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The iterative closest contour point (ICCP) matching algorithm has become more and more widely used in the underwater
geomagnetic aided inertial navigation system (INS). In practical application, the traditional ICCP algorithm is sensitive to the
initial positioning error of the INS and can only do rigid transformation for the INS track of the vehicle. Particularly when there
exists scale error, the accuracy and stability of the traditional ICCP algorithm will be affected. To solve this problem, an improved
algorithm based on affine transformation is proposed. Firstly, the fundamental of the ICCP is analyzed in detail, and an error
analysis of the geomagnetic aided inertial navigation system is carried out, and then the rigid transformation is replaced with affine
transformation to improve the performance of the ICCP. In contrast to the conventional approach, the proposed algorithm can
solve the rotation, translation, and scaling parameters of the indicated track and the matching track, so it can significantly reduce
the interference of the scale error. Experimental results confirm the effectiveness of the proposed algorithm.

1. Introduction

The inertial navigation system (INS) is an autonomous
navigation system, which neither relies on any external infor-
mation nor radiates energy to the outside world. Besides, it
has the advantages of a short term, high precision, good con-
cealment, no susceptibility to interference, and so on. Now
the INS is the main navigation method for an Autonomous
Underwater Vehicle (AUV). However, due to its navigation
characteristics, the error of the INS inevitably grows with
time. To address this problem, some integrated navigation
systems are used to revise the INS error. The terrain aided
inertial navigation system is one of the integrated naviga-
tion systems. However, the terrain aided inertial navigation
system cannot achieve good effect in the area where the
terrain is flat or the terrain features are not obvious [1, 2].
In recent years, some other integrated navigation systems
such as the INS/Doppler integrated navigation system and
INS/geomagnetic integrated navigation system have been
studied to provide more accurate and more reliable position-
ing information [3, 4].

Geomagnetic navigation technology has been used in
aircraft control, missile weapon guidance, underwater vehicle
positioning, and other fields, showing great military value
and application prospects [5, 6]. The key factors affecting
the accuracy of geomagnetic matching navigation are the
establishment of geomagnetic map, matching algorithm, and
the accuracy of geomagnetic sensor measurement [7]. In
some practical applications requiring high precision, it is
difficult to achieve satisfactory results using the geomagnetic
navigation. More often, geomagnetic navigation is mainly
used to assist other navigation systems. The geomagnetic
aided inertial navigation system is one of the most common
methods, and in recent years, several methods have been
proposed [8, 9].

In the underwater geomagnetic aided inertial naviga-
tion system, the matching algorithm is the key technology.
Presently, the iterative closest contour point (ICCP) is one
of the most frequently used algorithms, which derives from
the iterative closest point (ICP) algorithm in image matching
[10]. The ICCP was first proposed by Behzad [11], who used
it for gravity-aided navigation; then Bishop systematically
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analyzed the feasibility and the error effect of the algorithm
through a large number of simulation experiments [12]. The
traditional ICCP algorithm is easy to implement and has
been widely used; however it still has some deficiencies; for
example, its robustness is poor and it is prone to diverging
and mismatching under large initial error. To resolve these
problems, many methods have been put forward. Wang [13]
designed a method which is based on the integration of TER-
COM and ICCP technology: firstly use the terrain contour
matching navigation system (TERCOM) for rough matching
and then use the ICCP for accurate matching. Zhang [14]
proposed a pretranslation simplified ICCP algorithm, which
simplifies the process of matching calculation, eliminates the
influence of mismatch in the traditional ICCP effectively,
and ensures the credibility of autonomous navigation. Zhang
[15] proposed an improved ICCP algorithm based on the
particle swarm optimization algorithm, which can achieve
better robustness and accuracy. These researches enhanced
the traditional ICCP algorithm and achieved certain results,
but the algorithm can only do rigid transformation and
translation transformation for the indicated track to achieve
iterative registration. In the actual situation, there is always
scale error between the indicated track and target track, and
this may lead tomismatching or lower the matching accuracy
[16, 17].

