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Abstract. This paper investigates a positioning method based on the map projection in
the ranging-mode (R-mode) of Automatic Identification System (AIS). The geographic
location of the vessel is calculated into a flat two-dimensional plane using the direct
and inverse transformations based on the map projection. Furthermore, the degree zone
conversion algorithm is also proposed when the vessel and the AIS shore stations are not
in the same degree zone. Finally, the positioning method is verified by the simulation
results using information provided by the real AIS shore stations.
Keywords: Positioning method, Gauss-Kruger projection, Degree zone, Ranging-mode
of automatic identification system

1. Introduction. Marine navigation is highly dependent on Global Navigation Satellite
System (GNSS) for position, navigation and timing (PNT) information [1]. The awareness
of the vulnerability of GNSS to both intentional and non-intentional interference has been
raised [2,3]. Temporary interruptions of GNSS are not expected to be frequent, but would
have a high impact on users [4]. A new ranging-mode (R-mode) of Automatic Identifica-
tion System (AIS) is proposed by the International Maritime Organization (IMO) as an
alternative system for complementing the existing GNSS for the robust PNT information.
Moreover, members of IMO are encouraged to investigate and develop the positioning
method using the R-mode of AIS [5]. The location of the vessel usually refers to the
geographical coordinates (latitude and longitude). It is the two-dimensional positioning.
Some studies have focused on the position solution algorithm, such as Fang’s closed-form
algorithm, Friedlander localization algorithm, a least square algorithm, Chan’s algorithm.
Fang has studied an exact solution when the number of measurements is equal to the num-
ber of unknowns [6]. However, the redundant measurements cannot be utilized to improve
its solution accuracy. Although the closed-form solutions with redundant measurements
were considered by Friedlander [7], their estimators are not optimum. The least square
algorithm can also make use of redundant measurements [8,9]. However, its performance
depends highly on an initial estimation of the iterative process. Chan’s algorithm has a
small computational and high accuracy in the Gaussian noise environment [10]. However,
it performs degradation under the NLOS. However, the above position solution algorithms
are all discussed in a Cartesian plane coordinate system. They cannot be used to solve
geographical coordinates directly.

A positioning method based on the map projection is presented in this paper using
in two-dimensional position of R-mode AIS. The location of the vessel is indicated by
geographical coordinates. It can also be extended to any other ground-based navigation
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system easily. Furthermore, the degree zone conversion algorithm is also proposed when
the vessel and AIS shore stations span multiple degree zones. This paper is organized as
follows. The principle of Gauss-Kruger projection is given in Section 2. Section 3 presents
the map projection positioning method in R-mode of AIS and gives the detailed processing
flow. The proposed positioning method is verified by simulation using information of the
real AIS shore stations in Section 4. Some concluding remarks are given in Section 5.

2. Gauss-Kruger Projection. In the real world, the location of the vessel is described
by the geodetic coordinates, namely the latitude and longitude (λ, φ) on earth surface. In
the Cartesian plane, positions can be described using plane rectangular coordinates (x, y).
A map projection is a rigorous mathematical means of translating a particular region of
three dimensional surfaces into a flat two-dimensional plane. A fundamental projection
classification is based on the type of projection surface onto which the globe is conceptually
projected. Therefore, there are a number of map projections. The projection selected for
the proposed positioning method is Gauss-Kruger projection. It is an internationally
popular map projection which has been widely used in the maritime field.

The Gauss-Kruger projection is a transverse cylindrical projection. The projection
principle is keeping the projected central meridian as a straight line of the same length
and the equator as a straight line. Project the two parts divided by the central meridian
within certain scope of longitude degree to the cylinder surface by conformal projection.
Upon cutting and unfolding the imaginary cylinder, the required flat projection map is
produced, which is the Gauss-Kruger projection plane. The illustration is shown in Figure
1.

Figure 1. Illustration of Gauss-Kruger projection

In Gauss-Kruger projection, the globe is divided into zones according to certain lon-
gitude value scope. On the one hand, the length distortion should be controlled within
the measurement error. On the other hand, the number of the zones should be kept the
minimum to decrease the calculation complexity. As a result, the earth is divided into
equal size of melon-shaped zones from the prime meridian. Usually, there are two kinds of
dividing zones: the six degree zone and the three degree zone. The six degree zone divides
from the west to the east, starting at the prime meridian with 6 degree intervals. The
number of the divided zones is 1, 2,. . . , 60. The three degree zone is carried on the basis
of the six degree zone. With the same central meridian and sub zone’s central meridian,
it starts at the 1.5 degree meridian. The number of the divided zones is 1, 2,. . . ,120.
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The direct projection is given point P = (λ, φ) to get projected point P′ = (x, y),
according to

x = X + 1
2
N sin φ cos φλ′2 + 1

24
N sin φ cos3 φ(5 − t2 + 9η2 + 4η4)λ′4

+ 1
720

N sin φ cos5 φ(61 − 58t2 + t4)λ′6

y = N cos φλ′ + 1
6
N cos3 φ(1 − t2 + η2)λ′3

+ 1
120

N cos5 φ(5 − 18t2 + t4 + 14η2 − 58η2t2)λ′5

(1)

where N is the radius of curvature in prime vertical; λ′ is the longitude difference from
the central meridian, given by

