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Preface 
The Vasa Museum in Stockholm contains a warship which is around 380 years old.  The 
purpose of this research is to determine whether or not the ship itself or its supporting 
pontoon structure have deformed in recent years, and to provide a quantitative analysis of 
any such deformation.  It is possible this research will be extended at a later date to 
include data from subsequent measurement epochs and to compare geodetic methods of 
deformation analysis with photogrammetric methods, and also to produce 3D 
visualisation material from laser scanning data. 
 
 

Abstract 
The main objective of this study is to detect deformation in the hull or moorings of the 
recovered and restored 17th century Swedish warship Vasaskeppet (The Vasa Ship) 
housed in a Stockholm museum.  The ship was underwater for centuries and presents 
some unique challenges to those working to maintain it.  This study aims to determine 
whether or not this priceless historical artefact has deformed in recent years and to help 
contribute to its maintenance.  This deformation study includes an analysis conducted in 
three stages: (i) to examine the stability and reliability of the underlying control network 
in use at the museum; (ii) to examine the way in which the ship is moving with respect to 
the museum structure; and (iii) to detect any deformation or movement evident in 
individual parts of the ship with respect to one another.  The analysis of the Vasa is an 
active area of research and the primary motivation for this study is the fact the ship is 
unique in many respects, and anything that can be done must be done to ensure its 
preservation. 
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Body of Report 

Background & Context 
 

Introduction 
Over the course of the past six years, the Department of Geodesy at KTH in Sweden has 
taken repeated and comprehensive measurements of the Vasa and its supporting 
structures. There are twelve epochs of data to be analysed, each approximately six 
months apart.  If these twelve datasets are adjusted separately, then combined, we can 
produce a time series analysis of any rotation, translation and deformation present in the 
ship itself or the supporting pontoon below.  It is also important to check the stability and 
reliability of the reference network which underpins the measurements. 
 

Background Information 
The Vasa was to be the most powerful warship in the world, yet it sank on its maiden 
voyage in August 1628, and remained underwater in Stockholm until April 1961 when it 
was salvaged before the eyes of the world via live television, which at the time was quite 
rare.  It remains the only surviving 17th Century warship in the world and is thus an 
invaluable treasure. 
 
The object being monitored in this study is an invaluable archaeological artefact, and for 
this reason it must be treated with extreme care and consideration.  The problems and 
hazards posed by an oaken ship submerged for 333 years are somewhat unique, and there 
exist a number of research teams around Sweden working hard to preserve the ship as 
effectively as possible. 
 
Submerged or otherwise waterlogged wooden objects are subject to compression when 
they are dried, however no known method of safely preventing this compression was 
available at the time of the Vasa’s salvage in 1961 (Håfors, 2001).  A Swedish company 
had developed a method they believed to be effective involving a chemical called 
polyethylene glycol (PEG) which replaces water in wooden objects and prevents this 
destructive compression, however it had never been tested on a major object (Morén, 
1960).  Archaeologists who recovered the Vasa treated the exposed wooden surfaces of 
the ship for 17 years between 1962 & 1979 with PEG, regularly penetrating further into 
the wood.  This method has proven quite effective and is now more widespread. 
 
Chemically, the ship is facing new problems in recent years however with the presence of 
sulphur and various sulphur compounds becoming more apparent.  Among the sulphur 
compounds found in the ship is sulphuric acid which is a cause of great concern.  It is 
produced via oxidation in the humid wood (Håfors, 2001): 
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The presence of iron in the wood serves as a catalyst for this oxidation process and 
accelerates the production of sulphuric acid as a result.  The remaining sulphur in the 
wood would produce 5000kg of sulphuric acid when fully oxidised, it is a serious threat 
to the ship’s preservation, and pH-raising treatments must be applied to prevent wood 
deterioration.  Naturally, the acid can destroy the wood itself which is one of many 
reasons the Vasa ship must be treated with extreme care and this has obvious implications 
on the design of any deformation study. 
 

Problem Formulation 

Problem Description 
The problem under consideration in this study is comprised of three parts. 
 

A. The stability of the control network is to be investigated, to ensure the framework 
which underpins the rest of the study is reliable.  The stability of the ship’s 
supporting pontoon structure is to be considered separately within this part of the 
project. 

