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Abstract

:

Magnetic positioning is a promising technique for vehicles in global navigation satellite system (GNSS)-denied scenarios. In general, a fixed-length magnetic sequence is required to provide an initial positioning result, which means that users need to wait a relatively long distance. To minimize this initialization distance, a map-aided fast initialization method, including magnetic database construction and magnetic positioning, is proposed in this paper. For magnetic database construction, a multisource fused database is established using a precise and effective strategy in which the positions of reference points (RPs) and the diverse information of paths are obtained from the map and the magnetic field is calculated using data collected during driving. For magnetic positioning, we innovatively propose a coarse–fine combination method that improves the positioning accuracy within a short distance. In the coarse map matching stage, by detecting the vehicle’s motion and utilizing the topological relationships between paths, the search range is precisely narrowed. In the fine magnetic localization stage, an improved mean absolute difference (MAD) metric and a derivative metric are combined to form a joint matching criterion to determine the positioning result. The experimental results illustrate the importance of each module in the proposed method, which improves the precision of the database up to 80% and significantly shortens the initialization distance up to 50%.
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1. Introduction


Vehicle navigation is the main application in the field of navigation and positioning and has received increasing attention from researchers. Currently, GNSS is spectacularly successful in generating accurate positioning solutions in most outdoor environments [1], but it suffers greatly regarding accuracy, availability, and continuity due to signal attenuation, multipath effects, and non-line-of-sight conditions when vehicles are in indoor areas, such as parking garages [2]. To solve this problem, various indoor positioning systems have been studied [3], such as Wireless Fidelity (Wi-Fi), Bluetooth, inertial navigation (INS), and visual systems. For Wi-Fi and Bluetooth, a major effort is required to install and maintain a large amount of infrastructure, which makes the application of these technologies less attractive [4]. INS is capable of stand-alone positioning, but it can provide only relative results, and the accuracy degrades dramatically with an increasing operation time [5]. In recent years, visual positioning has become a popular approach due to its high precision; however, it relies on complex image matching algorithms, limiting its applicability to resource-constrained terminals, and it is easily affected by weak illumination conditions in indoor environments.



Compared to the indoor positioning methods mentioned above, methods based on magnetic fields became a focus of research a long time ago because of the following advantages. First, magnetic field-based positioning does not require any infrastructure, making such systems advantageously cost effective [6] because a magnetic field can be obtained anywhere on Earth [7]. Second, magnetic field signals are quite stable in the time domain, as opposed to radio frequency signals or sound waves, which is very important for matching-based methods [8]. Third, magnetic field signals tend to vary greatly in the spatial domain which is advantageous for distinguishing different locations, especially indoors, because certain special indoor structures, such as some pillars, emit very high magnetic fields [9]. Finally, magnetic fields offer all-weather availability in the sense that they are not affected by weather-related factors, such as light, rain, and snow. In addition to the above benefits, the use of magnetic fields for vehicle navigation has another beneficial characteristic [10]. Unlike pedestrians walking around freely, vehicles must travel in specific directions along existing paths. Thus, magnetic field-based positioning for vehicles can be simplified as a one-dimensional localization problem because the vehicles are constrained by roads.



The basic principle of magnetic field positioning technology is to match real-time data collected by a magnetic sensor with magnetic fingerprints in a database [11]. Although the magnetic field at any near-Earth point is theoretically unique, magnetic sequences that are collected in a certain distance are more reliable because they can provide greater discernibility than single magnetic signals [12]. For sequence matching, a practical disadvantage is that users typically need to wait for a long time to accumulate an initial fixed-length sequence. The accumulated distance travelled during this time is usually tens or even hundreds of metres [2], after which the vehicle may have already left the indoor environment. Therefore, the ability to use shorter sequences to achieve accurate initial localization results faster is needed. However, whereas long sequences possess strong specificity, a database may contain many short sequences with similar magnetic field profiles, leading to a high probability of mismatch [13]. To solve this problem, this paper innovatively proposes a map-aided fast initialization method for the magnetic positioning of vehicles. The main contributions of this paper are as follows:




	
To solve the mismatch problem caused by a short initialization distance, we design a combined coarse–fine positioning strategy. During coarse map matching, we utilize the motion information of the vehicle and the topology of the available paths to filter out parts of the area from the entire magnetic database as the search range for precise positioning; then, for fine magnetic localization, a joint matching criterion based on the zero-mean mean absolute difference (MAD) and a derivative calculation is proposed for magnetic localization to reduce the incidence of mismatches;



	
Considering that a higher-precision database is required for short sequence matching because each point has a significant impact on the entire sequence, a novel magnetic database construction technique is proposed that balances efficiency and precision by combining the advantages of point-to-point and moving survey methods based on the map. Moreover, in order to be applicable to the proposed coarse–fine positioning method, we design a multisource fused database by adding information such as turning directions, headings, and path connectivity to a traditional database that contains magnetic fields and positions of RPs.








The remainder of this paper is organized as follows: We review related work in Section 2. Section 3 introduces the proposed method in detail. Section 4 reports and discusses the results of several indoor localization experiments. Finally, in the last section, we provide the main conclusions of this study and suggestions for future work.




2. Related Work


2.1. Magnetic Database Construction


Like all positioning methods based on matching principles, magnetic matching consists of two steps: database construction and localization. Between the two, the preparation of the database is the basic foundation for realizing magnetic localization; thus, effective database construction is essential for improving navigation accuracy [14,15].



