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Displacement Analysis of a Geodetic Network  
- A case study of the Vasa warship 
Abstract 
By measuring coordinates repeatedly in time we can detect movements of an area or an 
object by establishing and monitoring a geodetic network. 

Since it is known that the Vasa warship is suffering from decomposition, a geodetic 
network has been established around the ship to monitor its deformation. This is an 
important task for preserving and supporting the ship in its place. 

In this thesis, time series of coordinates are considered over 22 epochs of the ship 
measurements, a quadratic line is fitted to them and acceleration and velocity for each point 
on the ship’s hull are obtained. The x-axis is across the ship, the y-axis is along and the z-
axis is the vertical one in the local coordinate system of the ship.  

A method is developed for monitoring displacement and its error at different parts on the 
ship in two successive epochs, considering the covariances between the point coordinates. 

The covariances influence the result of the displacement. Significant displacements, 
calculated with a variance-covariance matrix were compared with the displacements 
calculated without variance-covariance matrix. Considering the covariances gave 108 more 
insignificant three dimensional displacements, which means that they are in the order of 
random errors. 

The largest acceleration and velocity are found in the upper part of the ship stern in the Z-
coordinates, where all points have significant acceleration and velocity. The ship bow has 
the second highest acceleration and velocity, while the midsection of the ship seems to be 
more stabile. In the X- and Y-coordinates the acceleration and velocity are smaller, in Y-
coordinates almost all points have significant acceleration and velocity. In the X-
coordinates there are several points of data with insignificant acceleration and velocity, 
most of them located at the midsection of the vessel. 

The results show that the ship is moving and accelerating at various speeds on different 
sides of the ship, which indicates that there are parts that suffer from more crucial 
decomposing. The stern is the part of the vessel that has the highest velocity, acceleration 
and displacement. The ship is moving downwards with respect to the museum building at 
the same time as it tilting towards the port. The down pulling force can explain the 
movements downwards, the strength of the oak can also be one reason. The tilting could 
depend on the support structure since points in various part of the ship seems to have the 
same amount of movement in the direction towards the port.
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1 Introduction 
Geodesy is an earth-related science that consists of three overall topics; the shape and size 
of the earth, the gravity field of the earth and point positioning. It is easy to realise that 
geodesy is used every day by people all over the world, for example to navigate on land, 
water and in the air (National Oceanic and Atmospheric Administration 1977). By using 
various measuring techniques and instruments, such topics can be investigated. Geodesy 
can be used to monitor and spot deformations in large man-made constructions such as 
bridges, towers and dams (Schroedel 2002). It might even save fragile objects from 
destruction by detecting and preventing for example landslides. Landslides that potentially 
could destroy these fragile objects. In areas that have a risk for landslides or other 
movements it is important to know where to plan for new buildings without risking 
people’s lives (Savvaidis 2003). It is of importance to know that the construction remains 
stable and does not collapse.  

Historical objects can also be monitored for any possible deformation to prevent them 
from destruction. By performing geodetic measurements on objects repeatedly in time, 
movements in the structure can be detected. With this information it is, for instance, 
possible to build constructions for stabilising such an object in the parts that suffers from 
deformation to preserve it for the future.  

The Swedish warship Vasa sank in 1628 on her maiden voyage, just 1000 meters after 
leaving port (The Vasa museum 2017a). It was salvaged in 1961 and is currently stored and 
up for display in the Vasa museum in Stockholm. During its 333 years at the bottom of the 
Baltic Sea the decomposition and erosion of the ship started. Most of the iron that was 
holding the ship together had rusted away, some of the wooden parts were eroded by the 
streams and sediment that the stream brought (The Vasa museum 2017b). 

Even after salvaging the ship it is still suffering from decomposition. The main reason is 
the intercalated iron in the wood, which happened during its time in the ocean. This is 
causing a chemical process that accelerates the rottening of the wood. The very first sign of 
decomposition was white and yellow spots on the wooden parts of the ship, which were 
acidic compounds of sulphur and iron. After this sign of degradation, the preservation 
process started.  

One part of this process is to keep track of the decomposition rate, by using a precise 
geodetic network to measure the points from. These points are placed on the walls of the 
museum and are considered stable. The points on the ship are then measured with respect 
to these precise and stable points that together makes a geodetic network (The Vasa 
museum 2017c). 

The Vasa warship has been, and still is, studied carefully to monitor and detect all 
movements and changes in the body of the ship, using geodetic measurement technics. The 
Royal Institute of Technology (KTH) in Sweden has monitored the Vasa warship since 
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October 2000. A report about the monitoring of the ship has been written by Horemuz 
(2003). 

The data has been processed and analysed by Rosewarne (2007). His work is divided into 
three parts, the stability of the control network, the movement of the ship when considered 
as a rigid body, and relative movements between independents points on the hull. For the 
displacement analysis in Rosewarne's thesis, only 14 points on the hull are chosen to 
investigate the movement of the ship. Over the hull there are 227 points, which can give a 
clearer picture of how the ship is behaving due to the on going decomposition. The 14 
points investigated in the study also miss statistical tests for the movement, therefore, it 
was not possible to know if the movements are in the size of random errors or not. The 
velocity and acceleration are also left to further investigation since no time series for the 
coordinates was produced.  

The previous report investigates basic movements in limited parts of the ship. To get a 
better picture of the movements in different parts of the ship, the displacement will be 
further investigated in all available points in this thesis. Also, in order to know if all 
displacements can be determined as actual movements, the results will be statistically 
tested, which is a crucial part in the work of preserving the ship to not draw any inaccurate 
conclusions.  

1.1 Purpose and issue  
The warship Vasa suffer from decomposition and by using a precise geodetic network 
measured at 22 epochs, between years 2000 and 2016, displacement parameters 
(acceleration, velocity and difference in coordinates) can be calculated. It is already known 
that the ship is decomposing and that it is moving with respect to the museum building, the 
stern seems to be the most sensitive part of the hull.  