B. If we consider the Vasa a rigid body, is it moving over time in any way with 
respect to the surrounding museum structure?  This should give an indication of 
the movement of the entire ship. 

C. If we do not consider the Vasa a rigid body, is there relative movement between 
independent points on the hull?  The detection of any such relative movement will 
indicate the ship is subject to deformation. 

 

Mathematical Principles 
 
The study draws from mathematical theory in a number of areas.  Firstly, least squares 
adjustment and analysis.  The least squares adjustment process is relevant to all three 
parts of the project.  Secondly, the Helmert transformation model (incorporating six 
parameters in this case) enables us to reliably compare the results from each individual 
epoch with one another and draw conclusions.  This is only relevant to the first two parts 
of the study. 
 

Least Squares Adjustment 
The least squares adjustment process is widely used in the measurement industry as a 
robust and reliable method for network analysis.  In the first two parts of the project a 
least squares adjustment model with no constraints is used to detect any gross errors or 
problems with the measurement data, and also to distribute errors uniformly throughout 
the area of interest.  This free adjustment method is used because we do not wish to fix 



any points in space.  In the third and final part of the study, the control network is fixed in 
space and only the detail points placed on the ship and the supporting cradle are free to 
move.  This enables us to consider the control network static and concentrate on 
deformation of the Vasa itself. 
 
The typical least squares adjustment model is of the form: 
 
 L AX− ε =  (2.1) 
 
Where L represents a matrix containing the observation results, ε contains residual error 
values, A represents the design matrix containing data describing the observations, and X 
contains the list of unknown parameters for which values are sought.  For the general 
system comprised of n observations and m unknown parameters: 
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The principle of a least squares solution is that a unique, optimal estimate can be found 
when the quadratic form of the errors reaches its minimum. 
 
 Tˆ ˆ ˆ minimumP2ε = ε ε =  (2.3) 
 
The normal equation for least squares solutions is: 
 
 ˆT TA PAX A PL=  (2.4) 
 
This equation can be rearranged to yield the least squares estimate of the unknown 
parameters, in our case the coordinates of the points in the network.  This gives the best 
estimate of their values: 
 
 1ˆ ( )T TX A PA A PL−=  (2.5) 
 
When the least squares estimate for the unknown parameters is found in (2.5) the 
adjustment model presented in (2.1) becomes much simpler to solve.  All components 
except the least squares estimate of the errors, or in our case residuals, are known.  These 
residual values can now be calculated using the formula: 
 
 1ˆˆ [ ( ) ]T TL AX I A A PA A P L−ε = − = −  (2.6) 
 
 



Helmert Transformation 
The Helmert transformation model is widely used in the measurement industry to 
transform coordinates from one frame of reference to another.  This study draws heavily 
on this transformation process because it allows us to compare results between any two 
epochs and draw conclusions about any movement or deformation present. 
 
Generally speaking, the parameters defining a Helmert transformation are three 
transformations, three rotations and one scale modification factor.  There are several 
variations of the Helmert transformation however, and in this study a six-parameter 
model has been selected, due to the fact that the seventh parameter, the scale factor, is not 
considered relevant.  Prior to the 1950’s networks were characterised by high accuracy in 
angular measurements but poorer accuracy in distance measurements due to the 
technology available.  Since then, modern networks taking advantage of electronic 
distance measurement methods typically do not require this scale factor as both the 
network size and shape are reliably and accurately measured.  The inclusion of the scale 
factor in the transformation model is not considered necessary in this case, because the 
measurements taken at each individual epoch are assumed to have identical scale (British 
Ordnance Survey, 2007). 
  
In this study, we consider the measurements taken at each epoch to be related to an 
independent datum.  That is, the control network, the Vasa and surrounding structures are 
considered to be orientated and positioned differently at each epoch.  The Helmert 
transformation model is used to then transform coordinates from one such frame of 
reference to that of another epoch.  The following diagram illustrates that any point P can 
be expressed using coordinates with respect to any number of reference frames. 
 