In geometry, an affine transformation is a function
between affine spaces, which preserves points, straight lines,
and planes [18]. In computer vision, affine transformation is
usually used for image registration [19]. Xu [20] proposed an
improved ICCP algorithm with affine correction in terrain
matching navigation. Xu first used the ICCP algorithm for
matching and then corrected the results with affine trans-
formation. However, our work is inspired by the pyramid
algorithm in 2D image matching [21] and incorporates the
idea of the Iterative Multiscale Matching Method (IMMM).
Affine transformation is used multiple times during the
iteration process of the initial matching along the contours.
Since the initial value of each matching is the optimal value
obtained from the previous matching, the iterative process
has certain inheritance. The affine correction runs through
thewhole iteration process.Therefore, from this point of view,
our work is different fromXu’s work, and this is also themajor
contribution of our work.

In this paper, the error characteristics of the INS are
analyzed in detail, and the error analysis of the INS is made.
Then, the iterative process of matching track based on the
fusion algorithm of the ICCP and affine transformation is
described.Through affine transformation, the transformation
parameters between the indicated track and the match-
ing track are solved and the corresponding relationship is
obtained. Finally, the simulation experiment is conducted;
the results prove the validity of the proposed algorithm.

2. The Error Analysis of the Geomagnetic
Aided Inertial Navigation System

The inertial navigation is a relative navigation method, whose
principle is to use inertial components tomeasure the acceler-
ation of theAUVand then get the current position through an

integral operation and initial position information. The error
characteristics of the geomagnetic aided inertial navigation
system are analyzed as follows:

A purely inertial navigation mode is used before the
underwater vehicle enters the matching area. In the inertial
navigation system, after ignoring the Coriolis errors and
gravity vector errors, the velocity error 𝛿V is a function
of specific force 𝑓𝑛, attitude error 𝜓, and specific force
measurement error 𝛿𝑓𝑏 [22]. The differential equation of the
velocity error can be expressed as

⋅𝛿V= [𝑓𝑛×]𝜓 + 𝐶𝑛𝑏𝛿𝑓𝑏. (1)

In the equation, 𝐶𝑛𝑏 is the attitude transition matrix from
the carrier coordinate to the navigation coordinate.

When the underwater vehicle enters the matching area,
due to the integration of each error over time, the system has
accumulated a certain amount of position error Δ𝑃0, velocity
error 𝛿V, and attitude error 𝜓. These errors continue to be
transmitted during the accumulation process of matching
data. When data accumulation is completed, the velocity
equation can be expressed as

V𝑖𝑡 = V𝑟𝑡 + 𝛿V + 𝜀V (𝛿𝑓, 𝜓, 𝑡) . (2)

In the equation, V𝑖𝑡 is the indicating speed of the inertial
navigation system at the time 𝑡; V𝑟𝑡 is the actual speed at the
time 𝑡; 𝜀V is the variation of velocity error in the process of
data accumulation, mainly caused by 𝛿𝑓 and 𝜓.

Since 𝛿V is a velocity error generated before matching,
it can be regarded as a constant error and is easy to be
disposed of; but 𝜀V is a function of time and 𝜓, and it also
accumulates over time and must be simplified during the
modeling. Considering that the accumulation amount of
attitude error is very small in a short time, the variation of
heading error in the data accumulation phase is ignored;
that is, it is assumed that the heading error of the inertial
navigation system is kept constant.

