-
tion of light source. The positioning methods can be 

divided into signal ID recognition method, light inten-
sity RSS fingerprint analysis method, light intensity 
RSS geometric intersection method, TOA, AOA, and 
other methods.

3.1 � LED_ ID identification method
PD based LED_ID recognition method, also known as 
the proximity method, as shown in Fig.  2, utilizes the 
limited illumination range of the LED communication 
light source as the positioning area, continuously broad-
casting its own ID information. When the photosensitive 
diode (PD) in the positioning device receives and recog-
nizes the ID information, it determines that it is within 
the positioning area of the light source. The positioning 
accuracy depends on the density of the light source, and 
it is necessary to consider the layout of the light source to 
avoid overlapping interference of adjacent light sources. 
PD based optical communication has strong reception 
ability, usually exceeding tens of Kbits/s, therefore LED_ 
The ID can be attached with some other information to 
meet the needs of location services.

3.2 � Ranging intersection method based on light receiving 
intensity RSS

When estimating the distance of positioning based on 
the received signal strength RSS using intensity modula-
tion and direct detection techniques, a generalized Lam-
bert model is usually used to establish the relationship 
between signal RSS and distance [16] as shown in Fig. 3. 
For the Line of Sight (LOS) channel, the channel DC gain 

Fig. 1  Distribution of cost-accuracy of different types of indoor positioning systems
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between the VLP light source transmitter and the posi-
tioning receiver PD is shown in formula (1):

In the above equation, AD represents the effective pho-
tosensitive receiving area of the receiver PD;  m0 is the 

(1)HLOS(0) =

{

AD(m0+1)

2πd2L
cosm0(θT )GF (ϕR)gC(ϕR)cos(ϕR), 0 ≤ ϕR ≤ ψFOV

0,ϕR > ψFOV

luminous directivity mode parameter; dL is the distance 
between the LED and the receiver; θT and ϕR respectively 
represent the radiation angle of the emitting light source 
and the incidence angle of the receiver PD; GF (ϕR) is the 
gain of optical filtering in the link; The gain of light con-
centration GC(ϕR) in the link is related to the angle of 
view of the detector ψFOV  and the refractive index of the 
material used in the device [16].

The distance relationship between RSS and VLP light 
sources can be established through (1), but the influ-
ence of light reflection and other noise interference is 
not considered, and these factors need to be considered 
in practical applications. The distance intersection posi-
tioning method based on light intensity RSS is shown in 
Fig.  4. Usually, four VLP light sources are used as posi-
tioning references. The positioning terminal receives the 
RSS signals of the four light sources at the same time 
and converts them into distances. The distance intersec-
tion equation system is formed by Eq. (2) to calculate the 
position of the positioning terminal P.

3.3 � Fingerprint localization based on light receiving 
intensity RSS

The fingerprint localization method is called by using the 
signal field formed by multiple VLP light sources in space 

as a positioning reference, where there is a difference in 
the signals of any two points in the signal space field to 

(2)(xi − x0)
2 + yi − y0

2
+ (zi − z0)

2 = L2i , {i = 1, 2, 3, . . . }

Fig. 2  LED_ ID identification and positioning

Fig. 3  Light intensity signal receiving link
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form a specific fingerprint, and then establishing a cor-
responding relationship between the specific fingerprint 
and the spatial position [17]. The positioning method 
based on RSS fingerprint is shown in Fig.  5. The four 
VLP light sources with different IDs are distributed in a 
rectangle, and the signal coverage forms an overlapping 
area. The signal reception can receive the ID signals of 
the four light sources and record the corresponding light 
intensity RSS signals. According to Eq.  (3), the optical 
power calculation model is:

where PT (i) represents the emission power of the 
i-th light source; PLOS

R←T (i) is the receive direct light 
power from the i-th light source for the receiver; 
HLOS
R←T (i)(0) indicates the DC gain of the LOS chan-

nel between the receiver and the i-th light source; Then 
the fingerprint position can be represented as a vector 
Pj =

[

PT (LED_ID1)j ,PT (LED_ID2)j ,PT (LED_ID3)j ,PT (LED_ID4)j

]

 ; 
By collecting the optical power RSS at a specific loca-
tion in the space to construct a fingerprint spatial data 
model, and collecting signals in the positioning space for 
offline training to establish a fingerprint matching data-
base, a fingerprint matching positioning system can be 
constructed.

