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Abstract—Most of current wireless indoor positioning 

methods could not accurately obtain channel model, the 

mapping between spatial position and received signal 

features. The main factor for a precise channel model in 

an indoor environment is multipath effect. Time 

reversed (TR) wireless indoor positioning method has 

been validated to effectively reduce signals fading or 

time delay affected by multipath effect. However, these 

advantages are depended on a prior known channel 

model, without this condition, the accuracy of TR 

method will be seriously deteriorated. To solve the 

shortcoming of a general TR method in an unknown 

channel model application, we present a combining 

Time Reversal and Fast Marching Method (TR-FMM) 

positioning method. This method locates a target with 

two stages. In the stage one, the precise channel model 

of an indoor environment is estimated by FMM and 

simultaneous algebraic reconstruction technique 

(SART). In this stage, Time of Flight (TOF) 

information generated by some fixed spatial position 

anchors are used to fulfill the indoor channel model 

estimation, then the needed channel impulse response 

(CIR) for TR method will be obtained based on the 

estimated channel model. In the stage two, with the 

obtained CIR, any new joint mobile target will be 

accurately located by a general TR wireless indoor 

positioning method. Some numerical simulations have 

been presented to validate the proposed method. 

Simulative results depict the positioning deviation is 

less than 3cm for a newly joined mobile target with 1cm 

scale in a moderate complex indoor configure, and the 

accuracy of the positioning is improved 30 times 

comparing to a general TR method. The positioning 

time in the stage 2 is less than 3 minutes in a PC with 

1.6 GHz dual CPUs and 2G Bytes memory. Obviously, 

the proposed method has great advantage in high 

accuracy and low complexity for wireless indoor 

positioning system. 

 

Index Terms—Wireless Indoor Positioning, Fast 

Marching Method(FMM), Simultaneous Algebraic 

Reconstruction Technique (SART), Time Reversal (TR) 

 

I. Introduction 

Wireless indoor positioning has been very popular for 

the high demand of positioning related information and 

applications. It has entered in the realms of consumer 

applications, as well as medical, industrial, public safety, 

logistics, and transport system along with many other 

applications [1-3]. There is no doubt that wireless indoor 

positioning will bring great convenience for human life 

in the future. The wireless indoor positioning 

environment is particularly difficult from the outdoor. 

There are serious multipath effect, low probability of 

line-of-sight (LOS) path and numerous reflecting 

surfaces in the indoor environment[1], where the 

accurate global positioning system (GPS) also does not 

work well [4].  

For getting precise wireless indoor object location, 

there are emerging various positioning methods. 
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Triangulation positioning methods utilize geometric 

properties of signals to compute object location. These 

methods employ the signals such as received signal 

strength (RSS), angle of arrival (AOA), time of arrival 

(TOA) and time difference of arrival (TDOA) to 

estimate the distance between transmitter and receiver 
[2-3]. Among these methods, RSS uses the attenuation of 

transmitted signal strength, it generally suffer the 

multipath effect. AOA, commonly referred as direction 

finding, includes relatively large and complex 

directional antennas. For a TOA-based system, the one-

way propagating time is measured, which is directly 

proportional to the distance between the transmitter and 

receiver. TDOA is to calculate the difference time 

which the signal arrives at the multiple measuring units, 

rather than the absolute arrival time of TOA. However, 

due to serious multipath fading and shadowing in a 

wireless indoor environment, the channel of indoor 

environment is a Non-Line-Of-Sight (NLOS) case, and 

a fixed path-loss model does not always satisfied. 

Without knowing the NLOS information, the change of 

the received signals, such as, magnitude, time delay or 

phase difference, may be caused by many factors, such 

as the long distance, the obstacles, the disturbing of 

other signals or reflection. Even for an Ultra Wideband 

(UWB) pulse system with TDOA method, the wireless 

indoor positioning accuracy rarely achieves to 20 cm [1]. 

Different from the triangulation positioning, another 

positioning method is scene analysis positioning, such 

as fingerprint. Scene analysis positioning method 

always needs to collect the features of a scene first, this 

is, establish the map database between a special location 

and the signals features. In fact, after this procedure, a 

special NLOS channel model is obtained. And then 

estimate the location of the newly joined object by 

matching online measurements with map database [1]. 

