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From the perspective of ensuring life safety, combined with the advantages of high-speed time re-
sponse and energy conservation of white light emitting diodes (LEDs), the visible light indoor po-
sitioning algorithm based on fire safety is proposed in the paper. First, the model is designed which
needs three LED lights arranged in a straight line and positioned in the geographically north di-
rection on the top of the model. Then, the proposed algorithm is discussed and analyzed when the
camera is located at the center of the model and facing north, when the camera is located at the
center of the model and the angle is rotated, and when the camera is located at any position of the
model, respectively. It can accurately calculate the current position of the camera, its response
speed is fast and the positioning accuracy is high. Furthermore, this paper also verifies the practi-
cability and reliability of the algorithm by designing the visible light indoor positioning system
based on fire safety rescue in natural environment and smoke environment. The experimental re-
sults show that the positioning error does not exceed 0.70 cm in smoke environment.

Keywords: indoor positioning algorithm, camera, indoor positioning system. 

1. Introduction

With the continuous development of the city, the buildings are getting higher and high-
er, and higher requirements are put forward for the fire safety protection technology.
Once a fire breaks out in a high-rise building, the smog will cause the line of sight to
decrease, which will reduce the efficiency of the rescue and cause great trouble to the
rescue work. Therefore, it is particularly important to be able to quickly and accurately
obtain the location of a trapped person, improve rescue efficiency, and reduce the risk
of death. In addition, under normal circumstances, the indoor rescue environment of
high-rise buildings is relatively harsh, and for search and rescue personnel, there are
also great safety risks. In order to improve the safety factor of a trapped persons, it is
always necessary to know the location of a trapped person which is a necessary function
of modern fire safety equipment.



210 M. LI et al.
In order to make fire rescue work in a timely, orderly and efficient manner, it is
necessary to design an indoor positioning system [1] with high precision, high safety
and low cost. At present, the indoor positioning systems are mainly studied from two
aspects. The first aspect is the research of positioning technologies [2], and the second
aspect is the research of positioning algorithms [3]. The mainstream direction of re-
search is the study of location algorithms. After determining the use of a certain indoor
positioning technology, it is necessary to introduce an effective positioning algorithm
to achieve the expected indoor positioning accuracy. The existing indoor positioning
algorithms include the LANDMARC algorithm using RFID technology [4]; the GIPS
algorithm applied to university campuses and large indoor shopping malls [5]; the pas-
sive infrared sensor tracking localization algorithm for smart home service systems [6];
and the indoor co-location algorithm for emergency situations [7] and car indoor po-
sitioning algorithm [8], etc. These latest positioning algorithms have greater precision
in their respective application scenarios. Similarly, the positioning accuracy has been
significantly improved for three-dimensional spatial positioning. In the Ref. [9], the
optimal receiver position is obtained by Tabu search, and the Ref. [10] proposes
an improved chaotic particle swarm algorithm for indoor visible light localization sys-
tem to improve positioning accuracy. Although the above indoor positioning algo-
rithms improve the indoor positioning accuracy, the hardware cost and the complexity
are both high. 

From the perspective of ensuring life safety, combined with the high-speed time
response and modulation characteristics of white LEDs, the visible light indoor posi-
tioning algorithm based on fire safety is proposed in the paper. Multiple LEDs are used
as the transmitting end, and the camera is used as the receiving end [11]. The algorithm
considers three situations when the camera has different positions and orientations in
the indoor space. The image of the LED lights is captured by the camera to determine
the current position of the camera, and the positioning accuracy is high. In addition,
the reliability and practicability of the algorithm are also verified based on the visible
light indoor positioning system. The experimental results show that the positioning er-
ror does not exceed 3 cm.

2. Visible light indoor positioning algorithm

Based on the existing visible light indoor positioning algorithm, the positioning algo-
rithm is proposed using white LED as the reference signal transmission source, and
uses its modulation characteristics to realize communication [12]. The detection sensor
uses the camera, and its accuracy requirements and speed requirements are what the
algorithm needs to consider. 

2.1. Construction of optical model

Considering the size of indoor space is L × W × H, the LED light sources are fixed to
the top of the indoor space which are arranged in a straight line whose position points
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to the geographical north direction, and the distance between adjacent two lights is not
equal. 

The position model is shown in Fig. 1. Assuming that the coordinates of the three
LEDs are A(x1, y1, H ), B(x2, y2, H ) and C(x3, y3, H ), respectively, the distance between
A and B is Λ1, and the distance between B and C is Λ2 (Λ1 < Λ2).