In the matching process, the geomagnetic matching
positioning mainly determines the position of the vehicle in
the horizontal plane, so the attitude has little influence on the
positioning results. Under the assumption that the heading
error remains unchanged, 𝜀V becomes a linear function of
time. If further consideration is given to replace the entire
error line with the mean 𝜀V of 𝜀V, the entire matching process
is simplified to a constant velocity error process. The velocity
error is ΔV = 𝛿V + 𝜀V. (3)

In the matching process, the velocity equation is simpli-
fied to

V𝑖𝑡 = V𝑟𝑡 + ΔV. (4)

If the time entering the matching area is zero and the
sampling interval is Δ𝑡, then the discretized form of the
position updating equation of the inertial navigation system
is 𝑝𝑘+1 = 𝑝𝑘 + V𝑖𝑘Δ𝑡. (5)
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Let 𝑝𝑘 be the real position of the vehicle; then𝑝𝑘 = 𝑝𝑘 + Δ𝑝0 + ΔV (𝑘 ⋅ Δ𝑡) . (6)

As mentioned above, Δ𝑃0 is the accumulated position
error before the system enters the matching area. According
to (4), (5), and (6),𝑝𝑘+1 = 𝑝𝑘 + Δ𝑝0 + ΔV (𝑘 ⋅ Δ𝑡) + (V𝑟𝑘 + ΔV) ⋅ Δ𝑡= (𝑝𝑘 + V𝑟𝑘Δ𝑡) + Δ𝑝0 + ΔV ⋅ (𝑘 ⋅ Δ𝑡) + ΔVΔ𝑡= 𝑝𝑘+1 + Δ𝑝0 + ΔV ⋅ (𝑘 + 1) ⋅ Δ𝑡. (7)

In (7), Δ𝑝0 + ΔV ⋅ (𝑘 + 1) ⋅ Δ𝑡 is the final positioning
error term. It can be seen that the position error of the
vehicle is mainly composed of two parts: system position
error Δ𝑃0 before matching and position increment errorΔV ⋅ (𝑘 + 1) ⋅ Δ𝑡 caused by velocity error. The change
reflected in the track can be simplified as a transformation
between curves, including translation, rotation, and scaling,
which, respectively, correspond to the initial position error,
heading error, and rate error of the navigation system. Its
mathematical description can be expressed as𝐻 = 𝑠 ⋅ 𝑟 ⋅ 𝐿 + Δ𝑝0, (8)

where 𝐻 is the track of the inertial navigation system, 𝑠 is a
scaling factor, 𝑟 is a rotation factor, and 𝐿 is the actual track.

Through the above analysis, we can see the following:
under the influence of velocity error and heading error, there
is not only rotation and translation between the INS track and
the actual track of the underwater vehicle, but also the scaling.
Hence, it is not a rigid transformation relation that involves
only rotation and translation. The traditional ICCP algorithm
assumes that the actual track is a rigid transformation of the
INS indicated track; thus, the matching error may become
bigger and even lead to mismatching.

3. Matching Algorithm

3.1.ThePrinciple of the Traditional ICCPAlgorithm. Thebasic
principle of the underwater geomagnetic aided navigation
system based on the ICCP algorithm is shown in Figure 1.
In the underwater navigation, the AUV goes along the actual
track 𝐿 𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁), but due to inertial system errors
and environmental factors, the inertial navigation system
will give an indicated track sequence 𝐻𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁)
that deviates from the actual track sequence, and at the
same time, the magnetic value of the corresponding points is
obtained by themagnetometer. It is generally believed that the
position information given by the inertial navigation system
is credible in a certain range of error. Therefore, the track
sequence 𝐻𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ ,𝑁) of the main inertial navigation
system can be treated as the sequence 𝐽𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁)
to be matched. According to the geomagnetic information
sequence, contour lines are generated in the digital map, and
the nearest point sequence 𝑌𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁) is extracted
as the matching target then iteratively searches for the rigid
transformation 𝑀, which contains a rotation quantity 𝑅

and a translation quantity 𝑇. The rigid transformation 𝑀
minimizes the following objective function:

𝐷𝑘 (𝑌,𝑀 ⋅ 𝐽) = 𝑁∑
𝑖=1

𝑤𝑖 𝑌𝑖 − 𝑀 ⋅ 𝐽𝑖2, (9)

where 𝑤𝑖 represents the weights of each sequence point, 𝑘
represents the 𝑘𝑡ℎ iteration process, and 𝑁 represents the
number of track sequence points.