A database for magnetic positioning contains data corresponding to multiple reference points (RPs). For every RP, the corresponding data comprise the location of the RP and its magnetic field information; i.e., the corresponding information for the k-th RP in the magnetic database, denoted by FMk, is


  F  M k  =   p o  s k  ,  m k     



(1)




where   p o  s k    is the position of the k-th RP and    m k    is its magnetic field information. For vehicle navigation,    m k    can be a vector because of the repetitive nature of the postures of vehicles travelling on the same path. Thus, more information can be extracted than with a simple magnetic field scalar, which lies in a one-dimensional space [16].



There are two approaches for obtaining accurate RP information. One is to perform a survey at every RP and record its magnetic field. This point-by-point method yields accurate location information, and the reliability of a database constructed in this way can be further improved by averaging the measurements [5]; however, this approach is not suitable for vehicle applications because the surveyor needs to manually mark the positions of all RPs, leading to high time and labour consumption when dense RPs are selected to cover an entire area of interest [17]. The other approach is the moving survey method, in which the magnetic field intensities and coordinates of RPs are continuously measured by a magnetometer and a reference localization system, respectively, during a vehicle’s movement [2]. In reference [10], a fast 2D mapping method was presented in which the speed during the data collection needed to be constant, a requirement that is difficult to satisfy in practice during the collection process. The authors of reference [18] constructed a single-dimensional magnetic database that included magnetic intensities, coordinates of RPs, and path section information using the moving survey method. This method is significantly more time-efficient than the point-by-point method; however, the measured locations and magnetic fields of the RPs depend on the driving route. This route dependence inevitably introduces errors that seriously affect the positioning accuracy of a short sequences because the magnetic fields on different routes are slightly different even when they are on the same path, as shown in Figure 1, where X and Y is the right and forward axis of a vehicle, respectively, as shown in Figure 2. Considering the shortcomings of the above work, there is a need to propose a new magnetic database construction method that can improve accuracy while ensuring mapping efficiency.




2.2. Magnetic Positioning


The principle of sequence-based magnetic positioning is to compare a measured magnetic field sequence with the magnetic sequences stored in the constructed database and find the most similar matching sequence to determine the current position [19], which is demonstrated in Figure 3.



During the collection of magnetic field sequences, due to possible differences in movement speeds and sampling rates, different numbers of samples may correspond to the same spatial coverage [20]. This situation presents a challenging problem for matching. Dynamic time warping (DTW) is an algorithm that has been proven to be effective for measuring the similarity between two sequences that may vary in time or speed [9]. However, DTW is not applicable for magnetic field-based vehicle positioning because the measured magnetic field has an offset caused by carrier interference, making the calculation of the DTW distance [21] incorrect. Moreover, DTW has quadratic temporal and spatial complexity, which limits its use to only small time series datasets [22].



Magnetic contour matching (MAGCOM) is a well-developed profile-matching method [23] in which the magnetic field offset can be eliminated by virtue of the mileage, which can be easily integrated based on the speed obtained from the speed sensor with which every vehicle is equipped. The calculation principle of MAGCOM is simple, which allows such a system to run quickly; however, MAGCOM faces significant challenges when it is used to handle short sequences because when sequences with similar data profiles exist in the database, they cannot be readily distinguished when the measured data are inevitably affected by noise interference. This phenomenon is illustrated in Figure 4, in which the blue lines represent the measured magnetic fields, and the red and yellow lines represent the correctly matching magnetic fields and mismatched magnetic fields, respectively. At present, there is no effective technique available for solving this problem; therefore, further work in this direction is needed.





3. Methods


The architecture of the proposed method is shown in Figure 5, which consists of magnetic database construction and magnetic positioning.



During the magnetic database construction phase, a multisource fused database is established including the magnetic field and positions of RPs, the path information, and the topological relationships assisted by the map of the environment that needs to be located. Based on the high-precision database, during the positioning phase, magnetic positioning can reduce initialization distance with the assistance of map matching.



Next, we describe the magnetic database construction method and magnetic positioning method in detail.



3.1. Magnetic Database Construction


Since magnetic sequence matching, rather than single magnetic field value matching, is used in this paper, in addition to finding information for each RP as shown in Equation (1), we also need to establish the relationships among RPs. Table 1 shows the structure of our designed magnetic database, and the meaning of each column is explained below.



We define a path from two perspectives. On the one hand, a path is a segment on which a vehicle may travel without bifurcation points, where a bifurcation point refers to a point to or from which multiple different paths lead, such as the green points in Figure 6. On the other hand, to adapt to the magnetic matching method proposed in this paper, we further divide any non-straight path into multiple paths. In the example shown in Figure 6, the rightmost path is divided into path 1 and path K by the purple dot, which is the connection point between the straight and turning paths. Notably, each path has a unique direction, which means that a two-way road is regarded as two different paths with different driving directions. The RPs on a path are arranged in order. Next, we will describe how to obtain the information on the various paths and the positions and magnetic field vectors of RPs.



In this paper, we propose a novel magnetic database construction technique that combines the point-to-point and moving survey methods. As shown in Figure 7, the proposed framework consists of two phases: the path/RP extraction phase and the magnetic field association phase.



During the path/RP extraction phase, we obtain path information and RP positions based only on the map. First, we extract paths based on the map because the map is easy to obtain using professional surveying/mapping instruments, such as light detection and ranging (LiDAR), so the positional coordinates are more accurate than those from nonprofessional location collection. We use several landmarks to describe the extracted paths, and the path between any two adjacent landmarks can be simplified as a straight line. For a straight path, two landmarks are sufficient to represent it, as in the case of the solid lines between two yellow dots shown in Figure 6. However, for turning paths such as entrances, exits, and intersections in a parking garage, as marked by blue circles in Figure 6, additional landmarks are needed to represent them, as illustrated with red dots in Figure 6. The more landmarks that are used, the more accurate the coordinates of these paths are, but the complexity and time consumption also increase.