Large numbers knowledge of the wireless indoor 

environment should be collected to achieve the actual 

application [5]. Even so, the media distribution and 

channel parameters are still unknown. When there has 

some media distribution change, the map database 

should be measured again, or the positioning accuracy 

will be seriously degenerated. 

In all the above positioning methods, the wireless 

communication channel is treated as a ‘black box’ and 

the knowledge of the specific channel parameters is 

keeping in unknown. The whole communication 

channel is always handled as non-time-variation 

channel impulse response (CIR).  For accurately 

estimating channel model, time-variation, adaptive 

wireless channel model estimating method should be 

studied.  

In this paper, we propose an iterative positioning 

method based on the time reversal (TR), fast marching 

method (FMM) and simultaneous algebraic 

reconstruction technique (SART) to reveal the ‘black 

box’. This method locates a wireless mobile target in 

two stages. In the stage one, the indoor channel model 

is estimated by FMM and SART. In this stage, Time of 

Flight (TOF) information generated by some fixed 

spatial position anchors are used to fulfill the indoor 

channel model estimation, then the channel impulse 

response (CIR) needed by TR method will be obtained 

based on the estimated channel model. In the stage two, 

with the obtained CIR, any newly joined mobile target 

will be accurately located by a general TR wireless 

indoor positioning method.  

The remainder of the paper is organized as follows. 

Section 2 describes the proposed positioning method. 

Simulative results are given in Section 3. Some 

interesting features about proposed method are 

discussed in the section 4. 

 

II. Methods 

According to the positioning procedures, the 

proposed method, TR-FMM will be discussed in 2 

stages. First, the theories and the specific technology 

routes of FMM will be described in section 2.1. Then, a 

brief introduction about TR method application in 

wireless indoor positioning will be given in section 2.2.  

 

2.1 FMM-SART 

FMM is a narrow band level set method, it was first 

put forward by Sethian [14]. FMM has already widely 

applied in image segmentation, path planning, computer 

vision, GPS tropospheric slant delay determination and 

tumor cell detection acoustic imaging[6]-[12], [13] etc.  

 

A. Theory of FMM 

In generally, FMM is used as a numerical solution 

method for the Eikonal equation. The Eikonal equation 

is the key mathematics theory to depict the ray 

propagating in a complex media. The Eikonal equation 

is: 

,
1

2

2

v
T                                                             (1) 

where T=T(rs, rr) is the TOF information extracted 

from the source rs to the point rr, and v=v(r) is 

propagating wave velocity value at point r. Obviously, 

the ray propagating trace will be affected by the 

complex media, the key factor is velocity distribution, 

and when this information is obtained, the positioning 

precision can be improved by calculated CIR. 

To easy the theory analysis, Reformulate (1) in a 2D 

edition as: 

).,(/1)/(/ 222 yxvyTxT  ）（              (2) 

Furthermore, according to electromagnetic theory, 

the velocity of wireless propagating electromagnetic 



 Combining Time Reversal and Fast Marching Method in Wireless Indoor Positioning 13 

Copyright © 2013 MECS                                          I.J. Information Technology and Computer Science, 2013, 12, 11-20 

wave is mainly affected by spatial permittivity ε and 

permeability μ distribution. And the relationship 

between the electromagnetic signal velocity v and the ε, 

μ distribution is: 

2 1
=v


                                                                  (3) 

There, both ε, μ are spatial function, that is, ε=ε(x, y) 

and μ=μ(x, y) in a 2D case. And the problem of 

calculating CIR in a NLOS indoor environment now 

transfer to how to find the distribution of 

electromagnetic velocity v determined by ε, μ. 

 

B. Application of SART 

To obtain the electromagnetic velocity distribution v, 

we set many anchors transceiver with fixed spatial 

location to iterative estimate it at the stage one. In this 

stage, one of these anchors will transmit a test pulse, 

and the others will receive it, and then all the anchors 

will alternately act as the transmitter or receiver. Due to 

Eq. 1 only represents a forward ray propagating in a 

complex media with velocity distribution v, so we first 

suppose a initial distribution, then FMM will solve 

Eq.(1) to obtain the TOF at every pixel (x, y). For these 

TOF information is deduced from a supposed velocity 

distribution v, we name it TOFsim. The next step is 

modify the supposed v to a best estimation judged from 

the deviation between the measured TOF (we name it 

TOFcol) and the TOFsim. The FMM procedure is shown 

in Fig. 1. 

