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Abstract. When a vehicle is driving at the intersection, mismatching will occur when
traditional D-S evidence theory algorithm is matched. This paper improves the match-
ing algorithm to solve this problem. The improved algorithm eliminates the abnormal
location points and fills the vacancy. Candidate roads are identified using a simplified
error ellipse to reduce matching time. Combining directional probability function, dis-
tance probability function and confidence function to improve the probability formula of
candidate segments. The experimental results show that the improved algorithm has a
matching accuracy of about 97%. Compared with existing map matching algorithms, the
accuracy can be improved by about 4%, and the single point matching time can be reduced
by about 1 ms.
Keywords: GPS, D-S evidence theory, map matching, distance threshold, matching
time.
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1. Introduction. With the rapid development of the economy and the rise of popula-
tion in large cities, urban transportation has become developed and roads have become
complex [1]. In the actual vehicle navigation, due to GPS system error, signal transmis-
sion error, accidental error of data, and accuracy problems of electronic maps, there is a
deviation between GPS track point and actual road point [2]. This will make the driver
deviate from the correct driving route, drive incorrectly, and more serious may cause traf-
fic accidents. Therefore, a fast, effective and accurate method is especially important to
improve navigation performance [3]. At present, there are two main solutions [4]. One is
to improve the accuracy of GPS track points and electronic maps, but this method is more
complex and costly, which makes it difficult to update electronic maps in time. Another
method is to perform a series of processing on GPS track points by map matching, espe-
cially to correct the track point data which deviates from the correct road to reposition it
on the correct road. This method is easy to achieve, low cost and has become a research
hot point [5, 6, 7].

The map matching technology is widely used to provide location services-related help
in areas such as vehicle navigation, traffic flow analysis, Geo-social network analysis, and
so on [8, 9, 10]. At present, the proposed algorithms are mainly for most ordinary sec-
tions [11]. The algorithms mainly include probability matching algorithm [12], geometric
matching algorithm [13], topology constraint matching algorithm [14, 15], weight match-
ing algorithm [16, 17]. These algorithms have their own advantages and disadvantages.
Some algorithms are simple in principle and easy to implement, but their matching ac-
curacy is not high. Others are complex in principle and difficult to implement, but have
high matching accuracy. Crossing road segment [18] is the most complex situation in the
road network, with high road density and complex connection. Current map matching
algorithms generally treat it as a normal road, which may cause mismatching, mismatch,
low matching accuracy, etc. Therefore, the matching of intersecting road segments is the
difficult point of map matching [19]. In Figure 1, a car is traveling on Section A with a
destination of Z and is preparing to enter a continuous intersection. The vehicle’s true
track is Section A to Section B. However, due to mismatching, the track point is mis-
matched to Section C. To reach the destination, it needs to turn right into Section D.
For a real track, turning right is equivalent to entering Section E. As we get farther and
farther from our destination, the final driving route is very different from the correct one,
so improving the map matching accuracy of the intersection is very important for us to
get to our destination quickly and accurately [20]. In order to solve the problem of in-
tersecting road segments, this paper presents an improved D-S evidence theory algorithm
under the environment of intersecting road segments. It mainly uses directional evidence
to improve the probability formula of candidate road segments to make up for the low
accuracy of intersecting road segments in traditional D-S evidence theory.

Figure 1. Mismatching diagram

2. The Implementation of Map Matching.
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2.1. Date pre-processing. Before map matching, the positioning data must be pre-
processed [21]. Data pre-processing consists of two parts: exceptional data is first elimi-
nated and [22] interpolated to complete missing data, then grid index is generated.

