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ABSTRACT

The past years our company was involved in the devel-
opment of a novel ship hull design method, and cor-
responding software. Although this software was tar-
geted on design work, the market appeared to be also
interested in applying it for ship hull re-engineering.
The first step in such a process is the measurement
of the ship hull, so the first task in developing a re-
engineering method was a survey into existing mea-
surement methods. In order to choose the most ap-
propriate measurement method several typical aspects
of our object of measurement, such as its size, pos-
sible obstructions by scaffolding and poor accessibil-
ity, have to be taken into consideration, and we con-
cluded that photogrammetry would be the most flexi-
ble method. One of the considerations in this respect
was that with photogrammetry not only the 3D geom-
etry can be measured, but that also topological prop-
erties will implicitly be taken into account, thanks to
the fact that a human is interpreting and processing
the photos. So a re-engineering system was developed,
which consists of two major parts; the shape process-
ing software and the photogrammetric measurement,
which are tightly coupled. This system was applied
successfully on a number of industrial projects. From
the ship repair practice also the question arose for the
measurement of flat construction elements. This led
to the development of an alternative, much simpler ap-
proach for the measurement and further processing of
flat steel parts. The current status is that four pho-
togrammetric methods are available for re-engineering
tasks; a) 2D with a single photo, b) 2D with a stereo
photo, c) 3D with multiple single photos and d) 3D
with a stereo photo. None of these is favorite over the
others, it are the properties of a specific task which lead
to the choice of the most appropriate method. This
tutorial sketches the backgrounds and development of
this practical approach, which grew out of the combi-
nation of applied research and industrial demand.

1. INTRODUCTION
Our company SARC, a consultancy and software man-
ufacturer for the maritime industry, is involved in ship
design and engineering. For this purpose we have de-
veloped, and are intensively using, software for the
modeling of the shape of the hull. Although this soft-
ware is mainly used for design activities, from time
to time also questions related to the measurement and
re-engineering of existing hulls reach our desks. Con-
ventional manual measurements are time consuming,
in the first place because the object may be rather large
and have a complicated freeform shape, and secondly
because creating a virtual model out of the measured
3D coordinates is in general not a trivial task. So
we have been looking for a more efficient measure-
ment method, which is preferable integrated with, or
at least linked to, a data processing and modeling tool.
For such industrial measurements several practical and
technological aspects play a role. Practical issues are:

• The harsh shipyard environment, which inhibits
the use of sensitive equipment.

• The fact that internal parts may be only accessi-
ble through narrow corridors or manholes, which
inhibit the use of heavy or sizeable equipment.

• The (in-)availability of sufficient light.
• The possibility that parts of an object are cov-

ered by other parts, equipment or scaffolding, and
therefore inaccessible by a ray of light or radiation.

• The sheer size of the object, which, for example,
makes that large parts of it are inaccessible for a
human (without auxiliary construction or equip-
ment).

• The fact that measurements are not very frequently
taken, depending on the size and nature of the
shipyard typically once every week to once every
month. Combined with the fact that it will not al-
ways be the same person who takes the measure-
ments, this inhibits solutions which are very com-
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plex, or have a long learning curve.

On the technological side important aspects are the
correct processing of different shape features (such as
discontinuities, or parts with a priori shape knowl-
edge, such as their flatness) and the integration be-
tween measurement and modeling.
This market demand has, after research into and eval-
uation of the different possible solutions, led to the de-
velopment of a dedicated photogrammetric hull mea-
surement program, which is tightly connected to the
modeling tools of our design software. The back-
grounds and details of both aspects are the subject of
this industrial tutorial, where in the next section the
hull modeling roots will be discussed, in section 3 the
hull shape re-engineering and measurement, while in
sections 4 and 5 the practical aspects and the market
acceptance will be the topics. Finally, some example
pictures of real projects are presented.