λ′ = λ − λ0 (2)

where λ0 is the longitude of the central meridian. X is the meridional arc length from
the equator obtained by

X = 6367452.1328φ − [32144.5189 − (135.3646 − 0.7034 cos2 φ) cos2 φ] sin φ cos φ (3)

And other parameters can be calculated by the following formulas:

t = tan φ (4)

η2 = e2
2 cos2 φ (5)

where e2 is the second eccentricity of the earth.
On the contrary, the transformation of the plane rectangular coordinates into the geo-

detic coordinates is known as the inverse map projection. Given the position of P′(x, y)
in a two-dimensional plane found the geographic coordinates (λ, φ) of point P. It can be
calculated according to the following equations:{

λ = (1 − (d3 − d5d
2
1)d

2
1)d1 + λ0

φ = φ1 − (1 − (d4 − 0.147d2
1)d

2
1)d

2
1d2

(6)

where

β = x/6367452.1328 (7)

φ1 = β + (502289760 + (2936975 + 23830 cos2 β) cos2 β) × 10−11 sin β cos β (8)

d1 =
y

C(1 + e2
2 cos2 φ1)

− 1
2 cos φ1

(9)

d2 = (0.5 + 0.00336975 cos2 φ1) sin φ1 cos φ1 (10)

d3 = 0.3333333 − (0.1666667 − 0.0011232 cos2 φ1) cos2 φ1 (11)

d4 = 0.25 + (0.161612 + 0.005617 cos2 φ1) sin φ1 cos2 φ1 (12)

d5 = 0.2 − (0.16667 − 0.00878 cos2 φ1) cos2 φ1 (13)

C is the earth’s polar radius

In Gauss-Kruger projection, there is no angle distortion, little length and square di-
mension distortion. Except that the central meridian and the equator are straight lines,
other longitude lines are symmetric arcs to the central meridian. Moreover, the central
meridian is the same as it is. The distortion increases from the central meridian toward
the borders. As we move away from the central meridian, the projected features will suffer
from distortion. The farther we are from the central meridian, the greater the distortion
is. Since it is highly precise, low distortion, and easy to calculate, it is commonly applied
to large scale maps. Additionally, the coordinate system is the same for all projected
zones. So we just need to work out data in one zone which could be used in all other
zones. It can offer the precise measurement of distance. In conclusion, Gauss-Kruger
projection is popular in large scale mapping, such as coastal navigation.
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3. Map Projection Positioning Method in R-mode of AIS. Map projection po-
sitioning method in AIS is based on the theory of map projection. It is an extension of
GNSS positioning method. Firstly, the geographical coordinates of the shore stations,
which are the reference nodes in the R-mode of AIS, are converted to the plane rectangu-
lar coordinates according to the direct projection in Equation (1). Then vessel’s position
can be solved using the least square algorithm or Chan’s algorithm in the two-dimensional
Cartesian plane. The position (x, y) of the vessel in the plane rectangular coordinates is
obtained. Finally, the geographical coordinates (λ, φ) of the vessel can be calculated by
the inverse projection according to Equation (6).

3.1. Degree zone conversion algorithm. The positioning method in R-mode of AIS
only applies to coastal vessels, limited by the arrangement of AIS shore stations and the
propagation range of AIS very high frequency (VHF) signals. Thus, the Gauss-Kruger
projection suitable for accurate calculation in large scale mapping is selected. In order to
minimize the length distortion there are a number of degree zones in the Gauss-Kruger
projection. In each zone, the intersection of the central meridian and the equator is the
coordinate origin. The coordinate calculation is the same for all the degree zones. The
transmission range of VHF signals is generally 35-50 nautical miles. In a six degree zone,
a zone spans about 360 nautical miles (668 kilometers). Thus in practice, for one vessel,
the locations of this vessel and all the AIS shore stations used as its reference nodes for
position estimation are either in the same degree zone, or in the two adjacent degree
zones. If the vessel and its reference nodes are all in the same degree zone, the position
of the vessel can be solved directly. If the vessel and its reference nodes are in the two
adjacent degree zones, the degree zone conversion algorithm is proposed. In the degree
zone conversion algorithm, the coordinates of the vessel and its reference nodes are all
moved into one zone to solve the position of the vessel.

Therefore, before estimating the vessel’s position in the two-dimensional plane, it is
needed to decide whether the vessel and its reference nodes are in the same degree zone
in terms of the comparison of their central meridians. Firstly, the central meridians
corresponding to the initial estimated position of the vessel and its reference nodes are
calculated. If all the central meridians are same, there is no need to convert degree zones.
If not, the vessel and its reference nodes are in two adjacent degree zones. Take the
same central meridian corresponding to greater than or equal to two reference nodes as a
benchmark. The degree zone, which the central meridian benchmark belongs to, is called
the reference zone. The points which are not in the reference zone should be moving.
That is to say, the maximum (or minimum) central meridian is chosen as the benchmark.
The position corresponding to the minimum (or maximum) longitude should be moved
into the reference zone. Keep a record of the moving longitude value. And all the rest
position coordinates are moved the same radian. The flow chart is shown in Figure 2.