After using the singular value decomposition (SVD)
method to obtain the rigid transformation 𝑀, a rigid trans-
formation is applied to the matching track sequence 𝐽𝑖 (𝑖 =1, 2, ⋅ ⋅ ⋅ , 𝑁).𝐽𝑖 = 𝑀 ⋅ 𝐽𝑖 = (cos 𝜃 − sin 𝜃

sin 𝜃 cos 𝜃 ) 𝐽𝑖 + (𝑡𝑥𝑡𝑦) , (10)

where 𝐽 is the track sequence after transformation, 𝑡𝑥 and 𝑡𝑦
are translations, and 𝜃 is a rotation angle.

The transformed sequence 𝐽 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁)(1/𝑛) is
used to update the sequence 𝐽 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁), then re-
search the nearest point sequence 𝑌𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁)
corresponding to the updated matching track on the contour
line, and find the new rigid transformation 𝑀 to minimize
the objective function. The iteration process will end when𝐷𝑘−𝐷𝑘+1 ≤ 𝜏 (𝜏 indicates the set threshold) or the maximum
number of iterations is reached. The matching track at this
time is the traditional ICCP matching track sequence.

3.2. Improved ICCP Algorithm

3.2.1. A Simplified Affine Transformation Model. An affine
transformation is a combination of single transformations
such as translation, scaling, similarity transformation, reflec-
tion, rotation, shear mapping, and compositions of them in
any combination and sequence. Moreover, an affine trans-
formation is one in which parallel lines remain parallel
after the transformation. Based on the error analysis of the
geomagnetic aided inertial navigation system in Section 2 and
in this paper, the affine transformation between the tracks
includes only translation, rotation, and scaling. Besides, the
transformation in this paper is carried out in two dimensions;
a simplified affine transformation model can be established as𝐽 = 𝛼(cos 𝜃 − sin 𝜃

sin 𝜃 cos 𝜃 ) 𝐽 + (𝑡𝑥𝑡𝑦) , (11)

where 𝐽 is the position information before transformation,𝐽 is the position information after transformation, and 𝜃 is
the rotation angle, corresponding to the heading angle error;𝛼 is the scaling amount, corresponding to the rate error; 𝑡𝑥
are 𝑡𝑦 are the translation amounts at the 𝑋 and Y directions,
respectively, corresponding to the initial position error.

3.2.2. Affine Parameter Solving. Since the affine transfor-
mation matrix between the indication track and real track
is confirmed, and a simplified transformation model is
established by (11), defining rotation matrix 𝑅, scaling factor
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Figure 1: Illustration of ICCP.

𝑆, and translation 𝑇, the indication track sequence𝐻𝑖, and the
real track sequence 𝐿 𝑖, then the whole matching process can
be performed with (12).

𝐿 𝑖 = 𝑆𝑅𝐻𝑖 + 𝑇, (12)𝑅 = 𝑆𝑅. (13)

Theparameters of each affine transformation are solved as
follows [20]. 𝑒𝑖 is defined as the difference between sequence𝑌𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁) and sequence 𝐻𝑖 (𝑖 = 1, 2, ⋅ ⋅ ⋅ ,𝑁) after
affine transformation; then

𝑒𝑖 = (𝑡𝑥𝑡𝑦) + (𝛼 cos 𝜃 −𝛼 sin 𝜃𝛼 sin 𝜃 𝛼 cos 𝜃 )(𝑥𝐻𝑖𝑦𝐻𝑖) − (𝑥𝑌𝑖𝑦𝑌𝑖)
= (1 0 𝑥𝐻𝑖 −𝑦𝐻𝑖0 1 𝑦𝐻𝑖 𝑥𝐻𝑖 )( 𝑡𝑥𝑡𝑦𝛼 cos 𝜃𝛼 sin 𝜃) − (𝑥𝑌𝑖𝑦𝑌𝑖) . (14)