2.1.1. Eliminate abnormal data and complete missing data. There are tunnels, viaducts
and other complex situations on urban roads, which may affect the transmission of GPS
signals and make the data obtained by receivers abnormal. In order to reduce the in-
fluence of abnormal data on matching performance, it is necessary to process GPS data,
eliminate abnormal data and use the interpolation method to complete the next missing
data according to two consecutive vehicle historical registration points. The information
contained in the location point includes latitude and longitude, vehicle speed, time stamp
Angle between the direction of the vehicle and due north, etc. The elimination principle
is shown in Figure 2. The interpolation principle is shown in Figure 3.

Figure 2. Elimination principle

This paper sets a distance threshold R to remove locations points beyond the threshold
range. The distance threshold is determined by two parts, which are the maximum offset
of the vehicle and the positioning error.

First, the maximum speed Vmax of the vehicle is calculated from Equation (1).

Vmax = Vtmax + Vs (1)

Vtmax is the max highway speed limit and Vs is the instantaneous speed error.
The maximum vehicle offset L is:

L = Vmax + ∆t (2)

∆t is the sampling interval. r is the error circle radius of positioning data under a
certain confidence level, from which the distance threshold can be obtained.

R = L+ r (3)

If the distance between the location point and the road section exceeds the distance
threshold, the location point will be removed, otherwise the location point will be retained.

Due to the high sampling frequency of vehicles in the intersection, any two adjacent
sampling points can be regarded as a straight road. The coordinates of the positioning
points after interpolation are shown in Equation (4) (5). (xi, yi) represents the coordi-
nates of the current positioning points to be interpolated, and (xi−1, yi−1) represents the
coordinates of the previous historical positioning points of the vehicle. vi−1 is the driving
speed of the vehicle at the previous historical positioning point, ψi−1 and ψi−2 respectively
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Figure 3. Schematic of interpolation

represent the angle between the driving direction and the positive and north direction of
the vehicle at the first two positioning points.

xi = xi−1 + vi−1 ×∆t× sin [(ψi−1 − ψi−2) + ψi−1] (4)

yi = yi−1 + vi−1 ×∆t× cos [(ψi−1 − ψi−2) + ψi−1] (5)

2.1.2. Generating grid index. In the process of map matching, it is necessary to obtain
the candidate road sections of GPS positioning points. The initial way is each location
point for the query the whole road network in the electronic map every time a positioning
point is obtained. This method is more accurate, but it will take a long time, which will
affect the matching performance. Therefore, this paper introduces grid index [23], so as
to reduce the query time and quickly obtain the candidate road sections. The basic idea
of grid indexing is to divide the whole electronic map road network into several grids and
calculate the sections contained or intersected in each grid in advance. When querying,
first determine the grid where the object is located, and then quickly query the candidate
road sections contained in the grid, so as to greatly improve the query speed.

2.2. Candidate set acquisition. After pre-processing the positioning data, the approx-
imate area of the actual road is determined according to the positioning data information.
At present, the common method is to determine an error ellipse according to the proba-
bility, which contains the vehicle position.

The derivation formula of error ellipse is as follows:
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a and b is the long and short half axes of the ellipse, σX and σY is the standard
deviation of longitude and latitude of the location point, σXY is the covariance, ϕ is
the angle between the long half axis of the ellipse and due north direction, and σ0 is the
adjustable factor. As can be seen from the above ellipse formula, the calculation of relevant
parameters is relatively complex, so this paper simplifies it to reduce the calculation cost.
The simplified ellipse center is the current positioning point Pi (xi, yi).

The calculation of relevant parameters is as follows:

a′ = R×∆t (9)

c′ =

√
(xi − xi−1)2 + (yi − yi−1)2 (10)
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2a′ and 2c′ is the major axis and focal length of the simplified ellipse respectively. In
the simplified ellipse, the grid of the trajectory points is determined based on the grid
index, and the links included in or tangent to the error circle in the 3 × 3 grid centered
on the grid are queried as candidate links. Let all candidate road sets extracted from
the error circle is D = {S1, S2, . . . , Si, . . . , Sk | i = 1, 2, . . . , k}, The process is as shown in
Figure 4. Point O is the locating point, and K, L, M , N are the road sections in the 3×3
grid with the locating point as the center. In these sections, find the sections contained
in the error circle or tangent to the error circle, and finally get the candidate sections of
point O as M and N .