To get the best estimation of supposed v, SART 

method is employed. SART is an algebraic iterative 

approach, which attempts to update the supposed v(x, y) 

by iteratively solve the following equations: 

1

( , ) ,  

( , )

k

i

k

dx
v x y

TOFdx

v x y L






                    (4) 

 

 

(a) 

 

(b) 

 

 

(c) 

Fig. 1: The step procedure and the narrow band of the fast marching.  

a. The procedure begins with a source and an end. Firstly, put the four 
pixels next to the source into the narrow band.  

b. Through calculating the TOF of every pixel in the narrow band. 

Select out the pixel in this narrow band which minimizes the time 
increment. Remove this pixel from the narrow band and insert its 

neighbors into the narrow band.  

c. End the ergodic process until TOFs at all the receivers are 

calculated. According to the calculated TOFs, we search the 

propagation paths along the TOF gradients from the receivers back to 
the source. After all the procedure, we get the TOFs at all receivers 

and the corresponding propagation paths. 

 

where k enumerates the number of the current iteration 

step, dx is the length of one grid, L is the length of the 

ray path from the given source to the antenna i extracted 

by FMM. The expression of ∆TOFi is given as:  

.i col simTOF TOF TOF                                   (5) 

Because TOFcol includes the information of real 

electromagnetic velocity distribution, this method 

updates velocity distribution according to the deviation 

between TOFcol and TOFsim. Picking the TOFcol 

accurately will make a contribution to the accuracy of 

an updated electromagnetic velocity distribution. The 

used picking method for the TOF is wavelet-aic TOF 

picker. This technology is base on the wavelet 

transform and Akaike information criteria (AIC) [15-16, 21]. 
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Updating the electromagnetic velocity distribution is 

an important procedure of the proposed method. For a 

positioning system, if we assume there is one antenna 

emitting signal and the remaining N-1 antennas 

receiving the data at one transmitting and 

receiving(Tx/Rx) test procedure, it only updates the 

electromagnetic velocity distribution N-1 times which 

can lead to lots of pixels apart from the paths not been 

updated. That is, SART only updates the velocity of the 

pixels in a propagating path. Aiming to update all the 

pixels, we add an updated strategy to update the pixels 

not only in the propagating paths but also around the 

paths: 

( , ) ( , ),  k kv x a y a v x y                                (6) 

where (x, y) is the pixel in a propagation path, symbol k 

is the number of current iteration step, a is the distance 

from the pixel in the path to the needed updated pixel 

around the path and determined by following conditions: 

1,     , [0,0.5 ]          

2,    , (0.5 ,0.75* ].

3,    , (0.75 , ]       

a x y L

a x y L L

a x y L L

  


  
   

                   (7) 

In this updating strategy, the propagation path is 

divided into three parts: the first is from the source to 

the half of the path; the second is from half of the path 

to three quarter of the path; the third is the remaining of 

the path. For example, if the pixel (x, y) belongs to the 

first part, then we update this pixel and its four adjacent 

pixels. Once the iteration is completed, the final 

updated electromagnetic velocity distribution is 

calculated as follows: 

( , ) ( , ) / ( , ),k kv x y v x y K x y                            (8) 

Where K(x, y) is the updated times of the pixel(x, y). 

In this updating strategy, the pixels on the boundary of 

the updating areas may be updated repeatedly. So, 

different pixels may have different updated times. 

 

C. Route of FMM-SART 

Combining above analysis, the route of proposed 

FMM-SART procedure is depicted as Fig.2. 

The route summarized as follows: with the 

knowledge of the fixed anchors in an indoor 

environment, FMM-SART used to iteratively calculate 

the CIR depicted steps a-f in the Fig. 2; then a general 

TR method will be used to positioning any newly joined 

target such as mobile terminal.  

Compare to other positioning methods, TR-FMM 

only needs to set ‘anchors’ in an indoor, all TR needed 

CIRs will automatically obtain; and this method can 

adaptively deal with the NLOS change also. 