Let 𝑔 = ( 𝑡𝑥
𝑡𝑦
𝛼 cos 𝜃
𝛼 sin 𝜃

), 𝐺𝐻𝑖 = ( 1 0 𝑥𝐻𝑖 −𝑦𝐻𝑖0 1 𝑦𝐻𝑖 𝑥𝐻𝑖
); then

𝑒𝑖 = 𝐺𝐻𝑖𝑔 − 𝑌𝑖, (15)

where 𝑥𝐻𝑖 , 𝑦𝐻𝑖 is the point's coordinate of 𝐻𝑖 (𝑖 = 1, 2,⋅ ⋅ ⋅ , 𝑁); 𝑥𝑌𝑖 , 𝑦𝑌𝑖 is the point’s coordinate of 𝑌𝑖 (𝑖 = 1, 2,⋅ ⋅ ⋅ , 𝑁).

Construct the Euclidean Square Distance 𝐸𝑆𝐷(𝑡𝑥, 𝑡𝑦,𝛼, 𝜃), which can be expressed as

𝐸𝑆𝐷 = 𝑘∑
𝑖=1

𝑒𝑖𝑇𝑒𝑖 = (𝑒1𝑇, 𝑒2𝑇, ⋅ ⋅ ⋅ , 𝑒𝑘𝑇)(𝑒1𝑒2...𝑒𝑘)= (𝐺𝐻𝑖𝑔 − 𝑌𝑖)𝑇𝐺𝐻𝑖𝑔 − 𝑌𝑖= 𝑔𝑇𝐺𝐻𝑖𝑇𝐺𝐻𝑖𝑔 − 2𝑌𝑖𝑇𝐺𝐻𝑖𝑔 + 𝑌𝑖𝑇𝑌𝑖.
(16)

When ESD gets the minimum value, the minimum value of 𝑔
is recorded as 𝑔min. In this paper, 𝑔min can be solved by least
squares as follows:𝑔min = (𝐺𝐻𝑖𝑇𝐺𝐻𝑖)−1 𝐺𝐻𝑖𝑇𝑌𝑖. (17)

From (17) and 𝑔min = (𝑡𝑥, 𝑡𝑦, 𝛼 cos 𝜃, 𝛼 sin 𝜃)𝑇, the affine
parameter values 𝑡𝑥, 𝑡𝑦, 𝛼, and 𝜃 can be got. When the
parameters of each transformation are obtained, the final 𝑆,𝑅, and 𝑇 can be obtained.

3.2.3. Procedure of Improved Algorithm. Theprocedure of the
ICCP algorithm based on affine transformation is as follows:

A The inertial navigation system provides location
information for 𝑁 points on the AUV track; the real-
time magnetic sensor provides the magnetic values of the
corresponding points. That is, the data form𝐻 is known, and
the contour lines 𝐶 are extracted from the known reference
digital geomagnetic map

B Select the initial alignment set {𝐻0}, which is to set the
initial value of the iteration. Then follow the steps fromC to
F, making loop iterations until the final iteration termination
condition is reached

C Find the nearest point for each data point ℎ𝑖 on the
contour lines, and name these points as 𝑦𝑖D The affine
transformation is used to solve the parameters 𝛼, 𝑟, and 𝑡
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Figure 2: Flowchart of improved algorithm.

between 𝑦𝑖 and ℎ𝑖, so that the distance between the set 𝑦𝑖
and the set ℎ𝑖 is minimized; that is, the following objective
function is minimized:

𝑑𝑘 (𝐶, 𝑠𝑟ℎ) = 𝑑 (𝑦, 𝑠𝑟ℎ) = 𝑁ℎ∑
𝑖=1

𝜔𝑖 𝑦𝑖 − 𝑠𝑟ℎ𝑖 − 𝑡2 (18)

E Transform the set 𝐻𝑘 to the set 𝐻𝑘+1 = sr𝐻𝑘 + 𝑡F
Judge whether 𝑑𝑘 − 𝑑𝑘+1 can meet 𝑑𝑘 − 𝑑𝑘+1 < 𝜏. If satisfied,
it shows that the change of objective function is very small,
and it achieves the accuracy to correct the inertial navigation
track; otherwise, it is considered a failure

The above process is shown in Figure 2.

