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Abstract 

 

Accurate position measurements are extremely valuable in the shipping industry for various reasons such 
as safety (collision avoidance), fuel saving (weather identification), punctuality (route prediction), etc. 

Although GNSS (Global Navigation Satellite System) receivers installed on-board the ships are proven to 

be highly accurate, the data collection process may occasionally be problematic, mainly due to the 

complexity of the measurements and the decimal precision that is required. Data was collected from 3 years 

of operations of 228 Maersk Line container vessels and an analysis reveals that there is a substantial 

amount (≈ 20%) of historical position measurements sent to shore that does not reflect reality. With this 

study, the authors initially identify the source of the faulty logged position measurements, then they 

categorize them into segments and finally they apply an interpolation methodology in order to validate and 
correct them by using AIS (Automatic Identification System) data. 

 

1. Introduction 

 

1.1. Background and motivation 

 

Satellite navigation is a very important asset in modern positioning systems of the shipping industry and is 

the only system that can provide a ship’s absolute position relative to the geocentric coordinate system, 

Chang et al. (2020). Consequently, shipping companies should be extremely cautious on taking good care 

of their navigation systems in order to avoid losing coordinates data. There are many internal processes that 

rely on good quality position measurements. The most critical is safety. To name a few safety related 

processes, there is collision avoidance, Hu et al. (2007), motion prediction in ports, Johansen and Fossen 
(2016) and accuracy in warships, Núñez et al. (2017). Apart from safety, a strong incentive for the shipping 

companies is fuel saving. The operating cost of a ship is mainly influenced by bunker fuel and lubricating 

oil prices which consist of 50–60% of the total ship operating cost, Perera and Guedes Soares (2017). By 

improving the precision in position measurements, voyage planning and weather routing could be made 

more accurate therefore less fuel would be consumed. 

 

The most frequent measurement loss/modification effects of GNSS (Global Navigation Satellite System) 

antennas are jamming and spoofing. Jamming is a kind of white noise interference, causing loss of accuracy 

and potentially loss of positioning, Morong et al. (2019). Spoofing is an intelligent form of interference 

which fools the GNSS receiver into computing a wrong location, Psiaki and Humphreys (2016). Besides 

the above, there in another issue that has been recently identified by the authors which refers to the posterior 

modification/loss of the position data after the signal has successfully arrived at the GNSS receiver. 

Apparently, for a position data point to reach the shore (shipping company’s data center) it travels through 

a long path which varies depending on the ship type. This path might transform the format of the position 

data point several times before reaching the company’s data center at shore. 

 

The current paper intents to initiate an open dialogue over this issue. Firstly, it describes the posterior 

position measurements path (after the signal has being received from the GNSS antenna) through the data 
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recording system of the ship, leading to shore. This path is proven to be maleficent for the position 

measurements in ~20% of the vessels tested in this study. Given that the data analyzed is large enough to 

represent a statistically significant sample, it is assumed that the percentage is not dataset-specific but a 

global standard. There are claims of choosing AIS position data over owned measurements on mathematical 

model of high precision due to low trust on the latter. This is unreasonable given that sometimes, AIS 

receives satellite coordinates from the same GNSS antenna as the data monitoring and recording system of 

the ships. In a second phase, the paper introduces ways of identifying and correcting faulty historical 

position observations by implementing an interpolation methodology. 

 

1.2. State-of-the-art 

 

Various researchers in the past have proposed solutions for jamming, Gao et al. (2016), Medina et al. 

(2019), and spoofing, Akos (2012), Broumandan et al. (2012), Schmidt et al. (2016), Fukuda et al. (2021) 
which correspond to the most frequent a priori data loss in navigation systems (a priori refers to the moment 

before a position data point reaches the GNSS receiver). Others like Liang et al. (2019) explored the issue 

by building the missing trajectory using a Random Forest model to identify missing data and a LSTM(Long 

Short-Term Memory)-based supervised learning method for trajectory reconstruction. Ryu et al. (2016)  

focus on improving the accuracy of the position data by integrating INS(Inertial Navigation System) 

measurements using an EKF (Extended Kalman Filter) and an UKF (Unscented Kalman Filter). As far as 

we know, no previous research has investigated the a posteriori data loss/modification of position 

measurements (after the data has reached the receiver). 