Afterwards, we can calculate the path information, including the turning directions (right or left) of turning paths and the headings of straight paths when the path direction is determined in accordance with the map, as shown by the thick purple arrows in Figure 6. In addition, the linking relationships among paths can also be obtained. For example, in Figure 6, path 1 may lead to path 3 or path 4, and path 2 may lead to path 5 or path 6; this information is represented in the second column of Table 1 In this way, once the length of the magnetic field sequences for matching is determined, we can easily obtain candidate sequences of corresponding lengths through path splicing.



Then, we generate the positions of the RPs based on the extracted paths. To eliminate the influence of speed and significantly reduce the storage space needed for the magnetic database, equidistant points along each path are chosen as the final RPs [2]. Using the landmarks identified during path extraction, we can calculate the coordinates of the RPs along each path. Suppose that the positions of two adjacent landmarks   p o  s i    and   p o  s j    are   (  x i  ,  y i  )   and   (  x j  ,  y j  )  , respectively, and that the interval between RPs is   Δ d  ; then, the number of RPs between these two landmarks is  N :


  N = r o u n d u p (  L  Δ d   )  



(2)




where roundup is the upwards rounding function and  L  is the distance between the two landmarks:


  L =     (  x i  −  x j  )  2  +   (  y i  −  y j  )  2     



(3)







Accordingly, the coordinates of each RP on the straight line between the two landmarks can be calculated as follows:


       x n  =  x i  + n ×    x j  −  x i   N       y n  =  y i  + n ×    y j  −  y i   N      n = 0 , 1 , 2 , ⋯ , N  



(4)







After this step, we find that the distance between two RPs may not always equal   Δ d   because  L  is not always an integer multiple of   Δ d  . To avoid corresponding errors in magnetic matching positioning, we delete the n-th RP if it does not satisfy the following condition:


      (  x n  −  x  n − 1   )  2  +   (  y n  −  y  n − 1   )  2    <   Δ d  2   



(5)







In addition, considering the influence of direction on magnetic field vectors, RPs at the same location but with different headings should be regarded as different RPs. Therefore, we need to record the heading of the n-th RP    θ n   , which will be used in the magnetic field association phase. For RPs on straight paths,    θ n    is the heading of the path where the n-th RP is located. For RPs on turning paths,    θ n    is the direction of the line connecting two adjacent landmarks.



After the optimization and heading calculations, we obtain the final RPs and their corresponding positions and headings.



During the magnetic field association phase, the positions and magnetic field signals are measured by a GNSS/INS system and a magnetometer, respectively. Our goal is to obtain the magnetic field at each RP determined as described above.



First, since GNSS/INS and magnetometer usually sample data at different frequencies over time, it is necessary to transform the magnetic time series   (  m   t 1    ,  m   t 2    , …  m   t i    , … )   into a spatial sequence   (  m   p 1    ,  m   p 2    , …  m   p i    , … )   that aligns with the position sequence   (  p 1  ,  p 2  , …  p i  , … )   using general interpolation and sampling techniques. Second, we extract a dataset     P  n    near the n-th RP, where the position   (  x    P  n    ,  y    P  n    )   and heading    θ    P  n   k    associated with this dataset satisfy the following conditions:


            (  x    P  n    −  x n  )  2  +   (  y    P  n    −  y n  )  2    <   Δ d  2           θ    P  n   k  −  θ n    <  π  16          



(6)







Finally, the magnetic field at the n-th RP can be calculated using the K-nearest neighbours (KNN) algorithm. The distance between the k-th point   (  x    P  n   k  ,  y    P  n   k  )   in dataset     P  n    and the n-th RP is


   d    P  n   k  =     (  x    P  n   k  −  x n  )  2  +   (  y    P  n   k  −  y n  )  2     



(7)







Furthermore, the heading difference between   (  x    P  n   k  ,  y    P  n   k  )   and the n-th RP is


  Δ  θ    P  n   k  =    θ    P  n   k  −  θ n     



(8)







The first K nearest points are selected from     P  n    based on the sum of    d    P  n   k    and   Δ  θ    P  n   k   . Then, the similarity between the n-th RP and   (  x    P  n   k  ,  y    P  n   k  )   can be determined from    d    P  n   k    and   Δ  θ    P  n   k    as follows:


   S    P  n   k  =  1  1 +    d    P  n   k    Δ d / 2   +   Δ  θ    P  n   k    π / 16      



(9)







As seen from the above equation, the closer the distance and heading are, the stronger the similarity. Then, the weight coefficient of each point   (  x    P  n   k  ,  y    P  n   k  )   can be calculated via the following formula:


   σ    P  n   k  =    S    P  n   k      ∑  k = 1  K    S    P  n   k       



(10)







Finally, the magnetic field   m (  x n  ,  y n  )   of the n-th RP is calculated as follows:


  m (  x n  ,  y n  ) =   ∑  k = 1  K    σ    P  n   k  m (  x    P  n   k  ,  y    P  n   k  )    



(11)







In summary, in the database construction method proposed in this paper, the information on the various paths and the accurate positions of the RPs are first obtained from the map, and this information is then combined with the magnetic field values calculated via the KNN algorithm using data collected in a moving survey to efficiently establish a multisource high-precision magnetic database.