4. Experiment and Analysis

In order to test the accuracy and robustness of the improved
ICCP algorithm mentioned above, experiments with simu-
lated data and real geomagnetic data were carried out. In

Table 1: The parameters of simulation.

Parameter Values
Initial deviation in latitudinal direction 1500m
Initial deviation in longitudinal direction 1500m
Matching region size 10km∗20km
Initial deviation of INS angle 1∘

INS angle drift error 0.1∘/h
Sampling period of geomagnetic sensor 20s

the simulations, the background geomagnetic information is
provided by an a priori geomagnetic map, acquired in the
Bohai Sea, China, as shown in Figure 3. The grid spacing is
200m×200m.

In the simulations, the vehicle is assumed to be equipped
with a geomagnetic sensor to collect real-time geomagnetic
data during the navigation. The vehicle is supposed to travel
in a long track from one point to another point, the INS is
assumed to have a drift rate of 1∘ in the horizontal distance
travelled, and the main simulation parameters are shown in
Table 1.

4.1. Test without Scale Errors. Wefirst investigated the perfor-
mance of the improved ICCP algorithm when there were no
scale errors between the indicated INS track and real track.
Figure 4 shows the matching results of the traditional ICCP
algorithm and improved ICCP algorithm. It can be observed
that the improved ICCP algorithm gets a similar result to the
traditional ICCP.

Figure 5 shows the matching errors of both algorithms in
the longitudinal and latitudinal directions. As can be seen,
both algorithms can achieve the accuracy within 100 meters.
The improved algorithm can get a little better accuracy within
60 meters. Obviously, when there are no scale errors, the
difference between the two algorithms is not significant.

4.2. Test with Scale Errors. In the second situation, we investi-
gated the performance of the improved ICCP algorithmwhen
there were scale errors between the indicated INS track and
real track. The matching results are presented in Figure 6.
The result clearly shows that the traditional ICCP algorithm
is seriously influenced.

Figure 7 shows the matching errors of both algorithms in
the longitudinal and latitudinal directions. As can be seen,
the improved algorithm can achieve the accuracy within 180
meters in the longitudinal direction and 140 meters in the
latitudinal direction. The matching errors of the traditional
algorithm are more than 1500 meters in the longitudinal
direction and the maximum error in the latitudinal direction
nearly reaches 2500meters. Apparently, when the traditional
ICCP algorithm suffers from large positioning errors due to
scale errors, the improved algorithm can still maintain better
accuracy and robustness.

4.3. Statistic Analysis of ICCP and Improved ICPP Algo-
rithm. The above two tests have limitations. Because the
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Table 2: Evaluation of the performance of the ICCP and improved ICCP algorithm.

Matchingmethod Mean (m) STD (m) Matching probability
ICCP Path 1 85.9 5.8 99%

Path 2 2017.4 451.7 18%
Improved ICCP Path 1 69.2 4.9 99%

Path 2 176.1 40.5 96%
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algorithm without scale errors.

navigation matching results are a little bit uncertain, one
test does not reflect the performance of the algorithm very
well. In order to test the performance of the ICCP and

improved ICCP algorithm objectively and comprehensively,
we repeated the above experiment in the same paths but with
different matching lengths, and we obtained stable statistics
after repeating 100 times. Evaluate the performance of the
algorithms from the obtained mean error, variance, standard
deviation, matching probability, and other information.

Table 2 shows the statistical results of the repeat tests.
It can be seen from the above experiments that the

traditional ICCP algorithm is more susceptible to scale
errors, but the improved algorithm can weaken the influence
largely. The improved algorithm shows better robustness and
accuracy.

5. Conclusions

This paper proposed an ICCP algorithm based on affine
transformation to improve the performance of the tradi-
tional ICCP algorithm. In this method, the transforma-
tion between the indicated track and the matching track
includes not only rotation and translation, but also scale
transformation. The proposed method has been verified
through computer simulations. Experimental results show
that the improved ICCP algorithm is more accurate and
more robust than the traditional ICCP algorithm; par-
ticularly it can effectively reduce the influence of scale
error.