 

1.3. Objectives 

 

The first asset of this paper is the description of the the data processing steps that the position measurements 

go through before reaching the ships’s data center. Secondly, the introduction of the interpolation 

methodology algorithm sets the structural basis for solving the problem of a posteriori data 

loss/modification. 

 

2. Data 

 

The study includes data recordings from 228 container ships collected over a three-years period (2017-

2020) during operations in the majority of the world’s larger oceans. The data is divided into two categories, 

Table I; the CAMS dataset which consists of ~25 million rows of sensor data recordings stored in the 

company’s database, and the AIS dataset which is sourced from two external providers consisting of ~50 

million rows of data. 

 

Table I: Type, description, frequency, value range and units for CAMS and AIS datasets 

Type Description Sampling Time Range Median Unit 

C
A

M
S

 

Time 10 mins 01/01/2017–22/02/2020 - [UTC] 

ImoNo 10 mins 228 unique vessels - [-] 

Latitude 10 mins −49–61 25.0247 [∘] 

Longitude 10 mins −180–180 23.7328 [∘] 

SOG 10 mins 0–26 12.6 [kn] 

A
IS

 

Time Uneven 01/01/2017–22/02/2020 - [UTC] 

ImoNo Uneven 228 unique vessels - [-] 

Latitude Uneven −50–61 32.1264 [∘] 

Longitude Uneven −180–180 9.9188 [∘] 

SOG Uneven 0–25 12.3 [kn] 

COG Uneven 0–360 188 [∘] 
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Here, we should note that the reason of sourcing and merging the AIS dataset from two providers was to 

get as many valid points as possible to maximize the average frequency. So the final AIS dataset consists 

of three measurements types (i) terrestrial, (ii) satellite, and (iii) dynamic. In terrestrial, the data is broadcast 

on a common international VHF frequency. In satellite, the data is received through the satellite navigation 

network. Finally, for heavy traffic regions such as the "South China Sea" or the "English Channel" AIS 

signals collide resulting in position detection failures and inaccurate reporting. Dynamic type measurements 

solve this issue. 

 

3. Problem Formulation 

 

3.2. Problem Source 

 

GNSS (Global Navigation Satellite System) is the standard generic term for satellite navigation systems 

that provide automated geo-spatial position with global coverage. The term includes the GPS (US), 

GLONASS (Russia), Galileo (EU), Beidou (China) and other regional systems like QZSS (Japan) and 

IRNSS or NavIC (India). GNSS is a term used worldwide and its advantage to having access to multiple 

satellite networks is accuracy, redundancy and availability at all times. Satellite systems do rarely fail, 

because if one fails GNSS receivers will pick up signals from another network, Heukelman (2018), Venezia 
(2015). 

 

The position signal that reaches the GNSS receiver is transformed into a so-called NMEA (National Marine 

Electronics Association) sentence. NMEA is a standard data format supported by all GNSS manufacturers. 

Particularly, the NMEA sentence is in printable ASCII form and may include information such as time, 

position, speed, water depth, etc., NMEA (2021). An example of a NMEA sentence is:  

 

$𝐆𝐏𝐆𝐆𝐀, 𝟏𝟖𝟏𝟗𝟎𝟖. 𝟎𝟎, 𝟑𝟒𝟎𝟒. 𝟕𝟎𝟒𝟏𝟕𝟕𝟖, 𝐍, 𝟎𝟕𝟎𝟒𝟒. 𝟑𝟗𝟔𝟔𝟐𝟕𝟎,
𝐖, 𝟒, 𝟏𝟑, 𝟏. 𝟎𝟎, 𝟒𝟗𝟓. 𝟏𝟒𝟒, 𝐌, 𝟐𝟗. 𝟐𝟎𝟎, 𝐌, 𝟎. 𝟏𝟎, 𝟎𝟎𝟎𝟎∗𝟒𝟎

 

 

All NMEA sentences start with the $ character, and each data field is separated by a comma. GP stands for 

GPS position (e.g GL would denote GLONASS). The next value 181908.00 is the timestamp (UTC time 

in hours, minutes and seconds) followed by 3404.7041778 the latitude in the DDMM.MMMMM format. 