3.2. Magnetic Positioning


Figure 8 shows the scheme of the magnetic positioning algorithm, which can be divided into two main parts: coarse map matching and fine magnetic localization. In the coarse map matching module, a smaller search range is determined using the topological relationships of the paths and the motion of the vehicle, the latter of which is detected and calculated from inertial information and magnetic field information, such as the heading and turning direction. In fine magnetic localization, the magnetic time series is transformed into a spatial sequence with equal distance intervals assisted by speed, and we calculate the position in the determined search area using the MAGCOM algorithm based on the derivative and zero-mean MAD metrics. In the following section, we describe the specific details of this method.



3.2.1. Coarse Map Matching


In the coarse map matching procedure, we divide paths into two types (straight paths and turning paths) and use different methods to determine the search area for these different types of paths.



Studies show that the action of turning has obvious distinctive features with respect to driving straight, so the correctness of turn detection is very high. Moreover, corners are common indoor features and can provide great assistance in positioning if they can be well utilized [24]. For the coordinate system shown in Figure 2 a gyroscope can measure the strong change in the angular velocity of a vehicle around the Z-axis when the vehicle turns compared with the normal straight driving process, during which the angular velocity is approximately 0 rad/s. Moreover, the accumulated angular change   Δ θ   over a period   Δ t   within a certain distance  d  can be calculated from the angular velocity    w i   :


  Δ θ =   ∑  i = 1  d    w i  Δ  t i     



(12)







Thus, we can calculate the turning direction in accordance with   Δ θ  :


  t u r n i n g        d i r e c t i o n =       l e f t        i f Δ θ >  θ  T h r e           r i g h t       i f Δ θ < −  θ  T h r e           



(13)




where    θ  T h r e     is an angular threshold that is related to  d  [24].



Once a turn is detected, we can search for the paths in the database that have the same turning direction as the detected turning direction. In this way, only a small portion of the paths are retained as possible matches, while all straight paths and all turning paths that do not match the detected turning direction are excluded.



For straight paths, we can achieve the same effect based on the heading information calculated by the navigator itself. However, in indoor scenarios, severe interference dramatically limits the heading detection performance. Figure 9 shows different heading profiles obtained from a navigator along the same route, and it can be seen that, sometimes, the heading error may be very large even when the vehicle passes the same position. Consequently, the heading measurement cannot be used directly.



In this paper, considering that straight paths indoors usually follow one of four directions, as shown in Figure 10, we constrain the average heading  θ  of a sequence to one of these four directions using Equation (14):


  θ =  ϕ j  ,        i f         ϕ j  −  π 4  ≤ θ <  ϕ j  +  π 4         ( 1 ≤ j ≤ 4 )  



(14)




where  ϕ  is the heading stored in the database. Based on this, we can filter out a limited number of straight paths.



Furthermore, to ensure the accuracy of coarse matching, we expand the search range through path splicing using the topological relationships stored in the database, considering that a small number of points in a sequence may not be on the candidate path. On the basis of the candidate paths selected through the methods described above, we look forwards and backwards to find the paths connected to the candidate path and splice them together to form a larger and more precise search area. As shown in Figure 11, the search area is expanded to a permutation of m × n.



In this way, we can specify a limited and accurate search range for subsequent precise magnetic positioning rather than searching the entire database, thereby improving positioning accuracy while reducing computational complexity.




3.2.2. Fine Magnetic Localization


After determining the rough search area, we use the three-axis magnetic field signal for matching to obtain the exact vehicle position.



First, we use the travel distance integrated from the speed information to transform the magnetic measurement time series into a spatial sequence with equal distance intervals, similar to the sequences in the database [2].



Then, we employ the MAGCOM method to calculate the sequence in the database that is most similar to the measured sequence. There are many comparison algorithms available for MAGCOM, such as the product correlation (PROD) algorithm, the normalized PROD (NPROD) algorithm, the MAD algorithm, and the mean standard deviation (MSD) algorithm [25]. Among them, the MAD metric has the characteristics of simple calculation and fast speed and is suitable for real-time positioning. However, due to the constant bias caused by carrier interference, the mean of a sequence needs to be subtracted before calculating the values on the three axes:


    MAD   A B   =  1  3 D     ∑  i = 1  3     ∑  k = 1  D          A  k  i  − m e a n (   A i   )   −    B  k  i  − m e a n (   B i   )            



(15)




where  A  is the measured sequence,  B  is a possible matching sequence of length  D ,  i  is an index representing each axis, and k is an index representing the k-th point in the sequence.



According to the above equation, the MAD calculation emphasizes the difference between two corresponding points in the sequences, which can be easily distorted if the noise of the measured magnetic field is large. To address this issue, we introduce the change trend as another metric. Figure 12 showcases an example in which the MAD between the measured sequence and a mismatched sequence is the smallest, but the change trends are most similar between the measured sequence and the correct matching sequence.



In [26], a derivative calculation method for the k-th point in a sequence was defined as follows:


  d i v (  p k  ) =   (  p k  −  p  k − 1   ) + (  p  k + 1   −  p  k − 1   ) / 2  2   



(16)







Accordingly, a metric based on the difference between the derivatives of two sequences,   D I V  , can be defined as follows:


  D I  V  A B   =   ∑  i = 1  3     ∑  k = 2   D − 1        d i  v i  (  A k  )   −   d i  v i  (  B k  )          



(17)







We notice that the derivative cannot be calculated for the first point and the last point in a sequence; thus, we propose a joint matching criterion, MADIV, that combines MAD and   D I V  :


    M A D I  V  A B   =  MAD   A  1 D    B  1 D     + D I  V  A B                                                                     =  1 6    ∑  i = 1  3            A  1  i  − m e a n (  A i  )   −    B  1  i  − m e a n (   B i   )     +          A  D  i  − m e a n (  A i  )   −    B  D  i  − m e a n (   B i   )           + D I  V  A B      



(18)







With this criterion, the absolute difference is calculated only for the first and last points, whereas the similarity of the intermediate points is calculated using   D I V  .