In future work, we will try to establish a more accu-
rate geomagnetic field background field and combine the
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Figure 5: When there is no scale error between the indicated INS track and real track, (a) denotes the positioning error of the traditional
ICCP algorithm and (b) denotes the positioning error of the improved ICCP algorithm.
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Figure 6: Matching result of ICCP algorithm and its improved algorithm with scale errors.

ICCP with evaluation of matching region suitability for the
geomagnetic aided inertial navigation system that can be
considered.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare no conflicts of interest regarding the
publication of this paper.

Acknowledgments

This work was sponsored by the National High Technology
Research and Development Program of China (Project No.



8 Mathematical Problems in Engineering

0 100 200 300

Time (s)

Latitudinal direction
Longitudinal direction

0

500

1000

1500

2000

2500

Po
sit

io
ni

ng
 er

ro
r o

f t
he

 IC
CP

 (m
)

(a)

Time (s)

Latitudinal direction
Longitudinal direction

0 50 100 150 200 300250

−100

−50

0

50

100

150

200

Po
sit

io
ni

ng
 er

ro
r o

f t
he

 im
pr

ov
ed

 IC
CP

 (m
)

(b)

Figure 7: When there is scale error between the indicated INS track and real track, (a) denotes the positioning error of the traditional ICCP
algorithm and (b) denotes the positioning error of the improved ICCP algorithm.

2009AA12Z311) and theNational Natural Science Foundation
of China (Project No. 41376109).

References

[1] A. Bar-Gill, P. Ben-Ezra, and I. Y. Bar-Itzhack, “Improvement
of terrain-aided navigation via trajectory optimization,” IEEE
Transactions on Control Systems Technology, vol. 2, no. 4, pp.
336–342, 1994.

[2] F. C. Teixeira, A. Pascoal, and P. Maurya, “A novel particle filter
formulation with application to terrain-aided navigation,” IFAC
Proceedings, vol. 45, pp. 132–139, 2012.

[3] Z. Guo and F. Sun, “Research on integrated navigation method
for AUV,” Journal of Marine Science and Application, vol. 4, no.
2, pp. 34–38, 2005.

[4] Y. Liu, M.Wu,X. Hu, andH. Xie, “Geomagnetism aided inertial
navigation system,” in Proceedings of the 2nd International Sym-
posium on Systems and Control in Aerospace and Astronautics
(ISSCAA), pp. 1–5, IEEE, Shenzhen, China, December 2008.

[5] J. Zhou, Z. L. Ge, G. G, Shi., and Y. X. Liu, “Key technique and
development for geomagnetic navigation,” Journal of Astronau-
tics, vol. 29, no. 5, pp. 1467–1472, 2008 (Chinese).

[6] J. H. Zhao, S. P. Wang, and A. X. Wang, “Study on underwater
navigation system based on geomagnetic match technique,” in
Proceedings of the 9th International Conference on Electronic
Measurement and Instruments, pp. 255–259, IEEE, Beijing,
China, 2009.

[7] C. F. Gou, Z. D. Hu, S. F. Zhang, and C. Hong, “A survey
of geomagnetic navigation,” The Journal of the Astronautical
Sciences, vol. 4, 2009.

[8] X. J. Ma, H. W. Liu, D. Xiao, and H. K. Li, “Key technologies of
geomagnetic aided inertial navigation system,” in Proceedings
of the 2009 IEEE Intelligent Vehicles Symposium, pp. 464–469,
IEEE, Xi’an, China, June 2009.

[9] G. L. Yang,G.M. Zhang, S. X. Li, andL. Y.Gu, “Ins/geomagnetic
integratednavigation based on ecdis,” Journal of Chinese Inertial
Technology, vol. 15, pp. 555–558, 2007.