Here we should mention that decimal places are variable. N denotes north latitude. 07044.3966270 is the 

longitude again in DDDMM.MMMMM format and W denotes west longitude, Gakstatter (2015). The rest 

of the values will not be explained because they are irrelevant for the purpose of this paper. 

 

The NMEA sentence, apart from traveling to shore through internal systems, it is also received from the 

AIS transceiver. AIS stands for Automatic Identification System and is an automatic tracking system that 

is used by vessel traffic services (VTS) supplementing the marine radar for collision avoidance. AIS 

transceivers can be tracked by AIS base stations located along coast lines or, when out of range of terrestrial 

networks, through a growing number of satellites, Contributors (2021). According to the literature, AIS 

transmission rate is relative to ship’s speed and range from 5 to 180 s, ITU (2014). 

 

In order for the data deriving from multiple sensors to be monitored and stored, Maersk is using a data 

processing system called the ADC (Auto Data Collector) which is the source from where the data is sent to 

shore. Within ADC there is a system called CAMS (Control Alarm Monitoring System). CAMS is 

responsible to connect the sensors, normalize and convert each data point, aggregate into either 1 second 

or 10 minutes and later log it and transmit it towards multiple internal services. Whenever there is good 

internet connection, ADC sends the 10-minute aggregates to shore. Depending on the vessel class, CAMS 

is bought from a list of manufacturers, each with distinct characteristics. The main characteristic that 

distinguishes them is the encoding/decoding memory format. They are either 32-bit or 64-bit. In some 

unique cases, the memory format is even lower, accepting only 6-digit numbers. The memory format of 
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ADC is 64-bit. While converting among memory formats, sometimes data quality is degraded up to a few 

kilometers away. Location closer to the Equator are more sensitive due to the oval shape of the earth and 

need to have at least 4 valid degree decimal points to get ≤10 m error precision. Limiting the memory format 

to 6-digit numbers, it automatically increases the error to ≤100 m. Fig.1 illustrates the path a data point 

follows before reaching the shipping company’s data center. 

 

 
Fig.1: Position measurement path on board a vessel before reaching shore 

 

Before we decompose the various sources that degrade the position data, we should first have a look at how 

the position data looks like in a big dataset like the one used in this study. Fig.2 shows the coordinates 

registered from 228 container ships during 3 years of operation (2017-2020). It is evident in the map that 

there are multiple measurements registered in locations away from a common vessel’s trajectory. 

 

 
Fig.2: Position measurements of 228 container ships during 3 years of operation (2017-2020) 

 

A whole range of different sources degrading the ship’s position data have been identified. The most 

prominent are: 

 

• N/E issue: It refers to when the longitude values do not turn to negative when the vessel crosses the 

prime meridian towards the western hemisphere. As a result, location measurements get packed on 

the upper right quadrant of the map where both longitude and latitude values are positive. Fig.3 
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illustrates the registered trajectory of a vessel with a CAMS system experiencing such a problem. 

The issue is present in classes where Partner #2 and #3 CAMS systems are installed. 

 

 
Fig.3: Registered trajectory of a vessel with "N/E issue". 

 

 
Fig.4: Vessel with "zig-zag issue" on stored position data. Data table (left) indicating the "jumps" in red 

color. Map and zoomed detail (right)  

 

• Zig-Zag issue: It refers to when either longitude or latitude values go beyond 0.599999. In this case, 

the next step is 1.000000 based on the logic that 1 degree is made up of 60 minutes. That is 

obviously not true, as it should simply be 0.600000, followed by 0.600001. Every time this happens, 
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we see a “jump” of 0.4 degrees of either latitude or longitude, which relates to ~40 km of error. 

Fig.4 illustrates the location of the vessel on the right part with a zoomed version on bottom right 

to have a clearer view of the zig-zagging effect. On the left there is a data table that indicates the 

"jumps" in red color. Here, we should mention that the previous source "N/E issue" is also visible. 

The issue is present again in classes where Partner #2 and #3 CAMS systems are installed. 

 

• Scatter issue: It refers to when there are plenty of random iterations of either longitude or latitude 

scattered around the globe away from the regular vessel’s trajectory. Fig.5 illustrates the registered 

trajectory of the vessel with "scatter issue". Source "N/E issue" is again visible in this vessel’s 

trajectory. The issue is present in vessel classes where Partner #2 CAMS system is installed. 