By using measurements of points all over the ship, more precise calculations of the 
displacement can be done. These calculations will show how fast the points on the hull 
moves, how large the movements are and which parts of the ship that are more sensitive. 
The study will also include an investigation of the influence of covariances in 
displacements. All results need to be statistically tested.  

The ambition of this study is to form a clear picture of the movement happening to the 
Vasa warship. This information is crucial for conserving the ship for the future, preserving 
a cultural heritage and Swedish history.  

1.2 Limitations 
This study is limited to the Vasa warship and its precise geodetic network. In order to 
discover any displacement, several measurements are needed. All available data, 22 epochs 
measured from the year of 2000 until 2016, have been used in this study. All points have 
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not been measured in all 22 epochs, these points have been removed from the data because 
they do not have complete time series and are not comparable to the complete ones.  

Since it is the hull of the ship that is investigated in this thesis, the points of the masts and 
the support structure are discarded from the study, due to the fact that the mast is not 
firmly attached to the hull and the support structure is not a part of the ship.  
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2 Theory  
This chapter aims to explain the underlying concepts and mathematical theories that are 
used in this study. An overall description of the general usage of each theory is given. 
Specific applications of the theories are described later in the methodology.  

2.1 Displacement concept 
In order to see a displacement of a point, the position vector of it needs to be estimated in 
two or more epochs, with respect to a reference frame. Thereafter the change of the 
position between the epochs can be calculated. Displacement is the position change, as the 
word implies the point has moved, or in other words, has been displaced. The 
displacement is a vector quantity and can be showed visually by an arrow from the initial 
position to the final position, it has direction and magnitude (Croft et al. 2008, p.628): 

𝐝 = 𝐩! − 𝐩!           (2.1) 

where d is the displacement vector and p2 and p1 are the final and the initial positions. 
Velocity is another vector quantity, which can be derived from the displacement vector. By 
dividing the displacement by the time the velocity is defined. 

𝐯 =  𝐝
!!!!!

          (2.2) 

The velocity vector, v, is calculated from d, and the time at the positions, t2 and t1. v1 and v2 

is the velocity vectors of two successive measurements. The sign of the velocity value of a 
point explains in which direction the movement occurs.  

It could also be of interest to know the acceleration at points on the deforming object, the 
formulae for the acceleration vector is: 

𝐚 = 𝐯𝟐!𝐯𝟏
!!!!!

           (2.3) 

If the acceleration value of a point has the same sign as the velocity value, the point is 
speeding up, otherwise it is slowing down (Avison 1989, p.128). 

The criteria for significance in velocity and acceleration is: 

v > 𝜎!          (2.4) 

and 

a > 𝜎!          (2.5) 
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2.2 Geodetic approach to measuring displacements 
Displacement monitoring is a subject in various fields of science and technology. The 
geodetic approach is based on processing different types of geodetic measurements to 
compute coordinates for points. 

Geodetic measurements are horizontal and vertical angles, distances and height differences, 
which need to be used to compute X-, Y-, and Z-coordinates in a predefined coordinate 
system. 

A total-station is an instrument, which can be used to perform such measurements. When 
establishing a monitoring network to record movements of a subject the precision of the 
measurements are of great importance. By performing geodetic measurement between 
every point from more than two different positions, using intersection, the precision 
increases and any gross- and systematic errors can be detected and eliminated. 

The Gauss-Markov model can be used to calculate the coordinates of points using geodetic 
measurements. Since the equations for the angles are not linear, they need to be linerised to 
fit the model.  

The Gauss-Markov model is used for linear estimation and prediction and is described as: 

𝐋 = 𝐀𝐱+ ԑ  E{𝛆} = 0 and E{𝛆𝛆! } = 𝜎!!𝐐      (2.6) 

L is an n×1 vector of observations, A is an m×n matrix of coefficients, x is the m×1 vector 
of unknowns to be estimated and 𝛆 is an n×1 vector of random errors. E{.} describes the 
statistical expectation operator. n is the number of observations, m the number of 
unknowns and ԑ the estimated errors. Q stands for the co-factor matrix of the observations 
and 𝜎!! for the a priori variance factor (Cooper 1987, p.166-167). 

The unknowns are estimated in a least-squares sense by: 

𝐱 = (𝐀𝐓𝐐!!𝐀)!!𝐀𝐓𝐐!𝟏𝐋,          (2.7) 

and the variance-covariance matrix for the vector of unknowns is: 

𝐂𝐗 = 𝜎!!(𝐀𝐓𝐐!𝟏𝐀)!!                             (2.8) 

𝜎!!  is the a posteriori variance factor with the following formula: 

𝜎!! =  (ԑ𝐓𝐐!𝟏ԑ) (n −m)          (2.9) 

and the estimated errors of the unknowns are (Cooper 1987, p.181): 

ԑ = 𝐋 − 𝐀𝐱.         (2.10) 

Any measurement contains an uncertainty, presenting its quality. By measuring a quantity 
multiple times, it is possible to calculate its error, as a measure for its quality. The error is 
determined based on the difference between the estimated value and the individual 
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measurement and the variance can then be calculated from them to create a weight matrix. 
Performing least-squares without weight matrix means that all measurements have the 
same quality, which are rare in surveying. The weight matrix causes that measurements with 
high variances, low quality, contribute less to the estimation that those with low variances 
(Cooper 1987, p. 128).  

The covariance describes how much two samples differ from their means with respect to 
each other. If the value of the covariance is positive between two samples it indicates that 
both samples have the same behaviour. While a negative value of the covariance indicates 
that one of the points in the different dimensions is doing the opposite of the other, one 
increases and one decreases (Kalbfleisch 1985, p. 177-178).  

2.3 Coordinate rate of changes 
Rate of change describes how one quantity is changing in relation to another variable. 
When looking for the rate of change in coordinates in our study, the independent variable 
is time. Therefore changes in coordinates are divided with the change in time. This 
describes the velocity of coordinate change (Croft et al. 2008, p.175).  

Rate of change (𝐝)  =  !𝐝
!!

        (2.11) 

This formula is applicable on linear functions where the rate of change does not change or 
when the average rate of change of a non-linear function is wanted. When the functions is 
non-linear the rate of change is varying, the instantaneous rate of change is of interest.  