(3)PLOS
R =

N
∑

i=1

PLOS
R←T (i) =

N
∑

i=1

PT (i)H
LOS
R←T (i)(0)

3.4 � Time arrival method based on optical signal
The optical signal time arrival method is divided into 
Time of Arrival (TOA) and Time Difference of Arrival 
(TDOA), where the TOA method measures propaga-
tion time of signal between transmitting and receiving 
ends, and then multiplies the signal propagation time 
by the signal propagation speed to obtain signal propa-
gation distance, determining the distance between the 
transmitting and receiving terminals. Finally, the distance 
intersection positioning is performed by measuring the 
distance between receiving end and multiple transmit-
ting ends [18]. Due to the visible light as the TOA com-
munication carrier, there is a high requirement for time 
synchronization accuracy at both ends of transmitter and 
receiver, otherwise it is difficult to meet the measurement 
accuracy requirements. The VLP system based on TDOA 
does not require strict time synchronization at receiving 
and transmitting ends, but the signal modulation of dif-
ferent light sources at the transmitting end needs to be 
strictly synchronized [19]. As shown in Fig. 6, the TDOA 
system consists of four light sources with known spatial 
coordinates. The positioning terminal receives delay sig-
nals {T1, T2, T3, T4} from four VLP light sources within 
one cycle. The coordinates of the receiving terminal are 
set to P (× 0, y0, z0), and the distance between each light 
source in the system and the positioning terminal is cal-
culated as Eq.  (4). Then, according to the pseudorange 

Fig. 4  Spatial positioning based on light intensity ranging
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Fig. 5  Principle of fingerprint localization

Fig. 6  Time-of -arrival ranging and rendezvous positioning
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multilateration, form an equation set, as shown in Eq. (5), 
where C is the speed of light, and solve the equation set 
to obtain the three-dimensional coordinates of point P.

3.5 � Optical signal angle arrival method
There are two ways to construct  a VLP system of the 
optical signal angle arrival method. One is to use a circu-
lar PD array [20], which can determine the azimuth and 
elevation angles of light source relative to receiver when 
receiving LED signals. Therefore, the spatial position of 
the receiver relative to the light source can be calculated 
through angle intersection, as shown in Fig. 7a, which is 
the principle of planar angle of arrival (AOA). The cir-
cular PD array sensor forms its own coordinate system, 
and the center coordinates of three VLC positioning light 
sources are known to form the positioning system. Cent-
ers of three light sources are represented by A, B, and C, 
respectively. The receiver position is the O point. When 
only considering the plane coordinates, the plane angles 
formed by the receiver and the three light sources are 
∠ 1, ∠ 2, and ∠ 3. Therefore, the plane position of the 
O point can be calculated through ∠ AOC and ∠ BOC, 
which is actually the angle resection method.

Another method is to use an array light source system 
at the transmitter [13], as shown in Fig.  7b. The array 
light source signal can measure the azimuth angle of the 
receiver relative to the light source. When the receiver 
receives the relative angle signals from multiple light 

(4)Di =

√

(xi − x0)
2+

(

yi − y0
)2

+ (zi − z0)
2; {i = 1, 2, 3, 4}

(5)







D2 − D1 = (T2 − T1)C
D3 − D1 = (T3 − T1)C
D4 − D1 = (T4 − T1)C

sources, it performs angle intersection to achieve posi-
tioning, which is essentially the angle-forward intersec-
tion method.