 

 
Fig.5: Registered trajectory of a vessel with "scatter issue" 

 

 
Fig.6: Registered trajectory of a vessel with "drift issue" 

 

• Drift issue: It refers to when parts of the vessel’s trajectory are shifted a few degrees towards either 

East/West or North/South affecting both longitude and latitude values. Fig.6 illustrates the 

registered trajectory of the vessel with "drift issue". Source "N/E issue" is again on top, given that 
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the vessels are using the same CAMS system. The issue is present again in classes where Partner 

#2 CAMS system is installed. 

 

• Frozen issue: It refers to when either longitude or latitude values are frozen to 0 degrees. Fig.7 

illustrates the registered trajectory of the vessel with "frozen issue". The issue is present in classes 

where Partner #4 CAMS system is installed. 

 

 
Fig.7: Registered trajectory of a vessel with "frozen issue" 

 

• Bit-rate issue: Besides the visible issues that were described and showed on the above maps, 

Partners #1, #4 and #5 experience the bit-rate conversion degradation on the position data as shown 

in Fig.1. Given that this is an issue which should also be solved, we sum up 6 issues in total. 

 

In the next subsection, we introduce the indicators built to identify faulty position measurements in the 

whole dataset. 

 

3.3. Validation Indicators 

 

We know from Gakstatter (2015) that SOG (Speed Over Ground) is included in the NMEA sentence which 

means that the SOG is computed using internal estimation processes by the navigation devices. We also 

know that AIS and CAMS systems record values of SOG from −10 to 50 knots (with 99.9% of our dataset 

being positive values). On top of that, SOG is registered with a single decimal point which makes it less 

vulnerable to accidental measurement degradation (averaging, bit-rate conversion, etc.). Taking into 

account the previous statements and due to speed’s physical relationship with position, SOG makes an ideal 

measurement for comparison purposes. Thus, if we compute the distance a vessel has traveled between 

consecutive data logging/transmission (10 minutes between one another) with two different methodologies 

(one using the position measurements and one using the SOG) the two outputs should theoretically match. 

Based on that we use the following distance deviation indicators to validate our assumption. 

 

𝐷𝑐 = 𝑑𝑝
𝑐 − 𝑑𝑠

𝑐 (1) 

𝐷𝑎 = 𝑑𝑝
𝑎 − 𝑑𝑠

𝑎 (2) 

 

Eqs.(1) and (2) describe how the distance deviation indicators 𝐷𝑐  and 𝐷𝑎 are composed. The superscripts 

{𝑐} and {𝑎} stand for CAMS and AIS, respectively. On the right part of the equations, the subscripts {𝑝} 
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and {𝑠} denote the two distance calculation methodologies using position measurements and SOG, 

respectively. In short, in Eq.(1) we use CAMS data to compute the distance deviation 𝐷𝑐  which is calculated 

by subtracting the distance between consecutive coordinates using the SOG methodology 𝑑𝑠
𝑐 from the same 

distance using the position measurements methodology 𝑑𝑝
𝑐 . In Eq.(2) we have the same computation, but 

by using the AIS data. 

 

For the position measurement methodology, the shortest route between two points on a sphere is along an 

arc of a great circle. A great circle is a circle drawn on the surface of the sphere, centered on the same point 

as the sphere and having the same radius. An example is the equator of the Earth. Two points 𝑃 and 𝑄 

divide the great circle they lie on into two arcs. The shorter of these arcs gives the shortest path between 

the two points. Fig.8 depicts the distance between 𝑃 and 𝑄 in red color. 

 

 
Fig.8: Arc denoting the path from point 𝑃 to point 𝑄 on great circle 

 

𝑃 and 𝑄 are points with latitudes 𝜙1 and 𝜙2 and longitudes 𝜆1 and 𝜆2, such that 𝑃 = (𝜙1, 𝜆1) and 𝑄 =
(𝜙2, 𝜆2). Given the earth’s radius, the distances 𝑑𝑝

𝑐  and 𝑑𝑝
𝑎 can be computed using the following Eq.(3). 