 
Figure 1: Coordinate Frames a & b 

 
The relative orientation and position of the two frames can be expressed by three 
translations and a sequence of three rotations, one about each axis of b-frame.  For 
simplicity, the above illustration shows two frames with the same origin.  In reality, 
multiple frames rarely have the same origin and translations are applied to first shift the 
origin of the input frame, the b-frame, to match that of the target origin, the a-frame.  
These translations, (Δx, Δy and Δz) are applied with respect to the axes of the b-frame 
and are the first three parameters defining the transformation. 
 
The remaining parameters define the rotations about the three axes of b-frame, used to 
align it with a-frame.  The rotation matrices for each of the three axes are given by: 
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Where Rb,i(ri) represents a rotation of b-frame about the i-axis by the angle ri (positive 
when counter-clockwise if viewed along the axis toward the origin). 
 
These three rotations can be combined and expressed as one series of operations.  The a-
frame is the result of rotating the b-frame first about the z-axis, then about the y-axis, and 
finally the x-axis.  The three angles used for these sequential rotations are referred to as 
Euler Angles.  The overall rotation transformation from the b-frame to the a-frame is: 
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This transformation can be expressed explicitly by: 
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And the Euler Angles can be computed by the following: 
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Where the notation R(i,j) refers to the element of in the ith row and jth column of the 
transformation matrix given in (2.9).  These three angles are the final three parameters 
defining the Helmert transformation between the coordinate frames corresponding to the 
two epochs. (Jekeli, 2001) 
 
Following this transformation, coordinates from the input epoch and corresponding 
coordinates from the target epoch then relate to the same frame of reference.  In this way 
coordinates and their residuals can be assessed to detect if one or more points have 
moved with respect to the rest of the network over the period of time between any two 
epochs.  Outliers are discarded easily and network stability is assessed in this fashion. 
 

Study Design 

Network Design Considerations 
The position of control points is of paramount importance in this study, as the design is 
restricted quite significantly by the Vasa itself and the surrounding structures.  The 
museum enclosing the grounded ship is built for tourism purposes and is by necessity 
several storeys in height.  At most levels there is a viewing area bounded by a railing, and 
the design is confined, keeping tourists quite close to the ship itself.  Lines of sight are 



difficult to obtain and the vast majority of distance measurements very short, making the 
control network design even more important than is often the case. 
 
Control points were placed on each of five different levels of the museum, and six more 
points placed on the pontoon structure supporting the ship below.  The pontoon is 
considered separate from the control network, however, and its stability assessed 
separately. 
 
The point codes can be interpreted using the following table: 
 

Table 1: Control & Station Point Codes 

Point Series Character Definition 
107-130 P Primary Control Network 
101-106 P Secondary Control Points on Pontoon 
500-599 G Station Point (Floor) 
500-599 R Station Point (Railing) 

 
 
The locations of control and station points are shown in Appendix A. 
 
The detail point set in the study is a large number of tape targets carefully placed on the 
hull of the Vasa and its supporting cradle.  These points are distributed reasonably 
uniformly with the only relatively uncovered area being the bow of the ship, which has 
somewhat fewer detail points than the rest of the hull. 
 
The point codes can be interpreted using the following table: 
 

Table 2: Detail Point Codes 

Character Definition 
B Port Side 
S Starboard Side 
G Bow 
A Stern 
R Rudder 
K Keel 
M Mast 
V Cradle (Support Structure) 

 
Please note, for the purpose of this study mast points (those points with codes containing 
the letter M) have been discarded due to the fact the masts are not firmly attached to the 
hull, they are known to move considerably with respect to the rest of the ship and as such 
are not considered fixed objects.  Also, most points marked with a purple asterisk either 
could not be measured or used in any way due to the museum’s structure or the ship itself 
blocking lines of sight. 
 
The locations of detail points are shown in Appendix B. 
 



Data Acquisition 
The research has been conducted with existing data acquired using total station and 
targets mounted on the ship with consideration to the design described above.  The data 
acquisition phase of the project is not relevant, due to the fact that the data are supplied.  
Later, if the project is extended, new data will be incorporated as the repeated 
measurement of the Vasa ship is an active area of research. 
 