3.6 � Application of VLP_PD method
LED_ID method has simple logic, convenient implemen-
tation, and  a simple system. The positioning accuracy 
depends on the layout density of light source. It is one of 
the first commercially available visible light positioning 
methods, mainly used for positioning and guiding cul-
tural and museum exhibitions, but the positioning accu-
racy is low. The positioning system based on time arrival 
method has high requirements for time synchronization, 
high system complexity and cost, and is difficult to pro-
mote and apply. The multi PD sensor scheme based on 
angle attainment has strong positioning adaptability, but 
has high requirements for both sending and receiving 
ends of light source positioning information, and is still 
in research stage. The method based on optical RSS dis-
tance measurement has high requirements for the accu-
racy of PD optical power measurement, and needs to 
establish an offline calibration relationship. The position-
ing system is vulnerable to background light interference 
and has poor portability, but it is suitable for specific 
enclosed environments, such as the positioning of sub-
way trains in tunnel environments, the patrol inspec-
tion of high-voltage power lines in power plants, and 
the positioning guidance of unmanned supermarkets. In 
response to the problems in the engineering application 
of PD method, research directions mainly include optical 
signal noise analysis and filtering, ambient light suppres-
sion [21], IMU assisted calculation of PD tilt angle, deep 
learning method for noise suppression, integrated navi-
gation, and the development of new single base station 
positioning light sources.

Fig. 7  Schematic diagram of two AOA positioning modes. a Receiver based AOA localization. b Sender based AOA localization
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4 � VLP_IS positioning methods applications
VLP_IS method includes two stages: light source imag-
ing recognition and measurement positioning. In the 
imaging recognition stage, the imaging sensor shutter 
effect is mainly used to obtain the stripe image of VLP 
light source imaging, and the light source ID is obtained 
by analyzing stripe features of light source. The imaging 
positioning stage is divided into two methods based on 
the number of reference light sources for positioning: sin-
gle-light positioning and multi-light source positioning.

4.1 � Light source recognition method of VLP_ IS
VLP_IS system generally uses CMOS imaging sensors as 
the receiving end, the LED_ID information to be modu-
lated by the sending end is continuously broadcasted in a 
flashing manner, and CMOS imaging sensor images VLP 
light source through working mechanism of roller shut-
ter [22]. The roller shutter exposes VLP light source from 
top to bottom row by row and perceives the brightness 
and flicker of VLP light source to obtain a grayscale stripe 
image. As shown in Fig. 8a, for the imaging effect of dif-
ferent shapes of light sources, during imaging recognition 
stage, digital image processing methods are mainly used 
to extract the image area, geometric feature points, and 
light and dark stripe information of VLP light source, as 
shown in Fig. 8b. Then, light source stripe is decoded to 
obtain the LED of the light source ID information and its 
corresponding light source coordinate information pro-
vide coordinate reference for imaging positioning.

4.2 � Single light source method of VLP_ IS
The distribution distance of light sources in indoor areas, 
such as building corridors, is relatively far, making it dif-
ficult to cover more than three VLP light sources in the 
imaging area. When there is only one circular VLP light 
source in the imaging field of view, theoretically only one 
positioning reference can be provided, and directional 
reference cannot be provided. For a single small-sized 
circular VLP system, reference [23] proposes an imag-
ing and positioning method based on binocular vision 
and IMU assistance, as shown in Fig. 9a. The binocular 
vision sensor and IMU attitude sensor are integrated 
into an imaging and positioning module, and the spatial 
distance L from the point O of the module to the center 
P of VLP light source is measured in binocular vision 
coordinate system. At the same time, the spatial attitude 
angle of the IMU is recorded, and OP is converted into a 
spatial vector in world coordinate system to obtain the 
world coordinates of point O and achieve positioning. 
When using a rectangular light source as  a positioning 
reference, imaging positioning can be directly achieved 
using four vertices of the rectangular light source, but it 
is necessary to be able to determine the corresponding 
relationship between image points of rectangular verti-
ces and their spatial coordinates on the image. Reference 
[24] sets reference marks on the light source as shown in 
Fig. 9b, solving the correspondence between four image 
points of light source and their world coordinate points, 
and achieving imaging positioning based on a rectangu-
lar light source.