Figure 4. The diagram of obtaining the candidate road section
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2.3. Application of algorithm in intersection.

2.3.1. Probability function M1(si) of distance. Distance is the most important criterion in
the map matching algorithm. The real position of a certain positioning point may be on
the road which closest to it, but sometimes there will be wrong judgment. According to
the distance, different probabilities M1(si) are assigned to all candidate links according to
the distance, where i = 1, 2, 3, . . . , k. And the sum of the probabilities of all the candidate
link distances of the location points is 1.

The distance evidence function αi is constructed as follows (11):

αi =
a′

di
(11)

di is the shortest distance from the GPS positioning point to the candidate road section
si.

The probability distribution function of the distance is constructed as follows (12).

m1(si) =
αi∑k
j=1 αj

(12)

As shown in Figure 5, when calculating the distance di, according to whether the
projection of the GPS anchor point is on the road section, this paper analyses the two
situations. Assuming the coordinates of the positioning point is (x, y) and the coordinates
of the road endpoints are N(x1, y1), M(x2, y2).

Figure 5. Calculate the shortest distance

If the projection point of locating point P1 on road MN is P3 and P3 is on the road, d1
is the shortest distance of segment P1P3.

d1 =
|(y2 − y1)x+ (x1 − x2) y + (y1x2 − y2x1)|√

(y2 − y1)2 + (x2 − x1)2
(13)

The projection point of location point P2 on the road segment MN is P4, but P4 is not
on the road segment, and on its extension line. At this time, the nearest road point to P2

is N , and the shortest distance d2 is the length of segment P2N .

d2 =

√
(y1 − y)2 + (x1 − x)2 (14)

2.3.2. Probability function M2(si) of direction. Direction is another criterion to determine
the matching road section when there are many candidate roads around the vehicle.
When considering the direction, it is more complicated to calculate the angle between
the direction of vehicle and the direction of the road to which it belongs. In this paper,
the angle between the direction of vehicle driving and the direction of the north and the
direction of the road to the north is obtained. Then, the angle between the direction
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of vehicle driving and the direction of the road belongs to can be obtained by making
a difference between the two angles. According to the angle between the two, different
probability M2(si) is assigned to all the candidate links of the location point, where
i = 1, 2, 3, . . . , k The sum of the probabilities of all candidate link directions of the same
location point is 1.

Directional evidence function βi is constructed as:

βi =
π

θi
(15)

θi is the angle between the direction of the vehicle and the direction of the road.
The probability distribution function of the direction is defined as:

m2(si) =
βi∑k
j=1 βj

(16)

As shown in Figure 6, select the straight line section on road Si and select two points
(denoted as P and Q) on it. Take P as the origin, set Q coordinates as (x3, y3), and
calculate the angle γi between road Si and north direction through Equation (17).

γi =


π
2
− arctan

(
y3
x3

)
, x3 > 0

3π
2
− arctan

(
y3
x3

)
, x3 < 0

(17)

Figure 6. Muti-angle diagram of road direction and vehicle direction

If x3 = 0, y3 < 0, then γi = π; if x3 = 0, y3 > 0, then γi = 0.
As for the angle between the vehicle and the north, many positioning software can

obtain it directly.
The difference between the direction of the vehicle and the direction of the road is

Equation (18).

θi =

{
|ψ − γi| , |ψ − γi| < 180◦

360◦ − |ψ − γi| |ψ − γi| > 180◦
(18)

2.4. Probability calculation of candidate road sections. The research object of this
paper is the intersecting road. It is possible that the vehicle location point is between the
roads. Because the direction angles between the roads are quite different, the direction
information is more reliable than the distance information. Location points are matched
based on direction information. The matching result is the largest in I road segment and
the probability of the other roads is small. The more reliable the matching result is in I
road segment.
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The definition of credibility is as follows (19).