2.4 Sensitivity to displacements 
The sensitivity criterion describes the ability to detect displacement in a network of points. 
It depends on the quality of the measurements. Having good quality for the coordinates 
leads to the possibility of detecting small displacements. The error of displacement is then 
compared with the displacement magnitude. Smaller displacement than its error is 
considered as an insignificant displacement. This means that the displacement is in order of 
random errors. Then the displacement and its error for example X-coordinate can be 
estimated as: 

∆X = X! − X!          (2.12) 

𝜎∆𝐗! =  𝜎𝐗𝐣
!+𝜎𝐗𝐢

!          (2.13) 

where X! and X! are the X-coordinate of a point, measured at time j and i. 𝜎𝐗𝐣
!  and  𝜎𝐗𝐢

!  are 
their variances.  

Therefore the displacement is significant if: 

∆X > 𝜎!!          (2.14) 
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The same procedure can be applied on Y- and Z-coordinate. 

When calculating the displacement for the respective coordinate for one point, it is not 
possible to consider the covariances between the coordinates.  

The position of an object can be described by three coordinates; X, Y and Z in an 
orthogonal coordinate system. The mathematical model for the three dimensional 
displacement in a point are: 

d = (X𝐣 − X𝐢)! + (Y𝐣 − Y!)! + (Z! − Z!)!        (2.15) 

The error of the displacement can thereafter be calculated as follows: 

𝜎!! =  𝐁𝐂𝐋𝐁!                                               (2.16) 

where B is a coefficient matrix of the observations and CL is the variance- covariance 
matrix for the coordinates and 𝜎!! is the variance for the displacement. By using matrix 
form, it is possible to consider the covariances for the coordinates. 

The structure of the B matrix is: 

𝐁 = !!
!!!

 !!
!!!

 !!
!!!

 !!
!!!

 !!
!!!

 !!
!!!

        (2.17) 

and the structure of the CL matrix is: 

𝐂L =

𝜎Xi
2

𝜎XiYi
𝜎XiZi
0
0
0

𝜎XiYi
𝜎Yi
2

𝜎YiZi
0
0
0

𝜎XiZi
𝜎YiZi
𝜎Zi
2

0
0
0

0
0
0
𝜎Xj
2

𝜎XjYj
𝜎XjZj

0
0
0
𝜎XjYj
𝜎Yj
2

𝜎YjZj

0
0
0
𝜎XjZj
𝜎YjZj
𝜎Zj
2

            (2.18) 

the displacement is significant if: 

d > 𝜎!             (2.19)  

2.5 Time series and trend analysis 
Time series can be used to predict future patterns, trends and cycles. The intention of the 
use of time series data analysis is mainly to understand the underlying mechanism of the 
observed data, the data can be extrapolated (which let us predict future behaviour, effect or 
data values) and for control purposes. By gathering data of interest over a period of time 
with regular time intervals, time series data can be produced (Wienclaw 2015).  

There are different mathematical models to describe trends that could be used for times 
series. When there is curvature in the data the quadratic model describes the trend (Croft et 
al. 2008, p.182): 
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f(t) =  𝑎t! + 𝑏t + 𝑐 + ԑ!          (2.20) 

where c is the intersection of the vertical axis, a is the acceleration and b is the velocity in 
the position f at the time t and ԑ𝐓 is a n×1 vector of random errors.  

The quadratic polynomial explains physical phenomena. The quadratic polynomial 
describes, as previously mentioned, the intersection of the y-axis, velocity and acceleration.  
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3 Methodology 
The theories described in the previous chapter have been applied to the Vasa warship 
geodetic network and the points of the ship. By analysing the coordinates of 227 points, 
which are distributed all over the ship hull through the coordinate time series, it is possible 
to monitor movements in the points. 

All measurements contain uncertainties, the uncertainties are important for statistical tests 
on the result. The uncertainties for the measurements named variances and covariances, 
the variance describes the uncertainties for one point while covariances describes the 
relation between the X-, Y- and Z-coordinates for one point. In this thesis there are no 
covariances between coordinates measured in different epochs.  

3.1 Research method 
The research of this study is mainly done by computations and analysing numerical 
variations in coordinates. This would be defined as a quantitative approach rather than a 
qualitative one, due to the objectivity of measuring quantities to find a connection between 
them. The numerical quantities are generated and calculated in order to create statistics 
for displacement of the measured points on the Vasa warship (Nationalencyclopedin 
2017b).  

When using a quantitative approach the validity and reliability are of great importance. 
Validity describes how close the measurements are to the reality. High validity means that 
the measurements reflect the true conditions (Nationalencyclopedin 2017c). Reliability 
describes how precise the measurements are, if the measurement is repeated infinite 
number of times, the same result should be achieved (Nationalencyclopedin 2017d).  

The study was initiated with an overall gathering of information of the subject, to get a 
wider knowledge about this area of geodesy. All information that has been collected about 
the concept of displacement is done through published books, published scientific articles 
and other online sources. The online sources that has been used is the website of the Vasa 
museum, the Swedish encyclopaedia NE.se and Google scholar. The website of the Vasa 
museum provided information about the Vasa warship, Google scholar with scientific 
articles and NE.se was mainly used as an encyclopaedia to define concepts. Keywords that 
were used to find relevant information are e.g. displacement, displacement study, 
displacement in coordinates, Vasa warship, statistical tests and significance. 

All used references have been critically reviewed. Information sources with unknown 
authors, homepages with no references or authors and other untrustworthy sources has not 
been used in this thesis. The sources of information have been read with respect to the 
influence on the work of the author. 
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3.2 Approach 
The Vasa warship has carefully been monitored by the Royal Institute of Technology 
(KTH), for 17 years by using a total-station and the method of intersection, where each 
point is measured from at least two different positions.  