 

Fig. 2: The procedure of calculating the OPD for TR-FMM.  

a. As is shown in the flow chart, we primitively suppose the initial 

electromagnetic velocity field is homogeneous.  

b. Utilize the known anchors (the source and receiving antennas) to 

extract TOFcol, use FMM to calculate TOFsim at all receiving antennas 
and search propagation paths from the antennas to the source.  

c. Calculate ∆TOF along the paths.  

d. Update electromagnetic velocity field by SART.  

e. Judge whether ∆TOF is smaller than a threshold or not. If not, 

repeat calculating the TOFsim based on the latest updated 
electromagnetic velocity field.  

f. If yes, calculate the permittivity distribution based on the velocity 

distribution, and calculate the CIR for positioning the target by TR 
method. 

 

2.2 TR Method Applied in Wireless Indoor 

Positioning 

TR method was first developed in acoustic fields for 

target identification, and also well applied in target 

positioning and imaging. Recently there has emerged a 

large number of theory researches for TR in 

electromagnetic fields. And it has already been applied 

to the electromagnetic location detection and imaging. 

Mora and Rachidi [17] had utilized TR method to locate 

lightning discharges and gave some excellent 
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experimental results in a multipath environment. Liu [18] 

gave more TR imaging results for active/passive target 

in an inhomogenous media. So far, TR can be used as 

an optimized method for reducing multipath effect 

especially for wireless indoor positioning.  

In general TR method, the spatial focusing signals are 

emitted by the transmitter. These antennas first receive 

the signals emitting by the target. Then they get the 

time-reversed complex conjugate of the receiving 

signals and send them out [19]. Through the CIR 

extracted by the estimation of the environment, the 

spatial signals will focus on the target. Let h(r ,τ) denote 

the estimated CIR, y*(r , -τ) denote the time-reversed 

complex conjugate of the receiving signals, the spatial 

focusing signals is given by 

 
=  

=

*

*

x(  r  , ) y (r ,  ) h (  r , )

 x (r ,  ) h  (r , ) h(  r , ), 

  

  

 

   
           (9) 

where r is the transmitter location, τ is the delay 

variable, and ⊗ denotes the convolution with respect to 

the delay variable[20]. For the x*(r ,-τ)has the signal 

feature of the signals emitting by the target, the 

focusing process can be realized. Where x(r , τ) denote 

the signals emitting by the target, the receiving signal of 

the transmitter is given by 

= .y (r  , ) h (r , ) x(r  , )                            (10) 

The receiving signal y(r, τ) contains the information 

of the channel, so the time-reversed complex conjugate 

of the signal is the perfect filter of the complex channel. 

The emitted time-reversed waves propagate through the 

channel retracing their former paths and this leads to a 

focus of power in space and time at the receiver. This 

spatial focus reduces co-channel interference in a 

multipath system [22]. Due to temporal focus, the 

effective delay spread of the channel is dramatically 

reduced and thus inter symbol interference (ISI) is also 

reduced dramatically. This also leads to a reduction in 

the equalization task at the receiver.  

However, it is clearly to see the necessary of CIR h 

as depicted in the Eq.9. The knowledge of space 

channel model need to be used to pick the CIR for TR 

method when the positioning target is any new joint 

mobile target. Without the knowledge, general TR 

method only has to use the assumed CIR. Obviously it 

will not work well and has bad performance on the 

accuracy of positioning the source. Compared with the 

general TR method, TR-FMM has a great progress in 

the indoor wireless positioning when the CIR 

information is unknown. 

Based on obtained best estimation of velocity 

distribution v, and extracted CIR information in section 

2.1, stage 2 will use a general TR method to fulfill the 

final positioning procedure. 

III. Simulative results and discussion 

In this section, the performance of the presented 

combining method, TR-FMM, will be demonstrated by 

using numerical simulative cases. The simulation has 

two stages. The first stage estimate indoor environment 

electromagnetic velocity distribution, and the second 

stage is newly joined target positioning. In these 

simulations, we mainly discuss the fidelity of the room 

model reconstructed by FMM, and the accuracy of the 

newly joined target positioning by TR method. The 

transmitted signals in both stages are Gaussian pulse 

waveform, it has 2.4GHz center frequency and the 

amplitude is normalized. 