3.2. Map projection positioning method. The map projection positioning method
in R-mode of AIS is divided into three parts denoted by the dotted box in Figure 3.
First of all, the geographical coordinates of the initial vessel estimated position and its
reference nodes are converted to the plane rectangular coordinates using Gauss-Kruger
projection. Secondly, judgment and conversion of the degree zone span shown in Figure 2
are processed. Then the vessel’s position is estimated in the two-dimensional plane. The
position equation using time difference of arrival (TDOA) technology is expressed in the
rectangular coordinate plane as

∆Ri =

√
(xm − x)2 + (ym − y)2 −

√
(xi − x)2 + (yi − y)2 (14)
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where (x, y) are the coordinates of the vessel; (xi, yi) are the position coordinates of the
ith reference node; the subscript m denotes the main reference node; ∆Ri denotes the
distance difference between the vessel and the different reference nodes.

Figure 2. Flow chart of degree zone conversion

Figure 3. Flow chart of map projection positioning method
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Obtain the linear position equation using Taylor-series, keeping only terms below the
second order.

∆R̄i = ∆R̂i +
∂∆Ri

∂x
∆x +

∂∆Ri

∂y
∆y (15)

where ∆R̄i and ∆R̂i denote the measured distance difference and its estimation, respec-
tively; (∆x, ∆y) are the corrections to the estimated position of the vessel. Stacking all
the measurements from different reference nodes, the above Equation (15) can be given
in the matrix form as follows: δL1

...
δLn

 =


∂∆R1

∂x
∂∆R1

∂x
...

...
∂∆Rn

∂y
∂∆Rn

∂y

[
∆x
∆y

]
(16)

where δLi = ∆R̄i − ∆R̂i. We can write (16) more compactly as

L = A∆X =
[

α β
]
∆X (17)

A is called positioning matrix. The elements in the matrix are expressed as

αi = ∂∆Ri

∂x
= x−xm

R̂m
− x−xi

R̂i

βi = ∂∆Ri

∂y
= y−ym

R̂m
− y−yi

R̂i

}
(18)

The least square solution for the corrections (∆x, ∆y) to the estimated position of the
vessel can be written as

∆X =
(
ATA

)−1
ATL (19)

The convergence is decided by ∆X. The convergence condition given in the paper is√
(∆x)2 + (∆y)2 ≤ 0.00001 when the number of iterations is less than 10 times. Fi-

nally, the position (x, y) of the vessel, which meets the above condition, is converted to
geographic coordinates by the inverse Gauss-Kruger projection.

4. Simulations. To verify the proposed method, AIS shore stations named Laotieshan,
Huangbaizui and Beihuangcheng in the real situation are used. The vessel is located
in Yuandao. Table 1 gives information about these shore stations and the location of
the vessel, including the latitude and longitude coordinates and their maritime mobile
communications service identity (MMSI).

Table 1. Information of the AIS shore stations and vessel location

MMSI Latitude Longitude
Laotieshan 4131101 38◦43.6420’N 121◦08.1330’E

Huangbaizui 4131104 38◦54.2850’N 121◦42.9500’E
Beihuangcheng 4131504 38◦23.6880’N 120◦54.6137’E

Yuandao
PPPPPPPPP

38◦40.1690’N 122◦10.1020’E

The location distribution of the vessel and the AIS shore stations is shown in Figure
4. Figrue 4(a) is drawn according to the geographic coordinates given in Table 1. The
orange box indicates the shore station. A red dot indicates the vessel. Figure 4(b) is
drawn on the rectangular coordinate plane. The black circle denotes the shore station
and the red star is the position solution obtained by the proposed method. It can be seen
that the distribution of the AIS shore stations and the vessel in Figure 4(b) agrees with
Figure 4(a).

Table 2 gives the position error between the position solution of the vessel derived
from the map projection positioning method and its exact location. As the simulation
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(a) (b)

Figure 4. Location distribution of AIS shore stations and vessel

Table 2. Position error

Latitude Longitude
Yuandao 38◦40’10.140000”N 122◦10’6.120000E
Solution 38◦40’10.1399237”N 121◦10’6.1199999E
Error(m) −2.356777×10−3 −3.57566×10−6

environment is ideal, there is no measurement error and other effective factors. Thus
position solution has very small deviation. The error of the latitude is (2 × 10−8)◦, that
is 0.002 meters. The error of the longitude is (3 × 10−11)◦, that is 0.000004 meters.

5. Conclusions. The map projection positioning method is investigated in the R-mode
of AIS. The position solution of the vessel is converted to a flat two-dimensional plane,
using the direct and inverse map projection based on the map projection theory. Further-
more, the degree zone conversion algorithm is also proposed when the vessel and the AIS
shore stations are not in the same degree zone. Finally, the positioning method is verified
by the positioning simulation in the real AIS situation. The proposed method can also
be extended to any other ground based navigation system easily.
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