2. SHIP HULL SHAPE MODELING
In some respect the shape of the hull of a ship is hard
to qualify. Some authors have proposed a taxonomy
of shapes and singularities, e.g. (Horváth & Vergeest,
1998), where first-order discontinuities as spikes and
crests play a role in the division of a surface in more
or less distinct regions. But, although ships may also
have knuckles, or regions of sudden change of curva-
ture, in general they tend to be rather smooth, see fig. 1
for a simple example. But the hull surface is strictly

Figure 1 Quite simple inland waterway vessel

not free-form, in general the fore and aft regions are
smoothly curved, but in the middle part the side and
bottom of the vessel are exactly flat, with a cylindri-
cal circular arc in between. Such a feature is quite
common in our profession, but of course also more

complex shapes can be encountered, such as shown in
figs. 2 and 3.

Figure 2 Aft ship with propeller duct

Figure 3 Trimaran hull form

Before we present the modeling method which we ap-
ply for this kind of shapes, we have to discuss a num-
ber of considerations:

• Traditionally the shape of the hull was man-drawn
in orthogonal planes, the so-called waterlines (hor-
izontal), buttocks (longitudinally vertical) and or-
dinates (transverse vertical). Such a human-centric
approach might seem obsolete, because these days
oblique planes, or arbitrary spatial curves can just
as easily be employed with the aid of CAD. But
the experience has shown that a representation in
these orthogonal planes gives support to the men-
tal image of the human, who is creating or inter-
preting the shape. So a network of curves lying in
orthogonal planes is to be favored, but that results
in an irregular network, see the example in fig. 4.

• Because such a representation of lines in orthogo-
nal planes is quite common, it is also a requirement
that it can be imported into the applied software.
And because the most encountered formats in our
industry are 3D DXF polyline and IGES NURBS
surfaces, those should be supported.
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• The exact representation of a simple midship sec-
tion consists of the three parts, called flat of bot-
tom, bilge and flat of side in the naval engineering
jargon (fig. 5). It must be possible to model such
a configuration exactly with the applied modeling
method. Although this requirement seems sim-
ple, it rules out solutions with continuous spline
or NURBS curves or surfaces, because those tend
to smooth out the first-order discontinuities at both
sides of the circular bilge.

Figure 4 Irregular network

2.1. Applied modeling method
These considerations have led to the development of a
hybrid representation of a solid model and curved ge-
ometry, the so-called H-rep method,which is proposed
in (Koelman et al., 2001) and from which practical
experiences are discussed in (Koelman, 2003). This
method is aimed at the design and representation of a
ship hull, but also on other application areas other au-
thors have presented similar solutions, see e.g. (Congli
& Tsuzuki, 2004). Basically, the H-rep approach con-
tains the following elements:

• The topological elements of the conventional B-
rep, which are the vertex, the edge and the face;

Figure 5 Typical miship section of a ship

• The (curved) curve, which consists of a topologi-
cally ordered sequence of edges, and which is ge-
ometrically shaped by means of a NURBS.

• The polycurve, which is an ordered sequence of
curves.

• The (curved) surface, which is topologically a
collection of faces, bounded and intersected by
curves. The surface derives its shape by means of
transfinite interpolation of neighboring curves.

2.2. The ’Fairway’ computer program
This H-rep method has been implemented in a com-
mercial computer program, called Fairway, see www.
sarc.nl for further details. This program, which is
used in abt. 40 companies and other organizations, can
be employed for a number of tasks, such as:

• Hull form design, starting from scratch, or by dis-
tortion and of a previously defined hull form.

• Completion of partial lines plans.
• Shell plate expansions of developable and double

curved plates including construction templates.
• Manipulations on multiple solids for hull, super-

structures, bow thrusters, etc.
• Export of hull form data to a variety of CAD, CAE

and CAM programs.
• Generation of lines plans and Rapid Prototyping

models.
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From a practical point of view it is interesting to note
that the foundation of H-rep elements is only used in-
side the system, in order to maintain topological in-
tegrity. The program user only sees and works with
curves and surfaces, so the look-and-feel of the User
Interface is rather conventional (see fig. 6). For the
user the curve is the main modeling entity, while the
surface automatically derives its curved shape from the
curves in the vicinity. Shaping and manipulating the
hull form is done by manipulating the curves, either
by means of moving the curve vertices, or by shifting
curve points and a subsequent fairing step.