Assuming that the radius of the roof LED bulb is r, the maximum distance of the
object to fully image the three LEDs is Λ1 + Λ2 + 2r, the height of the model is H, and
the expression is as follows:

(1)

where f  is the focal length of the lens, φ is the size of the lens model, and h is the height
of the camera from the ground.

When the lens needs to capture three LEDs completely anywhere in the indoor
space, the lens is located in the corner of the indoor space considering the worst case.
At this time, the lens needs to completely capture three LEDs, and the lens field of
view (FOV) should be larger than FOVmin: 

(2)

where L is the length of the indoor space, W is the width of the indoor space, ε1 and ε2
are the position error of LED installation. The actual field of view of the lens

(3)

where H is the height of the indoor space, f  is the focal length of the lens, and φ is the
size of the lens model.
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Fig. 1. LED positioning model. 
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2.2. Positioning algorithm

When the camera is located in different positions of the indoor space, the camera can
take the following three pictures, where A', B', and C' are the spots formed by the
LED lights. Consider the following three situations.

2.2.1. The camera is located in the center of the indoor space and faced north

This position is specified as the initial origin of positioning, and the captured picture
is shown in Fig. 2.

Assuming that the distance between A' and B' is λ1, and the distance between B'
and C' is λ2, then λ1 < λ2. Set A' (X1, Y1), B' (X2, Y2) and C' (X3, Y3). At this time, the
relative deflection angle of the lens is θ.

First calculate the distance between any two spots, and then determine which LED
corresponds to each spot. Its distance L1, L2, and L3 is expressed as follows: 

(4a)

(4b)

(4c)

Further, since λ1 < λ2, it can be judged that A' is a spot formed by the lamp A, B' is
a spot formed by the lamp B, and C' is a spot formed by the lamp C.

As shown in Fig. 2, the spot C' of the lamp C is at the center of the captured screen,
which indicates that the camera is in the origin position at the time of detection, and
the relative deviation angle of the detection camera (defined as the angle between the
Y-axis and the ray formed by the three LED spots in the captured picture) is 0 degrees,
indicating that the camera is facing the geographical north direction.

North

Y

0
X

Fig. 2. The camera is located in the center of the indoor space and faced north.
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2.2.2. The camera is located in the center of the room but the angle is rotated

When the detection camera is located directly below the lamp C and rotates around
the Z axis, the light source diagram is as shown in Fig. 3.

The relative deflection angle of the lens can be calculated from the two spot coor-
dinates of A' and C':

(5)

(6)

The actual lens rotation direction is opposite, so the actual lens is rotated counterclock-
wise θ, that is, a person faces the north-west angle θ.

2.2.3. The camera is located at the ground anywhere

Analysis based on the above two cases, when it is in any position on the ground, the
light source diagram is as shown in Fig. 4.

In order to calculate the position information of the camera at this time, it needs
to be solved in three steps.

1) First calculate the current lens pointing (actual lens deflection angle). The rel-
ative deflection angle θ is calculated by Eq. (6), and the direction in which the actual
lens rotates is relative, so the actual lens in Fig. 4 is rotated clockwise by θ (the actual
lens deflection angle is θ).

2) Then calculate the actual direction of motion and the motion step size of the lens.
The direction in which the lens actually moves is the direction of the center point M
relative to the C' motion. Suppose the resolution of the camera is 320 × 240, so the
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Fig. 3. The camera is located in the center of the room but the angle is rotated.
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coordinates of the center point M are (160, 120), and the distance l1 between A' and
the center point M is as follows:

(7)

The distance l2 between C' and A' is as follows:

(8)

The distance l3 between C' and the center point M is as follows:

(9)

Parameter β can be calculated from the cosine theorem

(10)

(11)

Assuming that the actual motion step size of the lens is proportional to l3, the actual
lens movement distance and the pixel point correspondence are as follows:

(12)

where L is the distance that the actual lens moves in space, l3 is the distance between
C' and the center point M, and n is a constant.

3) Finally calculate the current coordinates of the lens. As shown in Fig. 4, the lens
orientation is north (N) east (E) θ degrees, north (N) west (W) of the origin β degrees
and the distance from the origin is L. At this point, the lens positioning is shown in
Fig. 5.
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Fig. 4. The camera is located at the ground anywhere.
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Therefore, the current coordinates of the lens can be calculated as follows:

(13a)

(13b)

3. Experiment and discussion

In order to verify the practicability and reliability of the proposed algorithm, the indoor
positioning experiment system based on visible light is designed as Fig. 6. The visible
light indoor positioning experiment system is composed of the light source generating
portion and the position detecting portion [13]. The light source generating circuit
mainly realizes the illumination of white LED and the control of light intensity, and
the light source selects the 5 mm straw hat white LED which light intensity is large,
and which light is concentrated. Even in the environment of heavy smoke, its light pen-
etration is strong, the illumination viewing angle is obvious, the reliability is high, and
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Fig. 5. Actual lens in the floor plan.
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the imaging is easy to detect. The position detection adopt scheme is that the digital
camera combines with FIFO (first input first output). In addition, the control circuit is
simple, the price is relatively cheap, and the digital signal is convenient for circuit
design and control relative to the analog signal. Furthermore, the position detection
circuit not only needs the position detection process, but also needs the function of
wireless data transmission that is realized by GSM [14] short message mode.