 

A. Stage One--Extracted the CIRs of a Complex 

Indoor Based on FMM 

The simulation model is a 4.8m*4.8m room top view, 

and shown in Fig.3. There we only depict one source 

transmitting, and other 280 fixed antennas receiving 

signals case. The 280 receiver antennas were evenly 

distributed in a circle with 200 cm radius, the size of 

these receiver antennas anchors are neglected. The 

circle surrounds the room, this configuration easy cover 

the entire indoor space. To simulate the actual indoor 

stuffs, we set three circles with different sizes to present 

them, and the three circles also have different 

electromagnetic parameters. The parameters of the 

simulation model are shown in Table 1. To simply the 

simulative analysis, the electromagnetic parameter 

relative permeability of all the stuffs is set to ‘1’. And 

we use relative electromagnetic field parameters to 

represent the absolute values, that is, the vacuum 

electromagnetic velocity 3.0*108 m/s is uniformized to 

‘1’ m/s. Based on this ideal, for the permittivity of other 

stuffs are larger than the vacuum value, the normalized 

relative velocity will less than ‘1’. 
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Fig. 3: Permittivity distribution setting for the indoor stuffs. The 7 

bold points is test transmitter anchors, the dot line is the receiver 

anchors 
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Table 1: Model parameters. The simulation values are relative values 

 room stuff 1 stuff 2 Stuff 3 

Relative Velocity 1 1/ 3  1/ 2  1/ 4.24  

Relative Permittivity 1 3 2 4.24 

Relative Permeability 1 1 1 1 

Size  (cm) 480*480 R=56 R=52 R=60 

Center coordinate(x, y) 240,240 152,288 324,288 240,140 

 

As begin of this stage, we set the electromagnetic 

velocity distribution of the entire indoor is 

homogeneous value ‘1’ same as vacuum, that means, at 

this time we have no any information about the stuffs. 

The 7 transmitter anchors will in turn send the test 

pulses, and the 280 receiver anchors receive these 

signals. The coordinates of them are (240,240), 

(240,340), (324,188), (152,188), (240, 44), (76,340), 

(404,340). After tracing the different propagation paths 

by the FMM, the specific channel parameters 

distribution will be calculated. Fig. 4-1 depicts FMM 

estimative result of the electromagnetic permittivity 

distribution based on one transmitter anchor, center one, 

and 280 receivers configure. 

Read from the Fig.4-1, three section areas 

distinguished themselves from the whole simulative 

area. Compare with the model Fig.3, the circle features 

were not figured out. This is because that there only one 

transmitter anchor is used, so the electromagnetic 

permittivity distribution does not reveal completely. 

After this simulative case, the result based on two 

transmitter anchors configure is depicted as Fig.4-2. At 

this time, the transmitter anchors (240,240), (240,340) 

are used. Compare with Fig.4-1, one circle outline 

appear at the upper right part, more detail about the 

three stuffs model is revealed. At the finally simulative 

case, all seven transmitter anchors are be used, based on 

the Fig.4-3, the location, outlines and permittivity 

values of the three stuffs were perfectly figured out. 

And the peaks of the calculated permittivity value are 

2.51, 2.01, and 2.99.  
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Fig. 4-1. 
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Fig. 4: FMM estimative results for the indoor electromagnetic 
permittivity distribution.  

Fig .4-1.The result iterated by the center transmitter source.  

Fig. 4-2. The result iterated by two sources.  

Fig. 4-3. The result iterated by all seven sources 

 

As is validated in our simulation, there are 7 Tx/Rx 

procedures to certain the fidelity of the room model, 

which means that the result is needed to iterate by seven 

app:ds:vacuum
app:ds:relative
app:ds:permeability


 Combining Time Reversal and Fast Marching Method in Wireless Indoor Positioning 17 

Copyright © 2013 MECS                                          I.J. Information Technology and Computer Science, 2013, 12, 11-20 

sources. Within the scope of all the antennas, the indoor 

objects distribution has been calculated. The size can be 

distinguished basically and the different permittivity 

values have been shown obviously. Through the objects 

distribution, the specific channel parameters distribution 

can be extracted and all CIRs of the indoor can be 

calculated. Then TR method can be used to reverse the 

CIRs and detect the unknown target location. 
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Fig. 5: The TOF results simulated by FMM. “Tofcollected” is the collected TOF value from antennas. “Tofsimulated” is the TOF value simulated by 