Figure 6 Curve-based User Interface

3. SHIP SHAPE RE-ENGINEERING
This ship hull modeling computer program is quite
broadly employed in the dutch maritime industry for
design and engineering tasks, which brought also the
request for a wider application, in particular in the field
of shape measurement and re-engineering. In order to
investigate such an option, we must first survey poten-
tially applicable measurement methods:

3.1. Measurement methods
From the available measurement methods we will dis-
cuss the four most commonly applied:

• Conventional manual measurement, with mea-
surement tape or a laser distance meter. This
method is rather flexible, it does not rely on expen-
sive equipment or special skills, but is not very ef-
ficient. Furthermore, the size of object which can
be measured accurately is limited to an order of
magnitude of tens of meters.

• With a mechanical device, also called a contact
scanner or a coordinate measuring machine,
see http://en.wikipedia.org/wiki/
Coordinate_measuring_machine for an
example of a small device. An example of a
larger apparatus, intended to measure yachts, is
the 2D triangulation device of fig. 7, where the
distances R1 and R2 are measured mechanically
(as the length of the thin steel ropes). At the
measurement point P a rod is attached, with which
a human can touch points on the object. The
advantages of this method are its modest costs,
and the fact that measured coordinates are directly
available in electronic form. The disadvantages
are its 2D nature, as well as the limited size of
objects (which in case of the 2D device can more
or less be as large as the rod).

• With laser scanning, see e.g. http://en.
wikipedia.org/wiki/3D_scanner,
which functions on the basis of the time delay of a
radiated and captured laser beam, which scans the
environment in a high density.

• With photogrammetry, a method which is for
many decades applied in areal surveying and ar-
chitecture, but which finds application in many
fields where it is required to determine to the spa-
tial shape of an existing object. Photogrammetry
belongs to the category of image-based modeling,
a group to which also belong some more exotic
technologies, such as shape from shading, shape
from silhouette and shape from texture. In sub-
section 3.3 the technique is further explained, but
summarized, with photogrammetry multiple pho-
tos of an object are made, and subsequently iden-
tical points of the object are identified on different
photos, thus leading to a solvable system of equa-
tions.

The last two technologies, laser scanning and pho-
togrammetry, are by far the most employed ones,
which is the reason to discuss their merits in the next
sub-section.

3.2. Laser scanning or photogrammetry?
Although laser scanning is a more recent development
than photogrammetry, the latter is far from obsolete.
The difference between the two methods is not only
present in the measurement method itself, but also in
derived properties:

• The order of magnitude of the measured points is
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different, with typically a few hundred for pho-
togrammetry, and up to millions for laser scan-
ning.

• As a result of its large number of measured points,
the point cloud, with laser scanning automated sur-
face matching should be more reliable.

• A laser scanner is a significant investment, while
photogrammetric equipment is more modestly
priced.

• A laser scanner can only see those parts of the ob-
ject which are in line-of-sight. In general, for a
ship there will not be a single position from where
the whole hull surface is visible, so that multiple
scanning sessions will have to be performed. In
this case it will be an additional task to merge
the results of those different scans into a single
model in one uniform coordinate system. With
photogrammetry photos from different positions
can, and should, be taken.

• With photogrammetry the same points must be
marked on different photos, so the object should
contain uniquely recognizable points, and if those
are not naturally present (e.g. as corners or color
markings) they should be attached, for example in
the form of paint markings or stickers. With laser
scanning this is not a prerequisite.

• With photogrammetry there is virtually no limit on
the size and complexity of the object to be mea-
sured, while the range of a laser scanner is limited
(albeit to tens or hundred meters).

• Photo equipment is easier to transport and to in-
stall than a laser scanner. This aspect plays an
important role in the harsh industrial environment
of a shipyard, and certainly in the confined spaces
within a ship. On the other hand a photo requires
light, which is not always sufficiently available.

• In general, laser measurements contain noise,
which should be removed by additional pro-
cessing. Of course photogrammetric measure-
ments also have their inaccuracies, but these are
smoothed out in the least-squares process which is
applied to determine the 3D coordinates.