Throughout the study, the twelve epochs of data in use are referred to by date, as follows: 
 

Table 3: Epoch Descriptions 

Epoch Description 
Ep0010 October, 2000 (Control/Zero Epoch) 
Ep0101 January, 2001 
Ep0104 April, 2001 
Ep0109 September, 2001 
Ep0112 December, 2001 
Ep0203 March, 2002 
Ep0210 October, 2002 
Ep0303 March, 2003 
Ep0310* October, 2003 
Ep0402* February, 2004 
Ep0410 October, 2004 
Ep0504 April, 2005 

 

Quality Control 
Epochs marked with an asterisk above have been discarded from the study.  The data 
from Ep0310 has been discarded due to the fact the Topocad software suffered a fatal 
error and was unable to converge to a least squares solution.  This is likely due to a datum 
defect or some other deficiency in the data.  In the second case, the results from the 
network adjustment using data from Ep0402 were unacceptable.  The entire network 
showed a significant downgrade in accuracy relative to all other epochs so the dataset 
was discarded.  After the removal of these datasets, the ten remaining epochs were 
considered acceptable and included in the analysis. 
 

Data Processing 
In all parts of the project, the data was processed using a customised software package 
called Topocad, which includes a network adjustment component.  For each measurement 
epoch the network was analysed using least squares adjustment within Topocad.  The 
measurement data from each measurement epoch was processed and prepared for further 
analysis in combination with all other epochs, using the 6-Parameter Helmert 
transformation model described above. 
 
In the first two parts of the project, each individual epoch is referred to the first epoch 
which serves as a control set for direct comparison.  For the purposes of deformation 
analysis the measurements in the third part of the project are not transformed in this 



manner.  They are compared without this transformation step taking place.  The 
methodology used in each part of the project is outlined below. 
 

Helmert Transformation Parameter Descriptions 
When considering the Helmert transformation results, it is important to note the physical 
meaning of each individual parameter.  This will facilitate practical interpretation of 
results. 

Translations 
• Positive X-Axis translation means backward motion, as if the ship is sailing in a 

backward direction. 
• Positive Y-Axis translation means lateral displacement to starboard, as if the ship 

is sliding sideways from port to starboard. 
• Positive Z-Axis translation means the ship is rising, as if emerging from water. 

Rotations 
• Positive α1 rotation represents starboard side rising and port side sinking.  This is 

the equivalent of the widely accepted ‘roll’, typical in aviation. 
• Positive α2 rotation represents bow rising and stern sinking.  This is the 

equivalent of the widely accepted ‘pitch’, typical in aviation. 
• Positive α3 rotation represents ship turning to port and away from starboard.  This 

is the equivalent of the widely accepted ‘yaw’, typical in aviation. 
 
It should also be noted that the Vasa is around 50m in length, and a rotation of 10” over 
that distance is approximately equal to a shift of 2½mm. 



Project Part A – Control Network Analysis 

Methodology 
The first part of the study is an investigation into the stability of the control network and 
the Vasa’s supporting pontoon structure.  For this part of the project, the detail points are 
discarded from the datasets prior to adjustment and only the control points are 
considered.  There are two types of control points used in the study, as described above; 
primary control points (numbered 107-130), and secondary control points placed on the 
pontoon (numbered 101-106).  All control points were passed through one free network 
adjustment to yield coordinates, and then the network was split into two subsets, Control 
& Pontoon, and passed to the transformation phase.  During the transformation phase, the 
stability and shape of the pontoon structure was investigated separately. 
 

Results 
In the first part of the study there are two major sets of results to be examined; the 
stability of the primary control network and the stability of the secondary network on the 
mobile pontoon structure. 

Primary Control 
The primary control network was under examination first, and the results indicate the 
network is very stable.  The series of Helmert transformations yields parameters which 
can be found in Appendix C.  The stability of the control network can be examined by 
assessing the residual values of the transformed control points.  These values are the 
individual discrepancies between actual coordinates at each epoch and the corresponding 
coordinates computed by applying the transformation parameters.  The mean values of 
these discrepancies are split into horizontal and vertical components and shown below.  
The residual values of individual points suggest there is no particular point which has 
moved significantly with respect to the rest of the network. 

Secondary Control 
If the same is applied to the secondary network on the pontoon structure, the series of 
Helmert transformations yields the following results.  Again the numerical values of these 
parameters can be found in Appendix C.  If the mean values of the residual errors are 
taken in the same way as above with respect to the primary control network, the quality 
of this second transformation series can be assessed.  The values of the mean residual 
errors are shown below.  As is the case above with the primary control network, the 
residual values of the individual points suggest there are no specific points likely to have 
moved substantially with respect to the rest of the network during the period of 
investigation. 
 