[10] P. J. Besl and N. D. McKay, “A method for registration of 3-
D shapes,” IEEE Transactions on Pattern Analysis and Machine
Intelligence, vol. 14, no. 2, pp. 239–256, 1992.

[11] B. Kamgar-Parsi and B. Kamgar-Parsi, “Vehicle localization on
gravity maps,” in Proceedings of the Unmanned Ground Vehicle
Technology, pp. 182–191, IEEE, Orlando, Fla, USA, April 1999.

[12] G. C. Bishop, “Gravitational fieldmaps and navigational errors,”
IEEE Journal of Oceanic Engineering, vol. 27, no. 3, pp. 726–737,
2002.

[13] S. Wang, H. Zhang, J. Zhao, and P. Tang, “Marine geomagnetic
navigation technology based on integration of TERCOM and
ICCP,”Geomatics and Information Science of Wuhan University,
vol. 36, no. 10, pp. 1209–1212, 2011.

[14] H. Zhang, J. Zhao, A. Wang, and F. Lin, “Pre-translation
simplified ICCP algorithm,” Geomatics and Information Science
of Wuhan University, vol. 35, no. 12, pp. 1432–1435, 2010.

[15] J. Shen, J. Y. Zhang, and F. Zha, “Improved iccp algorithm for
underwater terrain matching method,” Journal of Huazhong
University of Science and Technology (Nature Science Edition),
vol. 40, no. 10, pp. 63–67, 2012.

[16] W. Zhu, Z. Song, X. Xi, and J. Zhang, “The improved
iccp algorithm based on procrustes analysis for geomagnetic
matching navigation,” in Proceedings of the The 2015 Interna-
tional Conference on Design, Manufacturing and Mechatronics
(ICDMM2015), pp. 623–631, Wuhan, China, 2015.

[17] Z. Song, J. Zhang, W. Zhu, and X. Xi, “The vector matching
method in geomagnetic aiding navigation,” Sensors, vol. 16, no.
7, pp. 1120–1132, 2016.

[18] K. Nomizu and T. Sasaki, Affine Differential Geometry, Cam-
bridge University Press, Oxford, UK, 1994.

[19] J. Q. Zhang and Z. X. Zhang, “Strict geometric model based
on affine transformation for remote sensing image with high



Mathematical Problems in Engineering 9

resolution,”Editoral Board ofGeomatics and Information Science
of Wuhan University, vol. 34, pp. 309–312, 2002.

[20] X. S. Xu, J. F. Wu, S. B. Xu, L. H. Wang, and P. J. Li, “ICCP
algorithm for underwater terrainmatchingnavigation based on
affine correction,” Journal of Chinese Inertial Technology, vol. 22,
no. 3, pp. 362–367, 2014.

[21] H. Lin and A. Venetsanopoulos, “A pyramid algorithm for fast
fractal image compression,” in Proceedings of the International
Conference on Image Processing, vol. 3, pp. 596–599, Washing-
ton, DC, USA, 1995.

[22] D. H. Titterton and J. L.Weston, “Strapdown inertial navigation
technology,”Aerospace&Electronic Systems, vol. 17, pp. 335–344,
2004.



Hindawi
www.hindawi.com Volume 2018

Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Problems 
in Engineering

Applied Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Probability and Statistics
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi
www.hindawi.com Volume 2018

Optimization
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Engineering  
 Mathematics

International Journal of

Hindawi
www.hindawi.com Volume 2018

Operations Research
Advances in

Journal of

Hindawi
www.hindawi.com Volume 2018

Function Spaces
Abstract and 
Applied Analysis
Hindawi
www.hindawi.com Volume 2018

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018Volume 2018

Numerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical Analysis
Advances inAdvances in Discrete Dynamics in 

Nature and Society
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

Di�erential Equations
International Journal of

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Decision Sciences
Advances in

Hindawi
www.hindawi.com Volume 2018

Analysis
International Journal of

Hindawi
www.hindawi.com Volume 2018

Stochastic Analysis
International Journal of

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