 

haversin (
𝑑𝑝

𝑅
) = haversin(𝜙2 − 𝜙1) + cos𝜙1cos𝜙2 haversin (𝜆2 − 𝜆1) (3) 

 

 

where haversine is defined by 

haversin(𝑦) = sin
2 (

𝑦

2
) (4) 

For the SOG methodology, the travelled distance is computed as the integral of the SOG within the time 

period of 10 minutes. At this point, we should clear out a few assumptions before we move on. 

 

Assumption 1: The vessels are equipped with an AIS Class A receiver providing asynchronous 

measurements of vessel position (𝜙, 𝜆), SOG 𝑈 and COG 𝜓. The position measurement in the North and 

East directions is affected by zero mean white Gaussian noise with variance 𝜎𝑝
2, i.e. 𝑤𝜙 ∼ 𝒩(0, 𝜎𝑝

2) and 

𝑤𝜆 ∼ 𝒩(0, 𝜎𝑝
2). The SOG measurement is affected by zero mean white Gaussian noise with variance 𝜎𝑠

2, 

i.e. 𝑤𝑈 ∼ 𝒩(0, 𝜎𝑠
2). The COG measurement is affected by zero mean white Gaussian noise with variance 

𝜎𝑐
2, i.e. 𝑤𝜓 ∼ 𝒩(0, 𝜎𝑐

2). It is further assumed that the noise sources 𝑤𝜙, 𝑤𝜆, 𝑤𝑈 and 𝑤𝜓 are uncorrelated 

among each other. 
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Fig.9: CAMS distance deviation 𝐷𝑐  per vessel, categorized by class 



159 

 
Fig.10: AIS distance deviation 𝐷𝑎 per vessel, categorized by class 
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Assumption 2: Earth is a perfect sphere with radius 𝑅 = 6378.2km. 

 

After having introduced that both 𝐷𝑐  and 𝐷𝑎 are the main indicators of this study, there is a third one 

utilized as a safety indicator. That is 𝑑𝑝
𝑏 denoting the distance between AIS and CAMS coordinates. The 

subscript {𝑝} indicates the position measurement methodology and the superscript {𝑏} stands for "between". 

 

Figs.9 and 10 show the IQRs of both 𝐷𝑐  and 𝐷𝑎 indicators categorized by encoded ship names 𝑉𝑖𝑚𝑜 and 

classes 𝑉𝑐𝑙𝑎𝑠𝑠 . Each of the 228 boxes represent the IQR of either 𝐷𝑐  and 𝐷𝑎 of each ship of the dataset. The 

boxes are categorized by ship class showing in different color. The grey dots represent data outliers for 

values outside 99.3% of the distribution. Fig.11 represents the CAMS dataset. 

 

Starting from Fig.99 and having in mind the above remarks, it is evident from the boxplots of classes such 

as C.7, C.3, C.16 which have ships with very narrow boxplots and with mean values close to 0, that these 

are the ships with good quality position CAMS measurements on the data base. Classes like C.32, C.30, 

C.19, C.13 and C.10 with medium size boxplots close to the 300 m threshold (ref. Remark 2) are 

questionable and need further investigation. Finally, position measurements from classes like C.6, C.2, C.17 

(only a few ships), C.12 and C.11 are clearly problematic and need replacement. In Figure 10 it is a fact 

that there are no big issues in the AIS dataset. Unfortunately, this does not mean that we can blindly replace 

the faulty CAMS measurements with AIS mainly due to the fact that the data logging in AIS is not registered 

in even time intervals like in CAMS. 

 

To sum up and create an overview of how the CAMS vs. AIS measurements look like on the dataset of this 

study, the requirements for a ship’s position measurements to be of good quality are the following: 

 

Remark 1: The mean value of 𝐷𝑐,𝑎 distribution should be close to 0 m with small variance. 

 

Remark 2: Based on internal company research and considering the results from the boxplots in Figs.9 and 

10, we decided that the IQR (interquartile range) of the 𝐷𝑐,𝑎 of each ship should not exceed 300 m, given 

that IQR represents the 50% of the distribution. 