Primary Control Network Residuals
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Figure 2: Primary Control Mean Residuals 

 

Pontoon Network Residuals
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Figure 3: Pontoon Network Mean Residuals 



 

Analysis 
It is clear from the results above that both the primary control network and the secondary 
control network on the pontoon are both very stable throughout the study; however the 
last epoch shows diminished accuracy.  This degradation is across the board and suggests 
the network is not quite as well defined, particularly with respect to the vertical 
coordinates of the secondary control network.  Despite this apparent decrease in accuracy 
in the final six months, the residual errors evident in primary control point coordinates do 
not exceed 1mm vertically, and 0.25mm horizontally, which is acceptable.  
 
It is perhaps worthwhile to repeat the measurements on both networks again in the future 
to determine whether or not the results from the last epoch in this study are anomalous. 
As this is an active area of research this verification will certainly be carried out. 
 
 
 

Project Part B – Detail Network Analysis 

Methodology 
The second part of the study relates to the network of detail points.  The entire network 
was adjusted, and the control network discarded prior to the transformation phase.  With 
only detail points remaining, the transformations were computed in two stages.  In the 
first stage, the transformation parameters were computed from primary control point 
coordinates alone.  After this first series of transformations, coordinate estimates for all 
detail points were computed based on those transformation parameters.  Control point 
coordinates were discarded, and the remaining detail point coordinates were then passed 
through a second transformation phase.  The result is a second set of parameters which 
compare detail point sets corresponding to each epoch, to a common frame of reference.  
This allows us to consider the Vasa a rigid body, and determine whether there is any 
movement of the entire ship relative to the surrounding museum structure. 
 

Results 
 



Detail Network Rotation Parameters
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Figure 4: Detail Network Rotation Parameters 

 

Detail Network Translation Parameters
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Figure 5: Detail Network Translation Parameters 



 

Detail Network Residuals
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Figure 6: Detail Network Mean Residuals 

 
 

Analysis 
The results above lead us to some conclusions; the first is that the rigid model ship in the 
first half of the study period was rolling, the port side sinking with respect to the 
starboard side.  However, during the second half of the study period, the opposite 
occurred, which tends to suggest there was substantial rotation.  The other rotation 
parameters are less significant; however they show the bow rising relative to the stern, 
and the ship turning toward the port side. 
 
The translation parameters are very stable and show very little movement.  This suggests 
the rigid model is not moving substantially with respect to the museum structure.  The 
residual error values suggest there is little degradation in the quality of the results and 
they can be considered reliable. 
 
 



Project Part C – Deformation Analysis 

Methodology 
The third and final part of the study is designed to detect structural deformation of the 
Vasa’s hull.  In this part of the project the entire network was adjusted, including both 
control points and detail points, however the fundamental difference between the 
adjustment procedure in this part of the study and those of the previous parts is that the 
control points were considered fixed in space.  Their coordinates were not free to move 
during adjustment instead they were applied as constraints.  No transformations were 
computed. 
 
Following adjustment, fourteen deformation indicators were created, each one by 
selecting four detail points situated close together, and taking the mean value of their 
coordinates at each epoch.  These indicators were intentionally distributed across all parts 
of the Vasa’s hull, and used to help obtain reliable coordinates depicting movement in 
different parts of the ship.  The locations of the indicators are shown in the following 
illustration: 
 

 
Figure 7: Deformation Indicators 

  
The deformation indicators are designed to give three approximations of cross-sections in 
addition to one point at the bow of the ship and one at the stern.  They are numbered as 
follows: 
 



Table 4: Deformation Indicator Descriptions 

Indicator Description 
B0 Bow 
B1 Bow, Starboard, High 
B2 Bow, Port, High 
B3 Bow, Starboard, Low 
B4 Bow, Port, Low 
M1 Midsection, Starboard, High 
M2 Midsection, Port, High 
M3 Midsection, Starboard, Low 
M4 Midsection, Port, Low 
A0 Stern 
A1 Stern, Starboard, High 
A2 Stern, Port, High 
A3 Stern, Starboard, Low 
A4 Stern, Port, Low 

 

 

Results 
 
The magnitude of the shift shown by each deformation indicator is shown below.  The 
results are broken into horizontal and vertical components. 
 