Finally, the matching sequence satisfies the following formula:


   B  b e s t   =   arg min  B  ( M A D I  V  A B   )  



(19)







For real-time positioning, the current location of the vehicle is identified as the last point in    B  b e s t    .



In summary, the vehicle’s position is obtained through coarse map matching and fine magnetic field positioning. This two-stage process improves the success rate of matching for short sequences and shortens the necessary initialization distance.






4. Experiments and Discussions


In this section, we report experiments conducted to evaluate the proposed magnetic database construction and positioning method. The following results are based on magnetic field data and inertial information collected from a smartphone fixed on the vehicle and travel distances obtained via velocity integration by a self-developed odometer accessing the vehicle’s on-board diagnostics (OBD) system interface, as shown in Figure 13.



Additionally, a differential GNSS/INS system called SPAN-ISA-100C, with a horizontal positioning accuracy better than 0.04 m/60 s [27], was used to provide the positions for magnetic database construction and evaluate the positioning accuracy of the magnetic localization results, as shown in Figure 7. The test environment was a parking garage at the Beijing New Technology Base of the Chinese Academy of Sciences, which has an area of approximately 80 × 110 m2, as shown in Figure 1.



4.1. Magnetic Database Construction


We followed the steps described in Section 3.1 to establish the magnetic database.



First, we used several landmarks to extract all paths and generate RPs only in accordance with the map of the garage. Figure 14 shows the results for the extracted paths and RPs in the environment. Note that the distance between adjacent RPs is 1 m.



Then, we calculated three-axis magnetic field vectors of each RP through multiple moving surveys for data collection. The magnetic field was collected from a Huawei Mate 20 Pro smartphone placed in front of a Benz VITO car. Figure 15 shows the triaxial magnetic field strength distributions.



To verify the correctness of the established magnetic database, we collected two additional sets of validation data with total lengths of 581 m and 767.5 m and compared them against the magnetic database. The plots in Figure 16 from left to right illustrate the variations in the triaxial magnetic fields in the validation data and the magnetic database after spatial alignment. Although there is an absolute deviation caused by carrier interference, which is especially evident on the Z-axis, the shapes of the resulting magnetic field signal sequences are similar for the same driving route, which is the foundation of magnetic field matching.



Furthermore, we calculated the magnetic field repeatability of the validation data with respect to the database at the same position after subtracting the mean magnetic field on the entire route; the results are shown in Table 2 It can be concluded that the magnetic field mean errors at the same position on all axes are far less than the magnetic field variations of several tens of 1 μT caused by positional changes, which indicates that the accuracy of the magnetic field database established using the method proposed in this paper is sufficient to support subsequent magnetic positioning.



To further verify the improvement in precision of the proposed method, we calculated the magnetic field mean errors of a typical effective database construction method proposed in reference [18], the results of which are shown in Table 2. The conclusion is that our method yields more accurate results, representing improvements of nearly 70% and 80% at most for the Z-axis compared to the traditional effective method.




4.2. Magnetic Field Positioning


Two experiments were conducted in the garage, covering all possible vehicle driving routes in this scenario. The total lengths were 587 m and 774 m, respectively, and the data were divided into sequences of different lengths.



First, the travel distance integrated from the speed data based on the OBD system was used to transform the original time series into a spatial sequence with the same equal distance intervals as in the database (1 m). This transformation is inaccurate for sufficiently long integral distances (hundreds of metres), as shown in Figure 16 and Figure 17a, where the magnetic features are initially aligned but eventually become misaligned. However, for short integral distances (a few metres), the mileage error is smaller, as shown in Figure 17b. This indicates that the speed information can assist in ensuring consistency between the real-time measured data and the database, thereby avoiding the large number of scaling operations needed in DTW and allowing the proposed method to run in real time.



Second, we determined whether the vehicle was turning. This step can distinguish between turning paths and straight paths, which is important because the candidate path selection method differs between these two types of paths. Figure 18 shows the original angular velocities, accumulated angle changes, and calculated turning directions, where 1 means turning left and −1 means turning right. It can be seen that all the turning actions of the vehicle can be detected, although there may sometimes be a delay because turning detection requires accumulation over a sufficient period of time; this delay does not affect the accuracy of the search area because we subsequently expand the candidate paths based on the path connectivity.



Next, we utilized the turning direction of a turning path or the heading of a straight path to filter out candidate paths. For the path directions shown by the thick purple arrows in Figure 6, the red lines in Figure 19a represent the candidate paths for which the right turning direction is calculated, and the red lines in Figure 19b represent the candidate paths for which the mean heading is restricted to the east. Moreover, to ensure the accuracy of coarse map matching, the paths connected to the candidate paths were also incorporated as part of the search range, as shown by the green lines in Figure 19.



Then, we selected 6 m length and 7 m length sequences from the two experiments to illustrate the importance of coarse map matching, as shown in Figure 20a,b for experiment 1 and in Figure 20d,e for experiment 2. The results suggest that in comparison to traditional MAD-based matching methods, whose matching results are chaotic and disorganized, the introduction of coarse map matching significantly reduces mismatch. The positioning errors, shown as blue lines and green lines in Figure 21, also verify the role of coarse map matching.