 

4. Methodology 

 

4.2. Position measurements conversion models 

 

Geodetic position coordinates are measured in degrees. As previously mentioned, degrees close to the 

equator are longer in meters than those close to the poles. That makes any potential usage of the degree unit 

problematic for various reasons. In order to avoid plausible errors, the geodetic coordinates (𝜙, 𝜆) must be 

converted into geocentric (Cartesian) coordinates (X, Y) and then after any modification they are turned 

back to geodetic again. Before showing the methodology, it is important to start with notation. 

 
𝑎, 𝑏, 𝑒 = semi-major axis, semi-minor axis, eccentricity of reference ellipsoid

𝑋, 𝑌, 𝑍 = Cartesian geocentric coordinates

𝜆, 𝜑, ℎ = geodetic longitude, geodetic latitude, geodetic height

 

 

The coordinate transformation from geocentric to geodetic is given by, Vermeille (2002) 

 

𝑋 = (ℎ + 𝑛)cos𝜑cos𝜆 

𝑌 = (ℎ + 𝑛)cos𝜑sin𝜆 

𝑍 = (ℎ + 𝑛 − 𝑒2𝑛)sin𝜑 

(5) 
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where: 

𝑛 =
𝑎

√1 − 𝑒2sin
2𝜑

 
(6) 

  

To transform back geocentric coordinates to geodetic coordinates, given that (𝑋, 𝑌, 𝑍) is known, first we 

should compute the value of 𝑘 and 𝐷 by the following sequence of formulae: 

 

𝑝 =
𝑋2 + 𝑌2

𝑎2

𝑞 =
1 − 𝑒2

𝑎2 𝑍2

𝑟 =
𝑝 + 𝑞 − 𝑒4

6

𝑠 = 𝑒4
𝑝𝑞

4𝑟3

𝑡 = √1 + 𝑠 + √𝑠(2 + 𝑠)
3

𝑢 = 𝑟 (1 + 𝑡 +
1

𝑡
)

𝑣 = √𝑢2 + 𝑒4𝑞

𝑤 = 𝑒2
𝑢 + 𝑣 − 𝑞

2𝑣

𝑘 = √𝑢 + 𝑣 + 𝑤2 − 𝑤

𝐷 =
𝑘√𝑋2 + 𝑌2

𝑘 + 𝑒2

 (7) 

 

Next, we compute the geodetic coordinates 𝜆, 𝜙 and ℎ by: 

 

𝜆 = 2arctan
𝑌

𝑋 + √𝑋2 + 𝑌2

𝜑 = 2arctan
𝑍

𝐷 + √𝐷2 + 𝑍2

ℎ =
𝑘 + 𝑒2 − 1

𝑘
√𝐷2 + 𝑍2

 (8) 

 

The computations in this paper were carried out with 𝑎 = 6378137 m and 𝑒 = 0.081819191. 

 

4.3. Interpolation Methodology 

 

We called this algorithm the interpolation methodology because it underlines the main function used to 

replace the missing vessel trajectories. The scope here is to make a versatile and customizable algorithm 

which will provide a robust solution with a potential to scale up in the future. Additionally, it should be 

possible to run in batch, meaning on datasets with multiple ships of similar characteristics. 

The algorithm starts by creating a vessel subset from each dataset, one for CAMS such that 𝑣𝑠𝑙𝑐 ⊆ 𝐶𝐴𝑀𝑆 

and one for AIS such that 𝑣𝑠𝑙𝑎 ⊆ 𝐴𝐼𝑆. Focusing on 𝑣𝑠𝑙𝑎 the algorithm starts by converting the geodetic-

to-geocentric coordinates as described in subsection 4.1. Next, it creates a feature which is the time 

difference in hours between consecutive timestamps of the 𝑣𝑠𝑙𝑎 subset. This feature combined with a 



162 

minimum threshold of 10 h is used in the next step, where 𝑣𝑠𝑙𝑎 is dynamically split into sub-segments. The 

split functionality is applied in order to avoid interpolation when the time distance between consecutive 

available AIS measurements is greater than 10 h. In such cases, this trajectory gap is left uncorrected in 

order to avoid interpolation over land. Fig.11 illustrates an example. The threshold’s number has been 

chosen after a series of tests for optimal algorithm performance. A smaller number creates a lot of splits of 

short scaled sub-segments resulting to a greater amount of missing values. This step can be further improved 

by invoking a physical system that uses the course over ground to approximate the location in such long 

gaps. 