3.1. Hardware design of experiment system

The whole system is composed of the power module, the image position detecting mod-
ule, the GSM communication module, the LED light source control module, the display
module and so on. This part focuses on the image position detection module.

The key to the image position detection module is the design of the digital camera
circuit. In this paper, the OV7670 digital camera is selected [15], the LED light source
is imaged by the camera, and then the image data is sent to the CPU. The CPU performs
binarization processing [16] and then performs position calculation, and finally obtains
coordinate information. The external communication signals are shown in Table 1.

3.2. Software design of experiment system

The light source part of the system mainly realizes the illumination control of the LED
lamp. The main program flow chart of the system is shown in Fig. 7.

In image processing, this paper defines the pixels to be processed. Each two bytes
constitutes the color of one pixel (high byte first, low byte last), using gray value cal-
culation formula [17] as follows:

Gray = ((((color) & 0xF800) >> 8) × 77 + (((color) & 0x07E0) >> 3) × 105 

+ (((color) & 0x001F) << 3) × 29 + 128) /256 (14)

T a b l e 1. Signal of OV7670 digital camera and its description.

Signal Function description

VCC3.3 3.3 V power supply

GND Ground pin

OV_SCL SCCB communication clock signal

OV_SDA SCCB communication data signal

FIFO_D[7:0] FIFO output data

FIFO_RCLK Read FIFO clock

FIFO_WEN FIFO write enable

FIFO_WRST FIFO write pointer reset

FIFO_RRST FIFO read pointer reset

FIFO_OE FIFO output enable (chip select)

OV_VSYNC OV7670 frame sync signal
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According to the above formula (14), the gray value of the point can be calculated.
The point where the gradation value is greater than 150 is a black point, and the point
where the gradation value is less than 150 is a white point, and image binarization can
be realized.

3.3. Test and discussion 

The indoor positioning experiment system based on visible light was designed as Fig. 8.
Figure 8a show the coordinate measurement in the natural environment, and Fig. 8b
show the coordinate measurement in the smoke environment. 

The experiment was conducted by making a prototype. In a confined space, the light
source part of the system is fixed in the ceiling of the indoor space and its position
points to the geographical north direction and is arranged in a straight line. The position
detecting part is placed at the coordinates of the bottom of the space, and the test result

Fig. 7. System program flow chart.
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is displayed on the LCD, which is compared with the actual result of the coordinate
reading. 

3.3.1. Test method

Place the position detection section on the bottom plane of the confined space and in-
stall the three LEDs as described above. Create a Cartesian coordinate system with the
center of the plane area where the lens is located as the origin, and divide the plane
into five areas: A, B, C, D, and E, as shown in Fig. 9.

Fig. 8. Prototype simulation environment experiment: natural (a) and smoke (b).
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Fig. 9. The area map of the lens.
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3.3.2. Test results in natural environment

As shown in Fig. 8a, when the sensor is located in the B and D regions, the measuring
circuit can correctly distinguish the upper and lower regions of the abscissa axis and can
measure the specific coordinate information. When the sensor is located in the C and
E areas, the measuring circuit can accurately distinguish the left and right areas of the
ordinate axis, and can also measure the specific coordinate information. When it is
placed in the A area, the measurement results are shown in Table 2.

According to the test data, it can be seen that the position measurement can be real-
ized. Among the selected seven sets of coordinates, the largest measurement error
reached 2.83 cm and the smallest measurement error was only 0.44 cm. In short, the
measurement error was no more than 3 cm, which indicates that the closer the sensor
is placed to the origin, the smaller the positioning error is; the farther away from the
origin, the larger the positioning error is. In addition, errors on the boundaries of the
five regions ABCDE need to be considered. When the camera is on the boundary of
the A area, there may be a large error due to being far away from the origin, or the
error may be smaller because the position of the LED lamp is better. When the camera
is on the boundary of the four areas of the BCDE (on the diagonal of the area), the
distance from the origin suddenly becomes larger and increases the error, or more likely
because the camera can only capture images of two or one of the LED lights. But due
to the lens focal length of the camera, there is a certain error in the measurement. 