Fig. 8  VLP light source imaging recognition and geometric feature extraction. a Imaging effect diagram of circles and rectangles VLP light source. b 
Geometric feature point extraction of circles and rectangles VLP light source
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Fig. 9  Principle of single light source imaging and positioning. a Binocular visual positioning based on circular light source. b Imaging positioning 
based on rectangular light source



Page 11 of 16Li et al. Urban Lifeline            (2023) 1:10 	

4.3 � Multiple light source method of VLP_ IS
The VLP system based on multiple light sources imag-
ing is shown in Fig.  10a, which generally uses four or 
more smaller circular light sources. It is required that 
the imaging range of positioning terminal cover at least 
three or more light sources to meet the needs of spa-
tial resection imaging pose calculation. After position-
ing terminal camera images  with multiple VLP light 
sources, as shown in flowchart 10 (b), first extract each 

VLP light source area image separately, calculate the 
center coordinates of each VLP light source image, and 
analyze the light and dark stripe information to obtain 
the light source LED_ID and corresponding spatial 
coordinates, and then calculate the camera pose based 
on the imaging geometric relationship to obtain posi-
tioning result. The center image point of light source 
image is generally taken as the centroid or center of 
gravity of light spot contour, LED_ID can be decoded 

Fig. 10  Principle of Multiple Light Imaging and Positioning. a Source Imaging and Positioning. b Calculation Process of Multiple Light Source 
Imaging and Positioning
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based on the stripe image or recognized using rule 
matching methods, and finally, the imaging pose is cal-
culated to output the positioning results.

The geometric relationship of imaging is as follows (6):

Among them, ZC represents the distance from the 
target point to photography center in camera coordi-
nates, 

[

u v
]T  represents the image point coordinates, 

fx, fy, s,u0, v0 represent the camera internal parameters, 
R3x3,T3x1 represent the rotation and translation rela-
tionship between camera coordinate system and world 
coordinate system, and 

[

XW YW ZW

]T  represents 
world coordinate of the target point.

Different methods can be used for imaging pose 
estimation according to the number of light sources 
involved in calculation. When the number of light 
sources is 3, single image space resection, pyramid 
method and other methods can be used for calcula-
tion. When the number of light sources is more than 3, 
EPNP and Quaternion methods can be used for calcu-
lation. The positioning accuracy of VLP systems based 
on imaging is related to factors such as imaging dis-
tance, imaging resolution, and light source distribution. 
The position estimation error is generally on the order 
of centimeters, and the azimuth rotation angle estima-
tion error can be less than 1 degree [25].
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Fig. 11  Visual recognition and vertex extraction of rectangular VLP 
light source

Fig. 12  IMU assisted corner matching process of rectangular light source
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4.4 � IMU assisted VLP_ IS positioning application
The commonly used LED light sources indoors are 
mainly divided into small-sized circular lights and large-
sized rectangular lights, with various layouts. Imaging 
and positioning schemes can be designed based on the 

shape, size, quantity, and spatial layout of light sources 
used in VLP systems. In order to improve the robust-
ness of navigation, positioning terminal of imaging VLP 
system generally needs to add IMU attitude sensors to 
assist in imaging and improve positioning accuracy and 

Fig. 13  Communication Light Source Layout in the Test Scenario
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efficiency. As shown in Fig. 11, when using a single rec-
tangular light source as positioning reference, corner 
matching of the rectangular light source can be achieved 
using IMU assistance according to the process in Fig. 12, 
and high-precision positioning can be achieved based on 
imaging positioning algorithm.

As shown in Fig. 13a, the positioning test environment 
based on a rectangular panel light source was established 
in the laboratory office environment, whose length, width 
and height were 11 × 8 × 3.5 m respectively. Nine rectan-
gular flat panel LED light sources were installed on the 
top of the room, and the luminous size of the light source 
was 54.8 cm × 54.8 cm. In this environment, a total of 9 
rectangular flat LED light sources are installed on the top 
of the room, and five of them were transformed into VLP 
light sources. The Trimble SX12 3D laser scanning robot 
was used as a measurement tool to collect the spatial 

point cloud information of the test scene and construct 
the global world coordinate system. The rectangular ver-
tices and floor points of 9 light sources are measured in 
the world coordinate system, and each point is measured 
twice to ensure that the point measurement accuracy is 
better than 2 mm.