Moreover, we improved upon the traditional MAD algorithm by adding the derivative similarity metric. Plots (c) and (f) in Figure 20 indicate that mismatch does not occur with the proposed method, and the red lines in Figure 21 also illustrate the effectiveness of this algorithm.



Finally, we comprehensively calculated the 3σ, average, and maximum positioning errors for sequences of different lengths (6 m to 12/10 m) using data collected from the two experiments, and the results are listed in Table 3. For the same experiment, a 6 m sequence length is sufficient for initialization using our method, representing reductions of 50% and 40% relative to the traditional MAD method, which needed 12 m and 10 m in experiments 1 and 2, respectively. In addition, with the same sequence length in the same experiment, the average positioning errors of the proposed method slightly decrease compared to those of MAD with coarse map matching, which demonstrates the effectiveness of the proposed matching criteria.




4.3. Generalization Analysis


Many factors may lead to the change in a magnetic field, including time, surroundings, the type of vehicle, type of magnetometer, and installation location. In this section, we conducted several additional experiments under different testing conditions to estimate the magnetic field difference of the measured data with respect to the database and to evaluate their influence on our method. The information of every validation datum is shown In Table 4 and the database used in this section is the same as that in Section 4.1.



On the one hand, we analysed the magnetic field difference between the database and measured data, the results of which are shown in Table 5. Notably, the measured data are spatially aligned with the constructed database and normalized to zero-mean.



First, we estimated the magnetic field changes over time. The time interval between the collection of validation data 1/2 and database construction time was 3 months/4.5 years. The results show that the constructed database can maintain high accuracy in a short period of time, but the accuracy decreases over a long period of time. The plots in Figure 22a from left to right illustrate the variations in the triaxial magnetic field in validation data 2. Although there are certain differences at the same position in different years, the shapes of the magnetic field signal sequences are similar for the same driving route, which is the foundation of magnetic field matching.



Second, validation data 3 and 4 were obtained to show the magnetic field changes caused by the surrounding environment. The validation data 3 were collected on a weekday morning, when the parking garage was full of cars, while the validation data 4 were collected on a weekend night, when almost no vehicles were in the parking garage. The results suggest that the impact of the surroundings on the measured magnetic field is limited.



Third, in validation data 5, the magnetic field was collected using a different car than that used for building the database. It can be seen that the magnetic field accuracy decreases on all axes. However, as shown in Figure 22b, the measured magnetic envelopes are almost the same and can be processed during the magnetic field positioning phase.



Then, in validation data 6, the collected smartphone was replaced by a RedMi K20 Pro whose embedded magnetometer was different from that in the Huawei Mate20 Pro. This results indicate that the constructed database can be used for different magnetometers.



Finally, in validation data 7, the smartphone was installed in the middle of the car, which is approximately 1 m away from the front of the car. The results in the last column show that the error between the measured magnetic field and the database is less affected by the installation position when no ferromagnetic objects are around the magnetometer.



On the other hand, we used the data from the above seven validation data to verify the effectiveness of the magnetic field positioning method. The results are shown in Table 6. For the same validation data, a shorter sequence is sufficient for initialization using our method. In addition, it can be concluded that the type of vehicle and long-term non-updating of the database have greater impacts on the positioning results. As shown in validation data 2, a longer initialization distance was needed to distinguish the shape of the magnetic field sequence at different locations and the positioning accuracy decreased. Moreover, as shown in validation data 5, different types of vehicles also increase the initialization distance and cause a slight decrease in the average positioning accuracy.



In summary, our method shortens the initialization distance, and it can be used among different years, types of vehicles, magnetic sensors, and installation locations.





5. Conclusions and Future Work


This paper presents a map-aided fast initialization method for the magnetic positioning of vehicles. For the magnetic database construction phase, we design a multisource fused database that simultaneously ensures accuracy and effectiveness, in which the RP positions and the path information are extracted from the map, and the magnetic fields of RPs are calculated by means of the KNN algorithm using data collected during a moving survey. During the magnetic positioning phase, a joint matching criterion based on zero-mean MAD and derivative metrics is utilized for magnetic localization on the basis of a reduced search area found in the coarse map matching stage based on detected motion information and the topological relationships between paths. The experimental results show that, on the one hand, the proposed database construction method can improve the accuracy of other effective methods by up to 80%, laying the foundation for positioning; on the other hand, the proposed positioning method can compensate for the defects of traditional magnetic matching algorithms, which require long initialization distances, and greatly reduce the initialization distance by up to 50%.