Since the ship is decomposing slowly the measurement’s precision is crucial. The geodetic 
network was therefore an important step to reach a high precision method of monitoring 
the ship’s deformation. The points in the geodetic network is evenly distributed with good 
geometry in the museum building, in a local reference system that is specific for the Vasa 
ship. The error of the coordinates for the network points was 0,1 mm and for a few points 
0,2 mm.  

The position of the total-stations is set so that all detail points of the ship are visible from 
at least two total-stations. These points are marked with a reflective tape on the hull, 
Picture 3.1-3.2. 

 

Picture 3.1. Reflective tape, placed on the detail points on the ship (Horemuz 2003). 

 

Picture 3.2. Detail points on the hull (Horemuz 2003). 

For the first seven epochs the mean error for the coordinates of the detail points were 
between 0,1 and 0,7 mm. The biggest errors were located to the points on the masts, 
however these points are not used in this study since they are not attached to the ship in a 
satisfying way.  
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The measured data was processed by using a program called "set of angles". The program 
processes the measurements by using least-squares method, where it reads the data from 
the total-station and calculates coordinate difference between the epochs and their mean 
error (Horemuz 2003).  

Coordinate differences in the x-axis indicates horizontal movements across the ship. A 
negative coordinate change displays that the horizontal movement is heading in the 
direction of the starboard and a positive change in the direction of the port. A coordinate 
difference in the y-axis also displays a horizontal movement, but along the ship. If the 
difference in the coordinate is negative, the horizontal movement is heading in the 
direction of the stern, and a positive difference is heading towards the bow. The z-axis 
represents vertical movements, where a negative difference in the coordinates indicate that 
the movements are downwards and a positive difference upwards (Rosewarne 2007).  

The provided data is used in this study for analysing movements of the points on the ship. 
By creating time series for the coordinates it is possible to see a trend for their changes. 
The behaviour of the coordinates is analysed and since the equation of motions has a 
quadratic form in physics, a quadratic polynomial is fitted, eq. 2.20. Using the Gauss-
Markov model, eqs. 2.6-2.7, the fitting process is performed. The acceleration, velocity and 
initial position are the unknowns that are estimated with the model, using the coordinates 
for all epochs. The variances of the coordinates are used to define the weights, which 
means that measurements with higher quality, small variances, have bigger influence of the 
result. 

The first epochs of coordinates are missing standard deviations and covariance, the 
standard deviation and covariances for the first epoch with the standard deviation and 
covariances are used for those missing them. We assume that each set of measurements is 
performed with equal quality. This data is then used to calculate the variance-covariance 
matrix of accelerations and velocities, by using the error propagation law, see eq. 2.8. 

A statistical significance test is done to see if the size of the acceleration and velocity are in 
the order of random errors, which is important for further analysis. The error is compared 
to their corresponding magnitude of accelerations and velocities eqs. 2.4-2.5.  

The displacement and its error in each coordinate are calculated using eqs. 2.12-2.13. This 
displacement vectors and their vectors of random error of the displacement is used to 
calculate the displacement in all three dimensions and its error, eqs. 2.15-2.16.  

The variance-covariance matrix for the measurements is used, which consists of the 
variances between the measurements and the covariances between the measurements of 
different dimensions. The three dimensional displacement is compared to the error for the 
statistical significant test, eq. 2.19. 
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Using a weight matrix instead of a variance-covariance matrix tests the influence of 
covariances on the three dimensional displacement. The number of significant 
displacements using the variance-covariance matrix is compared with the number of 
significant displacements using only weights. 

The result gives a good picture over the movements of the Swedish warship Vasa. There 
are big time gaps between some of the measurements, this is deemed not to affect the 
result. Some parts of the work had to be generalised for visualisation due to the large 
amount of data, which could have an influence on the result. The different time series 
behave varying, which led to a smaller sample of time series were investigated. For several 
time series there were no curve with a satisfying fit, this could influence the result of the 
acceleration and velocity. However, in such time series the acceleration and velocity seemed 
to be smaller than the error and therefore insignificant, which were removed to avoid 
drawing the wrong conclusion.  

The method and application of mathematical models used in this thesis are applicable on 
any deforming object.   
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4 Result 
The point codes and numbers used in figures can be found in appendix A. The time for 
when the measurements took part are shown in appendix B. This data is used in this thesis 
to calculate and analyse motions, displacement and perform statistical tests. Since the 
number of data is very large, it is not possible to visualise all of the 227 points on the ship. 
Therefore, 16 points of the ship are selected for this purpose but the analysis was 
performed for all points.  

Figure 4.1 shows of the selected points on the ship. Upper and lower located points of all 
sides of the ship are selected to represent the behaviour of the ship and used for 
visualisation of movements and displacement etcetera. 

Figure 4.1. Selected points on the ship, used to represent the behaviour of different part of the ship 

4.1 Time series and trend analysis of coordinates 
Time series for the movements in each coordinate are created for all points over 22 epochs, 
the time series shows the position of the point over time. A quadratic polynomial is fitted 
to the movements of coordinates to explain how they behave physically. Figures 4.2, 4.3 
and 4.4 are showing the time series for the X-, Y- and Z-coordinates with the quadratic fit 
to the 16 selected points.  
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k)   l) 

 
m)   n) 

 
o)   p) 

Figure 4.2. Time series for the selected points on the ship with the polynomial fit, X-coordinates.  

The points A1 and A2, shown in Figures 4.2a and 4.2b, have a similar motion in the X-
coordinates, which can be explained by their common height location at the ship, the upper 
part of the stern. Since motion in the X-coordinates means horizontal movement along the 
bow/stern side towards the starboard/port side, A1 and A2 are moving towards the port 
side due to their negative displacement in the reference system. The displacement is larger 
in the beginning of the time series and seems to decrease in the end, probably because the 
ship starts to settle along this axis.  

A6 and A7, shown in Figures 4.2c and 4.2d, also follow the same pattern, probably because 
they also are located at the same height at the stern of the ship. Both are decreasing in the 
X-coordinates over time and goes with the rest of the ship towards the port side.  