The positioning module was placed at the positioning 
point for rotational positioning, as shown in Fig.  14a. 
Using the imaging positioning method of rectangular flat 
VLP light source based on attitude assistance, the trajec-
tory of the rotating positioning plane is shown in Fig. 14b, 
the trajectory radius is less than 1.8 cm, and the position-
ing point height fluctuation range is less than 4.6 cm.

The positioning module was installed on a remote 
control car for  a mobile positioning test, as shown 
in Fig.  15a. By controlling the car to move along 
the direction of the light source deployment, the 

Fig. 15  Moving and positioning plane trajectory between multiple light sources. a Mobile positioning trolley. b VLP_ IS positioning trajectory

Fig. 14  Single point rotation positioning analysis. a Positioning test method. b Rotating positioning trajectory
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position-assisted iterative method was used for mobile 
positioning test, and the positioning result is trans-
mitted to the positioning display software in real time 
through the positioning device. In the process, the car 
passes under the set VLP light source in turn according 
to the established route, and the overall plane position-
ing trajectory is shown in Fig. 15b. The test shows that 
plane positioning deviation is less than 5 cm, and height 
deviation is less than 6 cm.

The identification light source used in the positioning 
process is shown in Fig. 16. The matching method based 
on the autocorrelation sequence of imaging fringe is used 
for identification [25], and the automatic switching of 
positioning marks is ensured through visual recognition. 
When the number of light sources is greater than 2, joint 
adjustment calculations can be performed to improve 
positioning accuracy.

5 � Summary
With the rapid development of wireless communication 
technology, wireless indoor positioning technologies 
such as RFID, WiFi, Bluetooth, UWB, Zigbee, and RF 
base station have emerged one after another. The emer-
gence of indoor augmented reality (AR) technology has 
promoted the development of high-precision indoor 
positioning technology. Optical tracking, infrared laser 
positioning, visual motion capture and other technolo-
gies meet the needs of high-precision and low latency 
positioning. However, these positioning technologies 
have a smaller spatial range and higher costs. With 
the development of MEMS sensing technology, the 
trend of modularization, miniaturization, integration, 
and low cost of sensors such as inertial devices, visual 

cameras, and LiDAR has become increasingly appar-
ent, promoting the development of mobile robot tech-
nology. SLAM technology based on vision, laser, and 
inertial navigation is gradually moving towards scene 
applications, which has also promoted the progress of 
indoor autonomous positioning and navigation tech-
nology. In order to meet the indoor positioning needs 
of different precision and cost for intelligent manufac-
turing and smart city construction, multi-sensor fusion 
indoor positioning technology is the main development 
direction in the future. With the widespread applica-
tion of LED light sources, indoor positioning technol-
ogy based on visible light communication has attracted 
widespread attention in the industry, providing a 
cost-effective and convenient new solution for indoor 
positioning. We systematically analyzed the implemen-
tation methods of VLP_PD and VLP_IS, and proposed 
a pose-assisted VLP_IS method, which can provide key 
technical solutions for the large-scale deployment and 
application of indoor positioning systems based on 
visible light communication imaging, and meets the 
needs of low-cost, high-precision mobile positioning 
for indoor mobile robots. At the same time, it solves 
the integration problem of communication and posi-
tioning, and can enhance the support of enclosed space 
navigation and positioning technology for urban life-
line construction. The identification of light source ID 
can be achieved by VLP_IS method, but the capacity 
is limited and the performance of imaging sensor has 
certain requirements. The combination of PD method 
and IS method to realize multi-light source identifica-
tion and imaging positioning is a potential research and 
application direction.

Fig. 16  Matching effect of multiple light source recognition
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