Notably, mismatches are more likely to occur in large-scale environments because more similar magnetic sequences will exist in larger databases. In the future, we will use deep learning methods to distinguish approximate magnetic features to further improve the accuracy and robustness of magnetic positioning with short initialization distances in large-scale environments.
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Figure 1. (a) Routes and (b) measured magnetic fields when driving on the left, middle, and right sides of the same path. 
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Figure 2. The coordinate system of a vehicle. 
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Figure 3. The principle of sequence-based magnetic positioning. 
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Figure 4. Magnetic field strengths along the (a) X-axis, (b) Y-axis, and (c) Z-axis for a 3 m length sequence. 
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Figure 5. The architecture of our proposed method. 
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Figure 6. A diagram illustrating path extraction. 
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Figure 7. Framework of the proposed magnetic database construction technique. 
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Figure 8. The scheme of the magnetic positioning method. 
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Figure 9. Headings obtained from a navigator on the same route. 
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Figure 10. The possible headings are constrained to four directions. 
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Figure 11. The search range is expanded based on each candidate path and its topological relationships. 
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Figure 12. An example demonstrating the importance of change trends for characterizing the similarity between two sequences. The magnetic field strength of (a) X-axis; (b) Y-axis; (c) Z-axis. 
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Figure 13. Equipment used in the experiment: (a) smartphone, (b) OBD system interface, and (c) self-developed odometer. 
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Figure 14. The results for (a) extracted paths and (b) RPs in the environment. 
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Figure 15. Magnetic field strength distributions on the (a) X-axis, (b) Y-axis, and (c) Z-axis. 
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Figure 16. Comparison between the magnetic database, (a) validation dataset 1, and (b) validation dataset 2. 
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Figure 17. Accumulated mileage error using (a) long integral distances and (b) short integral distances. 
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Figure 18. The original angular velocities, accumulated angle changes, and calculated turning directions in (a) experiment 1 and (b) experiment 2. 
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Figure 19. Diagrams of coarse map matching (a) when a right turning direction is calculated and (b) when the mean heading is restricted to the east. 
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Figure 20. Comparison of positioning results obtained with different methods: (a–c) experiment 1 (6 m length); (d–f) experiment 2 (7 m length). 
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Figure 21. Comparison of positioning errors obtained with different methods: (a) experiment 1 (6 m length); (b) experiment 2 (7 m length). 
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Figure 22. Comparison between the magnetic database and (a) validation data 2 and (b) validation data 5. 
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Table 1. The structure of the designed magnetic database.
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Path

	
Connected Path

	
Turning Direction

	
Heading (Rad)

	
RP

Number

	
Position

	
Magnetic Field Vector






	
path 1

	
3,4

	
Right

	
/

	
1

	
   p o  s 1    

	
    m 1    




	
…

	
…

	
…




	
N

	
   p o  s N    

	
    m N    




	
path 2

	
5,6

	
/

	
0

	
N + 1

	
   p o  s  N + 1     

	
    m  N + 1     




	
…

	
…

	
…




	
…

	
…

	
…

	
…

	
…

	
…

	
…




	
path K

	
1

	
/

	
π

	
…

	
…

	
…




	
M

	
   p o  s M    

	
    m M    











 





Table 2. The magnetic field mean errors of the validation data with respect to the database.
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Method

	
Validation Data

	
X-Axis (μT)

	
Y-Axis (μT)

	
Z-Axis (μT)






	
Proposed method

	
1

	
1.126

	
1.487

	
1.374




	
2

	
1.096

	
1.367

	
1.560




	
Reference [18]

	
1

	
4.147

	
4.249

	
7.095




	
2

	
4.475

	
4.019

	
5.314











 





Table 3. The errors achieved with sequences of different lengths in the two experiments.
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Validation Data

	
Sequence Length (m)

	
Errors with MAD Matching Only (m)

	
Errors with MAD and Coarse Map Matching (m)

	
Errors with the Proposed Method (m)




	
3σ

	
Mean

	
Max

	
3σ

	
Mean

	
Max

	
3σ

	
Mean

	
Max






	
1

	
6

	
69.26

	
1.39

	
69.32

	
24.61

	
0.84

	
25.95

	
2.06

	
0.76

	
2.15




	
7

	
37.90

	
1.04

	
69.28

	
24.38

	
0.85

	
24.61

	
2.00

	
0.76

	
2.15




	
8

	
27.17

	
1.00

	
42.98

	
24.38

	
0.83

	
24.79

	
1.97

	
0.76

	
2.06




	
9

	
2.41

	
0.83

	
42.51

	
2.41

	
0.83

	
29.12

	
1.94

	
0.75

	
1.97




	
10

	
1.97

	
0.79

	
29.12

	
1.97

	
0.78

	
29.12

	
1.83

	
0.75

	
1.97




	
11

	
1.97

	
0.78

	
29.12

	
1.91

	
0.76

	
2.41

	
1.83

	
0.75

	
1.94




	
12

	
1.91

	
0.75

	
2.17

	
1.91

	
0.75

	
2.17

	
1.83

	
0.74

	
1.94




	
2

	
6

	
63.72

	
1.24

	
68.66

	
24.82

	
0.87

	
25.30

	
2.24

	
0.77

	
2.40




	
7

	
36.08

	
1.22

	
68.66

	
24.16

	
0.83

	
24.92

	
2.16

	
0.77

	
2.40




	
8

	
36.08

	
1.06

	
68.31

	
2.16

	
0.79

	
24.92

	
2.16

	
0.76

	
2.39




	
9

	
24.82

	
0.87

	
64.96

	
2.16

	
0.77

	
2.40

	
2.10

	
0.75

	
2.33




	
10

	
2.16

	
0.77

	
2.39

	
2.07

	
0.75

	
2.39

	
2.07

	
0.74

	
2.16











 





Table 4. Information on the seven validation data.
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Validation Data

	
Acquisition Time

	
Surroundings

	
Vehicle

	
Collected by

	
Installation Position






	
1

	
March/2024

	
/

	
Benz VITO

	
Huawei Mate20 Pro

	
The front of the car




	
2

	
August/2019




	
3

	
March/2024

	
Full of cars




	
4

	
Nearly no cars




	
5

	
/

	
Volkswagen LAVIDA




	
6

	
Benz VITO

	
RedMi K20 Pro




	
7

	
Huawei Mate20 Pro

	
In the middle of the car











 