When observing a dense laser-scanned point cloud, a
human may already ’see’ the surface and its features
in it. But it appears that the conversion of such a
point cloud to a usable CAD model may seem easy,
it is a challenging task, see e.g. (Vergeest et al.,
2001), where some pitfalls are discussed. One aspect
is that feature recognition is not trivial, so it may
be necessary to perform a segmentation, which is

the process of dividing a given point cloud into a
number of separate surfaces, a process which is
addressed in (Benkö & Várady, 2004), (Rabbani,
2006) and (Vieira & Shimada, 2005). Furthermore,
the measured data might be noisy, so that a smoothing
procedure might be necessary, or some parts of the
object appeared to be obscured, in which case those
holes need to be filled, a topic which is addressed in
(Pernot et al., 2006). Finally, in recent years research
has been devoted to the recognition of constituent
elements, such as cylinders, tori, spheres and planes.
In (Rabbani, 2006) different methods are proposed for
the recognition of parts in industrial installations.
Not all these research topics also apply to pho-
togrammetry, where on the one hand an automated
segmentation is more difficult, due to the less dens
point cloud, but on the other hand also less nec-
essary, because the pictures are not only used to
derive the 3D geometry, but also contain additional
visual information which can serve as an aid in the
manual segmentation and interpretation process. For
automated element recognition the photogrammetric
point set is too small, but just as a human can indicate
the different segments, he can also specify the basic
shape. A priori knowledge of the kind of shape of
parts of an object can also assist in the photogram-
metric measurements itself, in (van den Heuvel,
1999) a method is proposed which can utilize certain
properties (planeness, straightness, parallelism etc.)
of parts of the object, while (Remondino & El-Hakim,
2006) gives an overview of recent advances in this
area.
In the literature on the core question Laser scanning
or photogrammetry? mixed answers are given; in
(Remondino & El-Hakim, 2006) it is concluded that
human interaction will remain to play an important
role in photogrammetric measurements and mod-
eling. In (Remondino et al., 2005) an quantitative
comparison was made between the two methods. For
an example object of a church the photogrammetric
measurement and modeling took 10 hours, compared
to 7-8 hours for laser scanning (the latter only to obtain
the point cloud model, the subsequent triangulation
step was not further considered), while the accuracies
for both methods are comparable. Another example, a
small wooden statue, the laser scanning process took
15 hours, but the photogrammetric processing time
was not reported, because the image resolution was
reported to be too low. In (Milne & Pailing, 2007) a
qualitative ranking is presented, where photogramme-
try scores 23 points, and laser scanning 17 points.
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Focussed on our application, the advantages of laser
scanning are the accuracy of the measurements, and
the fact that in a short time a large amount of 3D
data can be gathered. Disadvantages are the required
investment, and the property that with laser scanning
a set of points is generated, a point cloud, but for our
application it will especially be difficult to recognize
the different features and discontinuities, which may
be present in a ship hull form. So this method is not
expected to deliver usable results without manual
post-processing.
Advantages of photogrammetry are its flexibility, the
equipment benefits (a modest investment, combined
with its small size), and the property that there is
virtually no limit on the size and complexity of the
object to be measured. Disadvantages are the required
manual processing, and the necessity of sufficient
light. Furthermore, skilled personnel, or at least peo-
ple with a good spatial awareness, is a requirement.
Considering these aspects we have selected pho-
togrammetry as the most appropriate for the majority
of cases, although there is one subject not yet
addressed, which is the creation of a computer
representation out of the measured data. With each
measurement method, the result is a set of points in
space, but what we need for our application is an H-rep
solid model. Fortunately, there is already a method
available to convert a wireframe representation into
a solid, see (Koelman & Soede, 2002). So if we are
able to generate or create such a wireframe, then all
components are available.