 
Figure 8: Deformation Indicator Shift 

 
Below is a graphic illustrating the way the deformation indicators are moving in slightly 
different directions.  The different colours indicate approximate cross-sections of the 
ship.  The yellow points are toward the bow (B-series), the orange points are near the 
middle of the ship (M-series), the red points are near the stern of the ship (A-series) and 
the black points relate to the bow and stern extremities. 
 



 
Figure 9: Deformation Indicator Movement 

 

Analysis 
The results here indicate the ship is certainly deforming.  The apparent movement of the 
deformation indicators is not uniform and it is obvious that the various parts of the ship 
move with respect to one another. 
 
It is apparent that the stern section of the ship is moving at a more rapid rate than the rest 
of the vessel and in doing so in a somewhat different direction.  It appears the stern 
section, particularly the top, is experiencing some lateral movement (from port to 
starboard) in addition to the movement into the ground. 
 



Further Discussion 
 
There are some distinct inconsistencies present in the data.  These inconsistencies relate 
to some specific points and should be discussed in more detail. 

The Vasa’s Rudder 
The behaviour of the rudder of the ship should be investigated further.  There are four 
detail points placed on the rudder of the ship (numbered RA1, RA2, RB1 and RB2).  The 
data indicates these four points were stable with respect to the hull of the vessel for four 
years; however they appear to have moved prior to the last two epochs. 
 
Their apparent shift in the horizontal plane is statistically significant.  The mean 
horizontal shift of all points between March 2003 and October 2004 is 1mm while the 
four points on the rudder show horizontal movement of significant magnitude (between 
3.3mm and 9.7mm).  The rudder’s vertical position is of greater interest however. 
 
The rudder’s vertical position could be considered stable between October 2000 and 
March 2003 because the residual error values for all four points were less than or equal to 
0.9mm at all times, however during the period March 2003 to October 2004 the residual 
error values increased sharply to between 25mm and 27mm, before becoming stable 
again.  The apparent vertical movement in these four points for that period of time is 
statistically extreme; it is in fact eight standard deviations from the mean vertical shift 
shown by all points (1.5mm). 
 
The positions of these four points are obviously correlated as they are placed on a single, 
typically moving, component of a ship.  The points show near uniform displacement and 
identical trends, suggesting that the rudder did indeed move during that period of time. 
 

The Vasa’s Stern 
The stern of the ship should be considered at length also.  One detail point in particular 
shows apparent displacement which should be examined further.  A detail point situated 
on the stern section on the port side (numbered A3) shows apparent movement which is 
significant. 
 
The data indicates the position of the detail point is stable until October 2002 when it 
shows distinct movement before once again becoming stable.  The movement indicated 
by the data is 363mm in those eight months between February and October 2002, which 
is obviously extreme. The point has moved to a new location. 
 
The most likely explanation for this movement is that the target fell from the ship when 
the surface of the hull was being cleaned, and it was placed back in an incorrect position.  
The stability of coordinates both before and after this sharp movement suggests there is 
no error in the measurements. 
 



Conclusions 
 
The study has shown that the Vasa is clearly sinking slowly into the ground with respect 
to the museum structure.  That is the one obvious finding from the investigation.  This 
apparent motion is evident in both the results for the second part of the project when we 
considered the ship to be a rigid body, and the third part of the project when we 
considered the ship to be subject to deformation. 
 
It is also quite probable that the stern section of the Vasa is moving with respect to the 
rest of the ship.  The residuals shown by each deformation indicator in the third part of 
the study suggest the stern of the ship is moving at a faster rate than the rest of the vessel, 
and thus the ship is changing shape.  This deformation should be examined further in the 
future. 
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Appendices (Partially Swedish) 



Appendix A: Control & Station Point Locations 
 



 
 
 

 
 



 
 

 
 
 



 

 



Appendix B: Detail Point Locations 
 

 





 