ε = e
−
(
1−m2(si)

)
(19)

After figuring out the probability distribution function m1(si) of the distance, the prob-
ability distribution function m2(si) of the direction and the credibility, the probability
calculation of the candidate road sections was carried out. The formula of the probability
calculation of the candidate road sections is as follows (20). The F and G points in the
formula are candidate road segments for GPS points. The candidate road segment corre-
sponding to the maximum probability of the true GPS point is selected as the matching
road segment of the GPS point, that is, the vehicle is considered on the road segment at
the current moment.

m(si) =
∑

si⊆(F∪G)
m1(F ) ×m2(G) × ε (20)

2.4.1. Algorithm steps and process.

Step 1: Pre-processing positioning data. Set thresholds to remove outliers, interpolate miss-
ing data, and index the grid to reduce matching time.

Step 2: Get the candidate road set according to the simplified error circle.
Step 3: Calculate the basic probability function of distance and direction.
Step 4: Define credibility based on directional evidence.
Step 5: Using improved candidate segment probability formula to calculate all candidate

segment probabilities for track points.
Step 6: Select the segment with the maximum probability as the matching segment

Figure 7. Process of the improved D-S evidence theory map matching algorithm



GPS Map Matching Algorithm Based on Improved D-S Evidence Theory in Complex Road Sections 97

3. Algorithm Demonstration and Simulatinhe.

3.1. Comparison of simulation results. Figure 8 is the simulation chart of the match-
ing accuracy of four different map matching algorithms: Direct projection algorithm,
Traditional D-S evidence theory algorithm, Curve fitting matching algorithm and Text
matching algorithm. The accuracy of the algorithm is measured by the ratio of the number
of correctly matched locations to the total number of locations obtained. The matching
accuracy of text matching algorithm in parallel sections is lower compared to other map
matching algorithm, but it has a very high matching accuracy at intersecting road. The
matching accuracy is about 97%, compared with other methods in accuracy increased by
4% This is because the algorithm in this paper is aimed at intersection roads, focus on
using the directional information, so the algorithm is best used at cross roads.

Figure 9 is four simulation results of single point matching time for four algorithms
when the number of candidate road segments is 2, 3, 4 and 5. The dark blue curve is the
direct projection algorithm, the light blue curve is the traditional D-S evidence theory
algorithm, the green curve is the curve fitting algorithm, and the yellow curve is the text
matching algorithm. The matching time is the average time from getting the location
point to determining the candidate road segment. Compared with the four pictures, the
single point matching time of text matching algorithm increases with the increase of the
candidate road segments in the candidate area, but the increase is the least. When there
are two candidate road segments in the candidate area, the single point matching time
of text matching algorithm is about 4.2 ms. When there are five candidate roads in the
candidate area, the single point matching time of text matching algorithm is only about
5.4 Ms. Among the four algorithms, the single point matching time of the paper improved
algorithm is lower than that of other algorithms regardless of the number of candidate
roads in the candidate area. Overall, the matching time of the text improved algorithm
can be improved by at least 1 ms, and the real-time performance is good.

Figure 8. Comparison of matching accuracy
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Figure 9. Single point matching time for different number of roads: (a)
Single point matching time for two candidate roads (b) Single point match-
ing time for three candidate roads (c) Single point matching time for four
candidate roads (d) Single point matching time for five candidate roads

4. Conclusion. In this paper, an improved D-S evidence theory map matching algorithm
is proposed under the crossing road environment. By setting a distance threshold to
eliminate outliers and fill in missing points, the error ellipse is simplified and the matching
time is reduced. Combining directional probability function, distance probability function
and confidence function to improve the probability formula of candidate segments. The
results show that the algorithm improves the matching accuracy and shortens the single
point matching time of the locations.
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