 

 
Fig.11: Example of AIS coordinates with a gap ≥10 h on the measurements. Red dots indicate the 

measurements and the black dashed line is considered to be the real trajectory of the vessel. 

 

After the split is over, each sub-segment is initially up-sampled to a 10-minute interval frequency similar 

to that of 𝑣𝑠𝑙𝑐 and then linearly interpolated using the deterministic methodology of polynomial 

interpolation for time-series data described by, Lepot et al. (2017). Then all sub-segments have been 

concatenated to form a vessel’s dataset where the reverse procedure of geocentric-to-geodetic has been 

applied as described in subsection 4.1. Last step before creating the validation indicators 𝐷𝑐 , 𝐷𝑎 and the 

safety indicator 𝑑𝑝
𝑏 was to merge 𝑣𝑠𝑙𝑐 with 𝑣𝑠𝑙𝑛𝑒𝑤

𝑎 . Algorithm 1 sums up the methodology step-by-step as 

described above including the rule for defining which of the two (AIS or CAMS) coordinates are the more 

accurate for the current vessel. For easier interpretation, Fig.12 illustrates the algorithm up to the point 

where the rule is applied in line 21. 

 

Apart from the two remarks from subsection 3.2 which have defined an initial step on how to validate the 

position measurements of a vessel, we have also created a simple rule based on a series of trials and errors: 

 

𝑃(𝜙, 𝜆) = {
𝐶𝐴𝑀𝑆, �̃�𝑝

𝑏 < 1000𝑚 & 𝐼𝑄𝑅(𝐷𝑎) > 𝐼𝑄𝑅(𝐷𝑐)

𝐴𝐼𝑆, (�̃�𝑝
𝑏 < 1000𝑚 & 𝐼𝑄𝑅(𝐷𝑎) ≤ 𝐼𝑄𝑅(𝐷𝑐))   ∥   (�̃�𝑝

𝑏 ≥ 1000𝑚)
 (9) 

  

The rule is generally sufficient to produce good results. In short, the equation clarifies that the final position 

measurement of the historical dataset of one vessel can be drawn directly from the CAMS dataset if �̃�𝑝
𝑏 <

1000 m and 𝐼𝑄𝑅(𝐷𝑎) > 𝐼𝑄𝑅(𝐷𝑐). In the contrary, when �̃�𝑝
𝑏 < 1000 m and 𝐼𝑄𝑅(𝐷𝑎) ≤ 𝐼𝑄𝑅(𝐷𝑐) or �̃�𝑝

𝑏 ≥

1000 m then the final dataset encloses position measurement processed in even time intervals derived from 

the interpolation. 
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5. Results 

 

Overall, the interpolation methodology obtained sufficiently good results. According to Algorithm 1’s 

output, 18.4% of the fleet on the examined dataset of 228 vessels have been identified as faulty. This 

accounts for 19.2% of the dataset's total position measurements. The slight percentage difference occurs 

due to the variation in the number of measurement points from the different vessels. Some of them 

contribute with a few days of data while others contribute with as much as up to 36 months. 

 

To get a better look we start from the vessel with the most degrading sources combined, as mentioned in 

sub-section 3.1. In Fig.6 we examined the "drift issue". That specific ship apart from drifting it was also 

zig-zaging and losing the values where either longitude or latitude were negative ("N/E issue"). Not to 

mention the frozen coordinates where the equator crosses the prime meridian (0,0) right below Nigeria in 

Africa. The output of Algorithm 1’s output, for this vessel can be seen in yellow-colored points of Fig.13. 

In this case, the rule from equation (9) decided to pick AIS even-spaced estimates over CAMS. 
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Fig.12: Flow chart of the interpolation methodology 

 

With a glimpse at the map of Fig.13, it is clear that the yellow points eliminate all degrading sources 

mentioned for that vessel. Here, we should note that the pure AIS coordinates as sourced from the external 

provider were missing by 64% when they merged with the CAMS dataset 𝑣𝑠𝑙𝑐. The interpolation 

methodology decreased the missing value percentage to < 0.1%. 