B1 and B13, Figures 4.2e and 4.2f, are located at the rear port side of the ship, but they do 
not follow the same pattern in their displacement. While B13 decreases in the X-
coordinate, like the rest of the selected points, B13 increases and goes in the opposite 
direction, towards the starboard side. Since the rest of the ship seems to move in the 
direction of the port, the part where B13 is located might be exposed to heavy pressure, 
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which can cause a rotation movement at the rear part of the ship and the part where B13 is 
located needs to withdraw, towards the starboard side.  

B57 and B61, Figures 4.2g and 4.2h, are located at the midsection of the port side of the 
ship and seem to displace in the same way as previous points, towards the port.  The 
measurements in point B106 and B114, Figures 4.2i and 4.2j, are too varying to draw any 
conclusion about their displacement. The movements that are displayed in the graphs are 
most likely random, since the bow, where B106 and B114 are located, do not suffer from 
as much decomposing the displacements might be smaller than the random errors and do 
not show.  

The points S1 and S13, Figures 4.2k and 4.2l, are located at the rear part of the ship, at the 
opposite side of B1 and B13, the starboard side. Both points seem to slow down in their 
movement at the latest measurements and probably starts to settle. They also follow the 
quadratic curve well, which display that there is both acceleration and velocity in the points.  

S75, Figure 4.2m, has more variations in its movements while S80, Figure 4.2n, is more 
distinct. Both of them would probably be better explained physically with a straight line, 
due to that their movements seem consistent. S114, Figure 4.2o had large movement in the 
earlier epochs, in the later epochs its movements has decreased and could be in the range 
of random error. S126, Figure 4.2p, seems to have large variations in its movements and 
cannot be properly explained physically, the movements might be in the range of random 
errors and needs to be statistically tested. 

Most of the time series of the X-coordinates follow the same pattern. All coordinates in the 
x-axis are going in the same direction, towards the port side, except B13 that is going 
towards the starboard side, probably because the ship is starting to tilt and a rotation 
movement is occurring at the rear part of the ship. Not all spikes in the curvature can be 
explained as displacement when it is within the rage of random error. The reason a flat line 
occurs between month 30 and 100 is because of the gap in measurements between the year 
of 2003 and 2008, and the displacement seems to be consistent. 
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k)   l) 
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Figure 4.3. Time series for the selected points on the ship with the polynomial fit, Y-coordinates. 

A1 and A2, shown in Figures 4.3a and 4.3b, are behaving very similar, like they did in the 
X-coordinates as well. Their movement follows the quadratic curve fair, but might be 
explained better with a straight line. This indicates that there is velocity in the movements, 
but not much acceleration. Their decreasing movement in the reference system indicates 
backwards motion with respect to the ship.  

The points A6 and A7, shown in Figures 4.3c and 4.3d, seem to have been more stable 
during the first measurements than they are in the later ones. The acceleration seems to 
have increased and the points are speeding up in their backward movements with respect 
to the ship. 

B1, Figure 4.3e, are following a very similar movement as A1 and A2, probably because 
that they are all located at the upper rear part of the ship. This point would probably be 
better explained physically with a straight line as well. The movements of B13, Figure 4.3f, 
are too varying to draw any conclusion about it.  

The variation in B57 and B61, Figures 4.3g and 4.3h, are also too large to draw any 
conclusions about if the movements are due to the errors. 
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Both B106 and B114, which are located at the port side of the bow, Figures 4.3i and 4.3j, 
are decreasing and heads towards the stern. Their largest displacement was in the earlier 
measurements and is now starting to slow down.  

Since S1, Figure 4.3k, is located at the opposite side of B1, but in the upper rear part of the 
ship, it follows a similar movement as B1, A1 and A2, where the movement seem to be 
consistent. The movement of S13, Figure 4.3l, starts and ends at almost the same 
coordinate in the y-axis. 

Both S75 and S80, Figures 4.3m and 4.3n, might be better explained physically with a 
straight line because their displacement seems consistent. Like the rest of the points in the 
Y-coordinates, they are decreasing and go towards the stern. S114 and S126, Figures 4.3o 
and 4.3p, follow the quadratic line quite well, and both seem to be settling down in the 
latest measurements. But there is no doubt that there is both velocity and acceleration in 
their movements. 

The variations in the points B13, B57, S13 in the Y-coordinates seems to be just random 
movements, which might be within the limits of their error and actual movement cannot 
be determined. The remaining 13 points has a negative movement in the y-axis, meaning 
they are heading backwards with respect to the ship, towards the stern side. 
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k)   l) 
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Figure 4.4. Time series for the selected points on the ship with the polynomial fit, Z-coordinates. 

All four selected points on the stern part of the ship, Figures 4.4a-d, follows an almost 
identical movement in the Z-coordinates. The latest movements are not as big as they were 
in the beginning, probably because the ship is, as previously mentioned, starting to settle. 
Since the quadratic curve fits movements well, there are both acceleration and velocity in 
them. 

The points at the port side, Figures 4.4e-j, also follows a similar pattern, that are quite well 
described with the quadratic curve, which indicates that the points have both acceleration 
and velocity. The largest displacements in the Z-coordinates are in the earlier 
measurements, while the movements seem to slow down in the later measurements.  

The movements on the starboard side of the Z-coordinates, Figures 4.4k-p, are also well 
explained with the quadratic polynomial and have the same behaviour as the stern and the 
port.  

All 16 points in the Z-coordinates follow the same pattern and have the same behaviour. 
With respect to the ship, every point has a negative movement along the z-axis, which 
indicates that the points are going downwards. The movements in the Z-coordinates are 
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the ones that fits the quadratic fitted line the best, meaning that the displacement is most 
likely not due to random errors, and that there is both acceleration and velocity in their 
movements.  

For all the selected points the quadratic line fit the time series of the coordinates the best. 
The quadratic line is therefore fitted to all 227 points. The formula for a quadratic line 
includes acceleration, velocity and the initial coordinate for the points. When solving the 
formula for acceleration and velocity for the points during the 22 epochs it is possible to 
detect which part of the ship is moving faster. By studying the graphs above, it is also 
possible to see that the behaviour of the points is different depending on the position of 
the points. The points that are located at the stern behave similarly, but those on the bow 
differently.  