3.3.3. Test results in smoke environment

As shown in Fig. 8b, the experiment verifies the feasibility of the proposed algorithm
in smoke environment by measuring 6 sets of coordinate precision, and the correspond-
ing smoke concentrations are 1000, 5000 and 10000 ppm, respectively.

According to the test results of  Table 3, it can be known that when the smoke con-
centration increases, the overall positioning error also increases, but at the highest
smoke concentration set, the maximum error is 0.70 cm. When the smoke concentra-
tion of the smoke is 1000 ppm, the positioning error does not exceed 0.4 cm, and the

T a b l e 2. Coordinates position in natural environment.

No. Actual coordinates [cm] Measuring coordinates [cm] Error [cm]

1 (0, 0) (0.0, 0.2) 0.44

2 (5, 5) (4.8, 4.6) 0.44

3 (–20, 15) (–18.8, 16.4) 1.84

4 (–30, –25) (–29.4, –24.8) 0.63

5 (35, –20) (32.2, –20.4) 2.83

6 (–10, 30) (–8.2, 28.4) 2.41

7 (23, 16) (21.4, 17.2) 2.00
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positioning accuracy is high. When the concentration of smoke is 5000 ppm, the posi-
tioning error is increased compared with the smoke concentration of 1000 ppm, but the
positioning error is controlled within 0.5 cm. When the concentration of smoke is
10000 ppm, the positioning error is up to 0.7 cm, which is much higher than the po-
sitioning error of the other two smoke concentrations, but within an acceptable range.
In addition, considering the uneven distribution of smoke caused by the artificial smoke
environment, it may result in a lower positioning error than the low smoke concentra-
tion at high smoke concentrations, which is also within the allowable range.

3.3.4. Discussion

In natural environment and in smoke environment, the position coordinates are respec-
tively measured, according to the designed prototype. From the results in Table 2, it
can be seen that the positioning error is in the centimeter level which can be used for
indoor positioning in natural environment. In addition, different smoke concentration
environments are considered to simulate fire rescue scenarios. It can be known from
Table 3 that the increase in smoke concentration will slightly increase the positioning
error, but the error is within the controllable range which can be applied to fire safety
rescue.

Based on the above algorithms and test results, consider preparing a helmet that
can be worn by the trapped person when the environment is on fire. A camera is in-
stalled on top of the helmet to obtain the image of the LED lights, which can realize
the indoor positioning of the trapped person in the skyscraper. This can facilitate the
rescue work and improves the life safety factor of the rescue personnel and therefore
has high practical application value.

4. Conclusion

From the perspective of ensuring life safety, combined with the high-speed time response
and modulation characteristics of white LEDs, the visible light indoor positioning al-
gorithm based on fire safety is proposed. In this paper, the geometric relationship be-
tween LED lights and image sensors is used to establish a mathematical model to solve

T a b l e 3. Coordinates position in smoke environment.

No.
Actual 
coordinates 
[cm]

Smoke 
concentration 
(1000 ppm)

Error 
[cm]

Smoke 
concentration 
(5000 ppm)

Error 
[cm]

Smoke 
concentration 
(10000 ppm)

Error 
[cm]

1 (0, 0) (0.2, 0.2) 0.28 (0.2, 0.3) 0.36 (0.3, 0.4) 0.50

2 (5, 5) (5.2, 4.9) 0.22 (5.2, 4.9) 0.22 (5.3, 5.0) 0.30

3 (8, 6) (7.8, 6.1) 0.22 (7.9, 6.1) 0.14 (7.5, 6.3) 0.58

4 (–7, –5) (–6.8, –4.8) 0.28 (–6.8, –4.8) 0.28 (–6.8, –5.0) 0.20

5 (8, –7) (7.9, –6.8) 0.22 (7.8, –6.9) 0.22 (7.9, –6.7) 0.31

6 (–5, 8) (–4.8, 7.7) 0.36 (–4.8, 7.6) 0.44 (–4.5, 7.5) 0.70
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the positioning problem of the terminal. In addition, this paper also verifies the prac-
ticability and reliability of the algorithm by designing the visible light indoor position-
ing system based on fire safety rescue in natural environment and smoke environment.
The system adopts the digital image sensing mode, has high positioning accuracy, fast
time response, and can provide people’s face orientation information, and it can also
carry out wireless short message communication, which can be applied to real-life se-
curity rescue. However, fast moving objects [18] are still hard to locate and the system
data transmission rate [19] needs to be improved due to the large amount of image data.
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