Table 5. The magnetic field mean errors of the validation data with respect to the database.
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	Validation Data
	X-Axis (μT)
	Y-Axis (μT)
	Z-Axis (μT)





	1
	1.239
	1.743
	1.348



	2
	5.491
	4.109
	5.359



	3
	1.155
	1.576
	1.465



	4
	1.607
	1.563
	1.650



	5
	2.809
	2.925
	5.225



	6
	1.539
	1.636
	1.568



	7
	1.432
	1.340
	1.872










 





Table 6. The errors achieved with sequences of different lengths in seven experiments.
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Validation Dataset

	
Sequence Length (m)

	
Errors with MAD Matching Only (m)

	
Errors with MAD and Coarse Map Matching (m)

	
Errors with the Proposed Method (m)




	
3σ

	
Mean

	
Max

	
3σ

	
Mean

	
Max

	
3σ

	
Mean

	
Max






	
1

	
8

	
16.23

	
2.02

	
88.43

	
44.01

	
2.16

	
76.61

	
3.61

	
1.81

	
6.73




	
9

	
15.62

	
1.85

	
16.21

	
15.62

	
1.85

	
16.21

	
3.61

	
1.80

	
6.27




	
10

	
15.62

	
1.85

	
15.73

	
15.62

	
1.85

	
15.73

	
3.20

	
1.80

	
6.26




	
11

	
15.15

	
1.82

	
15.73

	
15.15

	
1.82

	
15.73

	
3.15

	
1.80

	
3.63




	
12

	
3.11

	
1.80

	
3.54

	
3.11

	
1.80

	
3.54

	
2.98

	
1.77

	
3.05




	
2

	
16

	
13.07

	
2.31

	
50.10

	
12.94

	
2.23

	
15.80

	
4.48

	
2.19

	
5.04




	
17

	
4.73

	
2.31

	
49.52

	
4.48

	
2.20

	
4.84

	
4.47

	
2.18

	
4.50




	
18

	
4.50

	
2.31

	
49.03

	
4.48

	
2.20

	
4.84

	
4.47

	
2.18

	
4.50




	
19

	
4.50

	
2.28

	
48.55

	
4.47

	
2.20

	
4.50

	
4.45

	
2.18

	
4.50




	
20

	
4.50

	
2.28

	
47.96

	
4.47

	
2.20

	
4.50

	
4.45

	
2.18

	
4.50




	
21

	
4.50

	
2.28

	
47.43

	
4.45

	
2.20

	
4.50

	
4.45

	
2.18

	
4.50




	
22

	
4.50

	
2.26

	
46.91

	
4.45

	
2.19

	
4.50

	
4.45

	
2.18

	
4.50




	
23

	
4.45

	
2.20

	
4.50

	
4.45

	
2.19

	
4.50

	
4.45

	
2.18

	
4.50




	
3

	
7

	
58.35

	
2.11

	
58.38

	
57.93

	
1.67

	
58.38

	
2.86

	
1.24

	
2.89




	
8

	
46.94

	
1.68

	
58.35

	
2.81

	
1.23

	
58.35

	
2.61

	
1.17

	
2.89




	
9

	
46.68

	
1.50

	
47.39

	
2.79

	
1.21

	
2.89

	
2.61

	
1.12

	
2.74




	
10

	
46.59

	
1.44

	
47.31

	
2.79

	
1.21

	
2.89

	
2.61

	
1.11

	
2.61




	
11

	
2.79

	
1.20

	
46.94

	
2.61

	
1.19

	
2.81

	
2.61

	
1.09

	
2.61




	
12

	
2.61

	
1.12

	
2.61

	
2.61

	
1.12

	
2.61

	
2.61

	
1.08

	
2.61




	
4

	
7

	
73.39

	
1.70

	
75.58

	
60.66

	
1.70

	
73.97

	
2.56

	
1.23

	
6.02




	
8

	
28.63

	
1.15

	
60.66

	
3.96

	
1.43

	
3.86

	
2.51

	
0.96

	
2.54




	
9

	
28.60

	
1.08

	
59.71

	
3.62

	
1.38

	
3.70

	
2.48

	
0.95

	
2.54




	
10

	
2.51

	
0.97

	
2.54

	
2.51

	
0.97

	
2.54

	
2.48

	
0.95

	
2.54




	
5

	
14

	
15.79

	
2.02

	
48.18

	
15.71

	
1.98

	
15.84

	
5.29

	
1.92

	
6.26




	
15

	
15.71

	
2.01

	
47.60

	
15.31

	
1.97

	
15.79

	
5.29

	
1.91

	
6.23




	
16

	
15.71

	
2.01

	
47.60

	
15.31

	
1.97

	
15.79

	
3.64

	
1.91

	
6.23




	
17

	
5.76

	
1.93

	
15.84

	
5.76

	
1.93

	
15.71

	
3.21

	
1.90

	
3.64




	
18

	
3.64

	
1.90

	
3.64

	
3.64

	
1.90

	
3.64

	
3.21

	
1.89

	
3.64




	
6

	
8

	
75.83

	
2.07

	
77.03

	
4.61

	
3.06

	
32.69

	
4.69

	
1.39

	
4.70




	
9

	
62.95

	
1.90

	
77.03

	
2.57

	
1.40

	
24.07

	
4.42

	
1.39

	
4.66




	
10

	
62.95

	
1.62

	
76.82

	
2.51

	
1.39

	
2.82

	
2.46

	
1.36

	
2.57
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