When comparing the quantities of the time series to their respective error the significance 
is tested. The velocity and acceleration should be larger than their errors to be significant. 
In Figure 4.5 the acceleration and velocity is plotted and their respective error. 
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a)   b) 

  
c)   d) 

 
e)   f) 

Figure 4.5. The number of significant and insignificant points for acceleration and velocity in all dimensions. 

Acceleration in mm/month2 and velocity mm/month.  

Since the acceleration and velocity are relatively small in the X-coordinates, Figures 4.5a 
and 4.5b, compared to the other ones, several values are within the range of random errors 
and cannot be determined as movements. In the acceleration, there are 57 values that are 
insignificant, and in the velocity, there are 25 values. However, the majority of both the 
accelerations and velocities are significant for the points in the X-coordinates. 

Among the Y-coordinates, the acceleration is bigger than the error in the graph, Figure 
4.5c. This indicates that all acceleration values are large enough to be determined as 
significant. In the velocity, Figure 4.5d, there are two values that are insignificant. 

In the Z-coordinates where the largest acceleration and velocity occurs, Figure 4.5e and 
4.5f, all acceleration and velocity values are larger than their respective error and therefore 
significant.  
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From Figure 4.5 it is seen that not all of the points have significant accelerations and 
velocities. In order to know in which part of the ship the insignificant acceleration and 
velocity are located and see how many insignificant movement there is, the respective 
errors are divided with the acceleration and velocity which gives the relative errors. As 
previously mentioned, errors of a quantity should not be bigger than its value.  

If the relative error is 1, it means that the magnitude error and the quantity are equal. 
Larger relative error than 1 means that the errors are bigger than the quantity and are 
therefore the value of the quantity is in order of error. Since the acceleration and velocity 
contain directions the absolute value of these are used. Figure 4.6 shows significant velocity 
and acceleration at all points, where the location in the plot is represented by the initial 
coordinates (the intersection, c). 
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a)   b) 

 
c)   d) 

 
e)   f) 

Figure 4.6. All detail points of the ship with the significance for acceleration and velocity in all coordinates.  

There are 57 values for the acceleration in the X-coordinate that are in the range of errors, 
Figures 4.6a and 4.6b, visualised with red colour. The majority of these are located on the 
port side. The 25 velocity values that are insignificant are located here as well.  

All values for the acceleration in the Y-coordinates are significant and therefore no point is 
coloured red, Figures 4.6c and 4.6d. For the velocity values, two of them are in the range of 
error, and cannot be determined as a movement.  

Since no acceleration or velocity value in the Z-coordinates is smaller than their respective 
error, all points are significant, Figures 4.6e and 4.6f.  
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Now, the points with insignificant acceleration and velocity are removed and the values of 
the velocity and accelerations are shown in Figure 4.7, where the location in the plot is 
represented by the initial coordinates (the intersection, c). 

 
a)   b) 

 
c)   d) 

 
e)   f) 

Figure 4.7. All points of the ship that contains significant acceleration and velocity in all coordinates. 

Acceleration showed in mm/month2 and velocity in mm/month. 

The significant accelerations and velocities are small all over the ship in the X-coordinates, 
Figures 4.7a and 4.7b. Among the Y-coordinates the significant accelerations are small in all 
parts of the ship except from the upper parts of the starboard, close to the bow, Figure 
4.7c. The velocities in the Y-coordinates, Figure 4.7d, are small in the midsection and 
higher at the starboard side of the stern and at the upper part of the stern close to the bow. 
Both accelerations and velocities are high, especially at the stern and bow.  
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In the Z-coordinates there are large movements at the stern and bow, while the midsection 
seems more stable, Figures 4.7e and 4.7f. The movements are likely due to the design and 
down pulling force as well as the strength of the oak. 

The lower parts of the ship do not suffer from movements, which might be due to their 
placement, close to or on the support structure. As well as the down pulling force is 
smaller, because these parts are horizontal and the mass is smaller since these parts are not 
carrying the weight of the side walls of the ship. 

From the calculated velocities and accelerations there is of no doubt that the ship is 
moving. It is both speeding up and moving faster at the stern and at the starboard side of 
the bow than other parts of the ship. The over all reason that the ship is decomposing is, as 
known, depending on the ingrained iron in the body of oak from its time in water, which 
has decreased the strength of the wood.  

The gravity and its down pulling force explain why velocity and acceleration is larger in the 
vertical axis than in the horizontal ones, where there is no force that influence their 
movements. Probably, the sides that are suffering from the largest decomposing carries 
more weight, which contributes to larger gravity to these parts, like the parts under the big 
and heavy stern.  

The design of the ship also contributes to that different part of the ship suffers more in 
some parts of the hull. The parts that have larger movements are constructed with a slope, 
which contributes with a stronger down pulling force. The part of the hull that has smaller 
movements has less slope in the construction and are almost vertical, which make them 
more stable. Picture 4.1 shows the higher part of the stern, which is the most sensitive part 
of the ship. 

Picture 4.1 The highest part of the stern where the biggest accelerations and velocities are located (Linn 
Gustavsson Christernin). 
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4.2 Three dimensional displacement  
To test the statistical significance of the displacements the errors are compared to their 
quantities. There are 227 points on the hull of the ship, the displacement occur between all 
of the 22 epochs. The significance of the displacement consider the magnitude of 
displacement in all dimensions and its error, while the displacement in each axis consider 
the displacement and its error of each coordinate. In some cases there is insignificant 
movement in one coordinate but the magnitude of the displacement is significant. 

It is not possible to visualise the 4767 values of displacement in a satisfying way, therefore 
the points in Figure 4.1 are used. Figure 4.8 shows the displacements compared to their 
errors for these points. The spike in the curvature is explained by the big gap in time 
between epoch 5 and 6, which is 5.5 years. This leads to that all displacement in these 5.5 
years is gathered and the displacement looks very big compared to the other displacement 
values where the epochs are half a year long. The movement between epoch 5 and 6 is 
therefore the displacement for 5,5 years while the other epochs shows the displacement for 
only half a year each.  
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 k)   l) 
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 o)   p) 

Figure 4.8. The number of significant and insignificant three dimensional displacements in the selected 

points.  