 

In the next examined ship, Algorithm 1 chose CAMS over even-spaced AIS estimates when deciding on 

the best quality coordinates. In fact, if we compare the boxplots (referring to each ship’s 𝐷𝑐  and 𝐷𝑎 IQRs) 

from Figs.9 and 10 of vessel I.48 in class C.27, 𝐷𝑐’s boxplot is narrower than that of 𝐷𝑎 which confirms 

the second scale of the rule in Eq.(9). 
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Fig.13: Trajectory of vessel I.36 from class C.12. Red points refer to the CAMS registered coordinates and 

yellow refer to even-spaced AIS estimates of the interpolation methodology. 

 

In Fig.14 we have the vessel’s trajectory both in CAMS and in AIS even-spaced estimates. Note that in the 

AIS even-spaced coordinates, the effect of land intepolants mentioned in Fig.11 is visible when the vessel 

is crossing the Gulf of Oman, despite the minimum threshold splitting of 10 h. In this case, the time 

difference was smaller than 10 h. Luckily for this case, CAMS measurements were chosen over AIS 

estimates. 

 

 
Fig.14: Trajectory of vessel I.48 from class C.27. Red points refer to the CAMS registered coordinates and 

yellow refer to even-spaced AIS estimates of the interpolation methodology. 

 

In line with the acquired knowledge from applying alternative algorithms (Linear/Non-linear Kalman 

Filter) during the process of building the interpolation methodology, it can be concluded that if we create a 

hybrid model invoking a state-space model into the interpolation methodology it will bring optimal results 

in historical data validation and correction. Additionally, it will form the fundamentals to build a real-time 
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model that can validate and correct position measurements right before the data has been recorded into the 

ship's database. In the next sub-sections, two vessels were chosen to evaluate the results of the methodology. 

6. Summary and Conclusions 

 

This paper has been conducted to tackle the a posteriori data loss/modification of position measurements 

which refers to the posterior modification/loss of the position data after the signal has successfully arrived 

at the GNSS receiver. 

 

We categorized the faulty measurements into 6 groups; (i) the "N/E issue", (ii) the "zig-zag issue", (iii) the 

"scatter issue", (iv) the "drift issue", (v) the "frozen issue" and finally (vi) the "bit-rate issue". Some groups 

are visible in ships with different CAMS installed where others are only visible in CAMS from specific 

providers. 

 

Further, we created 3 validation indicators with which someone can identify if a ship carries faulty 

measurements in a specified time range. These validators are designed to be used in batch processing and 

not in individual data points. 

 

Lastly, we have proposed an algorithm/methodology for correcting the faulty measurements by reversing 

to the raw state right in the beginning of their path from the GNSS receiver to the company's data center. 

The methodology used interpolation as its main ingredient. According to the evaluation of the methodology, 

it achieved sufficiently good results mainly due to its highly customizable algorithm. 

 

6.2. Future Work 

 

Various processes can be improved to achieve better results. The main proposal is to use a hybrid 

methodology which will combine both interpolation and a state-space model into it. More specifically: 

 

• In cases where there is more than 10 h gap between consecutive AIS coordinates, the interpolation 

methodology leaves the trajectory gap uncorrected. This can be improved by invoking a physical 

system that uses the COG to approximate the location in such long gaps. 

• We could extend the validation in per-month or per-day state. Right now, the validation refers to 

the IQR of the data from the whole time that the ship has operated. Apparently, this is not a fair 

judgement because many CAMS systems have been fixed and after that they register good quality 

data. Unfortunately, the proposed validators are built for batch corrections and not for individual 

data points. 

• We could use a state-space model directly into the CAMS position measurements in real-time. 

Unfortunately, for the time being, both COG and compass true heading measurements from CAMS 

are missing most of the times (72% and 28%, respectively). Additionally, some ships have frozen 

or faulty position measurements for long periods of time - say up to 6 months. So the use of AIS 

data is unavoidable, if those problems are not solved. 

• We could develop a data-driven/automatic identification of when a signal falls into one of the 6 

identified categories. Subsequently, the correction algorithm could then use this information (e.g. 

with an identified frozen signal in CAMS, we can use AIS measurements to initiate a state-space 

model until CAMS gets unfrozen). 
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