Appendix C: Helmert Transformation Parameters 
 

Primary Control Network Parameter Series 

 
Jan 

2001 
Apr 

2001 
Sep 

2001 
Dec 

2001 
Mar 

2002 
Oct 

2002 
Mar 

2003 
Oct 

2004 
Apr 

2005 

ΔX(mm) -1.0694 2.7595 2.0230 -3.0391 0.8532 3.3681 -0.0179 -2.3429 12.1250 
ΔY(mm) 2.1042 -5.7498 -3.5168 5.1823 1.7704 -1.0020 0.1863 -5.6049 -10.6124 
ΔZ(mm) 0.0685 0.2161 -0.0146 -0.0488 0.1381 0.2996 0.0080 0.1800 -0.0892 

α1(“) -0.7474 -3.2376 -1.5705 -1.1954 -3.3544 -2.0605 -1.9769 -2.9821 -2.8382 
α2(“) -0.4572 -0.2268 -0.1491 -0.0632 -0.4136 -0.9121 -0.1938 -0.9262 -0.6284 
α3(“) 3.4628 -31.5781 -16.9079 18.8929 1.8291 -14.4964 -3.5640 -39.7734 -76.4004 

 
 

Pontoon Network Parameter Series 

 
Jan 

2001 
Apr 

2001 
Sep 

2001 
Dec 

2001 
Mar 

2002 
Oct 

2002 
Mar 

2003 
Oct 

2004 
Apr 

2005 

ΔX(mm) -1.0420 3.1501 2.2083 -2.9990 0.6023 3.3702 0.2765 -2.0973 12.2176 
ΔY(mm) 1.8966 -5.2417 -3.8882 5.5188 2.4893 -0.4713 0.9382 -5.0871 -8.9337 
ΔZ(mm) -0.0635 0.1229 0.2588 0.1129 0.3183 0.2020 -0.0637 0.3023 -1.2086 

α1(“) 13.2995 5.7626 11.8920 7.4651 -12.9708 3.8029 13.4324 -0.0912 -55.0035 
α2(“) -2.2986 -2.1898 -2.1741 -4.4840 -4.0890 -4.4356 -2.3012 -4.3954 -4.8702 
α3(“) -0.2317 -30.9548 -18.5251 17.1947 1.7896 -13.8102 -3.3880 -39.8273 -77.8576 

 
 

Detail Network Parameter Series 
 

Jan 
2001 

Apr 
2001 

Sep 
2001 

Dec 
2001 

Mar 
2002 

Oct 
2002 

Mar 
2003 

Oct 
2004 

Apr 
2005 

ΔX(mm) 0.069 0.040 -0.053 -0.035 0.027 0.119 0.262 0.080 -0.010 

ΔY(mm) -0.286 0.198 -0.057 0.286 0.312 1.579 1.460 1.549 1.843 

ΔZ(mm) 0.219 0.701 1.454 1.631 1.485 1.475 2.058 1.876 1.895 

α1(“) 16.744 16.220 17.458 11.059 11.791 -13.272 -10.260 -19.308 -15.567 

α2(“) 1.454 0.040 0.077 1.978 3.629 7.978 8.264 16.936 17.493 

α3(“) 0.575 2.367 4.848 4.628 4.308 8.004 9.612 10.022 11.435 



Appendix D: Deformation Indicator Subsets 
 
The following table outlines which detail points were used to create the deformation 
indicators for the third and final part of the project. 
 

Indicator Description Detail Points 
B0 Bow GB4 GB5 GS6 GS7 
B1 Bow, Starboard, High S112 S113 S114 S115 
B2 Bow, Port, High B111 B112 B113 B114 
B3 Bow, Starboard, Low S120 S121 S122 S123 
B4 Bow, Port, Low B101 B102 B103 B104 
M1 Midsection, Starboard, High S63 S64 S79 S80 
M2 Midsection, Port, High B46 B47 B60 B61 
M3 Midsection, Starboard, Low S69 S71 S72 S74 
M4 Midsection, Port, Low B53 B54 B55 B56 
A0 Stern A10 A11 A12 A13 
A1 Stern, Starboard, High S1 S2 S4 S5 
A2 Stern, Port, High B1 B2 B3 B5 
A3 Stern, Starboard, Low S13 S16 S17 S20 
A4 Stern, Port, Low B13 B14 B15 B16 

 