In points A1 and A2, Figures 4.8a and 4.8b, all displacements are significant. The 
displacement is getting very close to the error. With all displacement values significant it 
occurs that these points are located in a sensitive part of the ship, the upper part of the 
stern.  

A6 and A7, Figures 4.8c and 4.8d, are located on the lower parts of the stern section, not 
all displacement are significant, which means that this part is not as sensitive as the higher 
parts of the stern. Still, most of the displacements are significant and the whole stern 
should be considered as sensitive part of the ship.  

B1 is found on the upper rear part of the port, while B13 is located low on the rear port 
and has bigger displacements than B13, the upper part of the port is moving more than the 
lower Figures 4.8e and 4.8f.  

B57 and B61, Figures 4.8g and 4.8h, are located on the low and upper midsection of the 
port. The two points follows the same pattern for displacement. B61 have bigger 
displacement values. B106 and B114, Figures 4.8i and 4.8j, are located close to the bow on 
the port side of the hull. B106 is the lower point and has smaller displacement compared to 
the upper located point.  
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S1, Figure 4.8k, is found on the upper starboard, close to the stern. S13, Figure 4.8l, is 
located low on the port, close to the stern. S1 has bigger displacement than S13. S75 and 
S80, Figures 4.8m and 4.8n, are located on the low and on the upper midsection of the 
port. There is no big difference in the size of the displacement values between the points.  

S126 and S114, Figures 4.8o and 4.8p, are located close to the bow on the port side of the 
hull. S126 is the lower point and S114 the upper. The displacement values seem to be 
about the same size. 

In all times series, the displacement between the latest epochs is getting closer to the error. 
This indicates that the movements are slowing down, perhaps the ship is settling. It also 
occurs that the higher located points are more sensitive. To be able to do such statements 
the coordinates for the first and the last epoch are plotted for evaluation. We cannot 
explain the spike in the error. 

The movements are relatively small, the difference between the first and last epoch in X-, 
Y-, and Z-coordinates are multiplied by 50 to visualise how the ship is moving, in Figure 
4.9.  

 

Figure 4.9. Coordinates at first and last epoch (years 2000-2016), presented displacement are 50 times larger 
than their true values for visualisation purpose. 

When the displacement is seen from this angle, all points seem to go in the same direction, 
backwards with respect to the ship and towards the port. The largest displacement on the 
ship is, as seen in Figure 4.9, located at the higher points of the stern. The midsection, 
represented by point S75, S80, B57 and B61, seems to be the more stable part of the ship, 
where the movements are smaller.  
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If studying the displacement from the bow it is possible to see that the majority of the 
points on the ship are moving towards the port and all of them are moving downwards 
with respect to the ship, which Figure 4.10 shows. 

 

Figure 4.10. Coordinates at the first and the last epoch, seen from the bow, presented displacement are 50 
times larger than their true values for visualisation purpose. 

All points except B13 and B57 are moving towards the port. This could be as these points 
are located close to the midpoint of the ship and are therefore not behaving like the rest of 
the points. The tilting can also be caused by the support structure and the stability of it. 
Since the support structure is not a part of this thesis the reason of tilting needs to be 
further investigated.  

The stern is the part of the ship that suffers the most from displacement, the upper part of 
the stern is very sensitive. From the figures it is clear that the ships is tilting, it is not 
folding out like expected due to the design and affect of the down pulling force. This can 
be due to the support structure, which is not investigated in this thesis. Weakness and 
movements in the support structure could be crucial for the preserving of Vasa and needs 
to be further analysed to draw a conclusion. The stability of the oak as well as the down 
pulling force contributes to these movements. 

The displacement seems to get closer to the error in the later epochs. This can indicate that 
the movements are decreasing and the ship is settling. 

4.3 Influence of covariances 
The covariances is information provided by the measurements, by using the covariances in 
the calculations more information of the conditions will be used and give more precise 
result. To investigate how the covariances between coordinates of the points influence the 
result, the calculations for displacement error is performed with all covariances set to 0, a 
weight matrix is used for the error calculations.  
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Figure 4.11 shows that the error of displacement is influenced by the covariances since the 
error differ. 
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Figure 4.11. Error with and without covariances between coordinates for the selected points. 

A very small difference occurs in point A1 A2 and A6, Figures 4.11a-c, while it in A7, 
Figure 4.11d, seems to be bigger.  

In both B1 and B13, Figures 4.11e and 4.11f, there is a difference between the errors. The 
errors differ in B57, Figure 4.11g, as well as in B61, Figure 4.11h. Also, for point B106 and  
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B114, Figures 4.11i and 4.11j, there is a difference. For S1, S13, S75 and S80, Figures 4.11k-
n, the difference is small but noticeable. S114, Figure 4.11o, has bigger difference than 
S126, Figure 4.11p, where the difference is very small. 

When comparing all data, the numbers of insignificant displacements with covariances are 
747 and without covariances 639, which shows that the covariances are important to 
consider. Otherwise 108 insignificant displacements are reported significant and the wrong 
conclusion is drawn. It is of importance to remove all quantities that are in the size of 
random errors, and not considering covariances leads to 108 values that are in the size of 
random errors are not detected.   
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5 Conclusion 
The time series shows how the coordinates have moved over time, how they differ 
between successive measurements, in which direction the movements occur, initial 
coordinate of each point and its placement at the latest measurement. Also, it gives the 
magnitude, acceleration and velocity of the movements in the respective axis in the local 
coordinate system of the Vasa warship.  

The upper part of the stern is the most sensitive part of the hull, it has the highest velocity, 
acceleration as well as the biggest displacement. The starboard is also a sensitive part of the 
ship, here the velocity, acceleration and displacement are smaller than at the stern but 
bigger than the other parts of the ship. The rear lower part on the port side occurs to move 
in the opposite direction than other parts, the explanation might be that it is under heavy 
pressure from the stern that makes this part of the ship withdraw. The rear part of the ship 
is tilting and a rotational movement occurs, which make the points close to the midpoint 
behave differently. 