FMM tracing the collected value. “Tofsimulated1” is the value iterated by one source. It is clearly different from the collected value. And the 
maximum absolute value of the deviation ΔTOF is about 0.4131. “Tofsimulated2” is iterated by four sources. Its shape is some similar with the real 

one, and the maximum absolute value of ΔTOF is reduced to 0.2991. “Tofsimulated3” is iterated by seven sources. The maximum absolute value of 
ΔTOF is further reduced to 0.1964. And the shape of the curve is optimized to close to the real one. 
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Fig. 6: Profiles of the focused signal reconstructed by TR method at the source location. The signal energy of the general TR method is dispersive, 

and the peak to average power ratio is 8.5136dB. Compared to the TR-FMM, the energy is focused, and the ratio is 11.3447dB, which is improved 
about 3 dB. The resolution deduced from the point spread function (PSF) has not been improved depicting from the Fig.6. That is, the width of main 

lobe of the two methods (TR-FMM and general TR) has not obvious difference. This is because that TR-FMM is a high frequency method, and the 

frequency effect of the resolution is not existent there. 

 

B. Stage Two--Positioning the Unknown Location 

Source by TR method 

In this stage, we set a signal source in the middle of 

the room as the newly joined unknown target. A row of 

array antennas is set to receive signals. The interval 

between the array antennas is 10cm. The same as the 

stage one, the size of the antennas are not bigger than 

10cm*10cm. For correctly detecting the unknown target 

location in the space, TR method is needed. So, the 

receiving signals are convolved with time-reversed CIR 

at the array antennas before emitting for focusing the 

location. As the time-reversed complex conjugate of the 

CIR, the emitted wave propagates refocus power at the 

correct original location. We compared the general TR 

method with TR-FMM, and give the comparison results 

for the effects of CIR in the figures. The feature of the 

focused signals is discussed in Fig.6. And the space 

positioning results are shown in Fig.7.  
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Fig. 7-1. 
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Fig. 7-2. 

Fig.7: Compare the space positioning results for the CIR effects of TR 
method.  

Fig.7-1. Positioning the unknown location target by TR method 

without the room environment information, only with the assumed 
homogeneous permittivity distribution. The energy is dispersive, and 

the peak of energy is weak at the point (224, 152).  

Fig.7-2. Positioning the unknown location target by TR method with 

the CIR extracted from the room environment information. The 

energy is focused well and the peak of the energy is strong at the point 
(241,243). 

 

The time of positioning the source taken by the 

general TR method which reverses the signal with the 

assumed homogeneous permittivity distribution is 

589.465s.The time taken by the proposed TR-FMM 

which reverses the signal with the CIR extracted from 

the room environment information is 700.248s. 

However, as is shown in the Fig.7, while the positioning 

deviation is about 60cm by using the general TR 

method, the positioning deviation is about 3cm by using 

the TR-FMM. The accuracy of the positioning is 

improved 30 times with taking about more 2 minutes.  

Obviously, the proposed method can greatly enhance 

the accuracy of wireless indoor positioning. It can 

effectively reduce the indoor multipath interference and 

dramatically reduce the effective delay spread of the 

channel. This also leads to a reduction in the 

equalization task at the receiver. And it can lower the 

cost and complex of the positioning system. 

 

IV. Conclusions 

In this paper, a new wireless indoor positioning 

method TR-FMM is proposed. As the general TR 

method reverses CIR with the assumed CIR, the 

simulative analysis accuracy of this method only can be 

about 60cm. The result is not satisfactory for small size 

object positioning. So the proposed method has two 

stages. In the stage one, we make use of FMM-SART to 

iteratively estimate indoor environment distribution to 

obtain the real CIR. In the stage two, based on the real 

CIR, we position the target by using TR method. In the 

proposed method, FMM accurately calculate the 

unknown specific communication channel parameters 

distribution. The method is reliable and has relatively 

high efficiency and low complexity. TR wireless 

positioning method utilizes the thought of reciprocal, 

can effectively solve the multipath effect of wireless 

indoor positioning and dramatically reduce the effective 

delay. TR method also has high focusing accuracy and 

high positioning accuracy for any unknown location 

source. Furthermore, TR-FMM only needs little prior 

knowledge of the room environment before calculate 

the relevant environment parameters distribution and 

channel parameters distribution. It can be used to 

calculate any electromagnetic indoor environment 

parameters distribution directly, effectively, fast and in 

real time. As the high accuracy of this method, it will 

have a good application prospect for indoor small items 

positioning, at the accuracy requirement of centimeter 

level. Future research can be focused on reducing the 

calculation time and applying the method in real 

environment.  
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