Displacement for all points in the different axes does give the direction of the movements, 
but all available information is not considered, such as covariances. The influence of 
covariances cannot be ignored since it has a big influence on the result. Not considering 
covariances leads to quantities smaller than their errors are considered significant.  

It is difficult to draw any conclusions why the movements are decreasing, the work of find 
the best way to preserve the ship is on going. This result can indicate that the right 
chemicals, temperature and humidity are found for the last years and that the ship is 
settling which is valuable information for the preserving. This study could help the 
museum to evaluate in which parts more support should be added, in which parts the 
conserving should be prioritised and which actions that should be done. 

Since the cultural heritage is an important part in society, preserving of a historical object as 
the Vasa warship is of great importance to a sustainable development. It gives people the 
possibility to understand the present by observing the past. The contribution an historical 
object has to a community is both of economical and social sustainability. 

The monitoring, conserving and supporting of a decomposing object like the Vasa warship 
can be costly, and it has to be done in the future as well. On the other hand, all values 
cannot be measured and an object like Vasa would probably be considered more important 
than the actual economical cost. The preserving creates multiple job opportunities, which 
promotes the labour market and local growth. It may contribute to integration and 
participation in the society among the local population. The attraction by tourists allows 
people to meet from different nations and their consumption has an economic advantage 
to the region.  

For the continuation of preserving the Vasa warship, further studies can be done. The 
support structure is a subject for further analysis and studies to evaluate the size and reason 
of rotation and how much it is actually influencing the displacement of the ship.   
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Bilaga A:1 

 
A: Point position, code and number explanation 

 
Pointcode Placement 

A Stern 

B Port side 

G Bow 

K Keel 

R Rudder 

S Starboard side 

 

Point	code	 Point	number	
A1 1 
A2 2 
A4 3 
A5 4 
A6 5 
A7 6 
A8 7 
A9 8 
A10 9 
A11 10 
A12 11 
A13 12 
B1 13 
B2 14 
B3 15 
B4 16 
B5 17 
B6 18 
B7 19 
B8 20 
B9 21 
B10 22 
B11 23 
B12 24 
B13 25 
B14 26 
B15 27 
B16 28 
B17 29 
B18 30 
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Bilaga A:2 

B19 31 
B20 32 
B21 33 
B22 34 
B23 35 
B24 36 
B25 37 
B26 38 
B27 39 
B30 40 
B32 41 
B33 42 
B34 43 
B35 44 
B37 45 
B38 46 
B39 47 
B40 48 
B41 49 
B42 50 
B43 51 
B44 52 
B45 53 
B46 54 
B47 55 
B48 56 
B49 57 
B50 58 
B51 59 
B52 60 
B53 61 
B54 62 
B56 63 
B57 64 
B58 65 
B59 66 
B60 67 
B61 68 
B62 69 
B63 70 
B64 71 
B65 72 
B66 73 
B67 74 
B68 75 
B69 76 
B70 77 
B71 78 
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Bilaga A:3 

B72 79 
B73 80 
B74 81 
B75 82 
B76 83 
B77 84 
B78 85 
B79 86 
B80 87 
B81 88 
B82 89 
B83 90 
B84 91 
B86 92 
B87 93 
B88 94 
B89 95 
B90 96 
B91 97 
B92 98 
B93 99 
B94 100 
B95 101 
B96 102 
B97 103 
B98 104 
B99 105 
B100 106 
B101 107 
B102 108 
B103 109 
B104 110 
B105 111 
B106 112 
B107 113 
B108 114 
B109 115 
B110 116 
B111 117 
B112 118 
B113 119 
B114 120 
B200 121 
B201 122 
B202 123 
GB1 124 
GB2 125 
GB3 126 
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Bilaga A:4 

GB4 127 
GB5 128 
GS1 129 
GS2 130 
GS3 131 
GS4 132 
GS5 133 
GS6 134 
GS7 135 
GS8 136 
GS9 137 
KB1 138 
KB2 139 
KB3 140 
KB4 141 
RA1 142 
RA2 143 
RB1 144 
RB2 145 
S1 146 
S2 147 
S3 148 
S4 149 
S5 150 
S7 151 
S8 152 
S9 153 
S10 154 
S11 155 
S13 156 
S17 157 
S22 158 
S23 159 
S24 160 
S25 161 
S26 162 
S27 163 
S28 164 
S29 165 
S30 166 
S31 167 
S32 168 
S33 169 
S34 170 
S35 171 
S40 172 
S41 173 
S42 174 
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Bilaga A:5 

S43 175 
S44 176 
S45 177 
S47 178 
S48 179 
S49 180 
S50 181 
S51 182 
S57 183 
S58 184 
S59 185 
S60 186 
S61 187 
S62 188 
S63 189 
S64 190 
S67 191 
S75 192 
S76 193 
S77 194 
S79 195 
S80 196 
S81 197 
S82 198 
S83 199 
S84 200 
S85 201 
S86 202 
S93 203 
S95 204 
S96 205 
S97 206 
S98 207 
S99 208 
S100 209 
S107 210 
S108 211 
S109 212 
S110 213 
S111 214 
S112 215 
S113 216 
S114 217 
S115 218 
S116 219 
S118 220 
S120 221 
S121 222 
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Bilaga A:6 

S122 223 
S123 224 
S124 225 
S126 226 
S127 227 
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Bilaga B:1 

B: Epoch number explanation  

Epoch number Time for measurement 

(year, month) 

1 2000-10 

2 2001-01 

3 2001-04 

4 2001-09 

5 2003-03 

6 2008-11 

7 2009-03 

8 2009-10 

9 2010-03 

10 2010-10 

11 2011-03 

12 2011-10 

13 2012-03 

14 2012-10 

15 2013-03 

16 2013-10 

17 2014-04 

18 2014-11 

19 2015-03 

20 2015-10 

21 2016-03 

22 2016-10 

 