Figure 7 Mechanical triangulation device

Figure 8 Object and image coordinate systems (from
(Atkinson, 2001))

3.3. Background of photogrammetry

The roots of photogrammetry go back to 1859, when
the first efforts were made towards object representa-
tion based on photographic images. Since 1923 this
technology has been continually applied in practice,
predominantly for aerial and terrestrial surveillance.
Later on, it has been found useful also in close-range
applications for the measurement of medical, archeo-
logical, architectural and industrial objects, see (Kraus,
2000) and (Kraus, 1997) for details.
The most complete measurement method is based on a
plurality of photos, which, in their combination, form
an over-determined system of equations, and which in
photogrammetric parlance is called bundle block ad-
justment. The basis is formed by the central perspec-
tive projection, see fig. 8, where a light ray is shown
from object point A, through perspective center O to
image point a. The relationship between the coordi-
nates of the object point, XA, and those of the image
point, xA, is given by the vector equation

XA = X0 − µRtxa, (1)

where µ is a scalar and Rt is the transpose of rotation
matrix R, a 3x3 matrix, with the elements functions of
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the camera rotation angles ω, φ and κ :

r11 = cosφcosκ
r12 = sinωsinφcosκ + cosωsinκ
r13 = −cosωsinφcosκ + sinωsinκ
r21 = −cosφsinκ
r22 = −sinωsinφsinκ + cosωcosκ
r23 = cosωsinφsinκ + sinωcosκ
r31 = sinφ
r23 = −sinωcosφ
r33 = cosωcosφ

(2)

Assuming, for the time being, that the camera position
X0 and the rotation angles are all known. For a single
photo there are three equations and four unknowns
(µ and the three components of XA), so this system
of equations cannot be solved. However, if there are
multiple cameras the system can be solved by inter-
section, as depicted in fig. 9, because now there are
five unknowns (two µ’s and XA) and six equations.
So each photo (or each point on a photo) adds one
unknown and three equations, while each unknown
object point adds three unknowns. If N is the number
of photo-points, and M the number of unknown object
points, the number of unknowns is N + 3M , and the
number of equations 3N . In order for this system to
be solvable the number of unknowns should be less
than the number of equations, or N > 11

2M .

Figure 9 Object and image coordinate systems

However, in practice the assumption that camera po-
sition X0 and the rotation angles are known does
not hold, after all a person is taking the photos out
of the hand, and there is no way to determine the

exact camera position in space, let alone the three
camera rotation angles. But fortunately we are in
the position to make the system of equations rather
over-determined, by adding more photos or photo-
points. With a sufficiently high N the µ’s, camera
position and camera orientation can also be treated
as unknowns, and co-solved with the system of equa-
tions. With N À M and all camera parameters as-
sumed unknown, this system can be solved in least-
squares sense, and because matrix R is non-linear,
so is this system, which can be solved by an iter-
ative non-linear least-squares method, e.g. by the
Levenberg-Marquardt (LMA) algorithm (for which we
refer to http://en.wikipedia.org/wiki/
Levenberg-Marquardt_algorithm for fur-
ther details).
A critical aspect is the initial estimation of camera po-
sitions and orientations; because LMS is an iterative
procedure it starts with certain initial values, and in or-
der to avoid that a local minimum is found as solution,
the initial values should be properly estimated. For
this task there exists a method called spatial resection,
(Killian, 1955), which should be applied before exe-
cuting the bundle block adjustment. However with this
spatial resection method there is a pitfall, discussed
in (Zeng & Wang, 1992), which may arise when we
are taking photographs on a straight, circular cylinder
through three reference points and its axis perpendicu-
lar to the plane through these points - that is sometimes
called the ’danger cylinder’ problem. If the camera po-
sition happens to be on, or in the close vicinity of the
surface of this cylinder, the estimation of the camera
position becomes ambiguous, which implies that mul-
tiple distinct camera positions are found, without the
possibility to determine which of those positions is the
correct one. Fortunately, in practice we have only sel-
dom encountered this problem.

3.4. Application of photogrammetry in
hull shape re-engineering

The method as just described is general, it can be ap-
plied on all kinds of objects. Photogrammetric appli-
cations in the field of shipbuilding are reported since
the eighties, see (Atkinson, 2001) for an application
where the shape of the hull of a container vessel was
reported to be determined using 1500 landmark points,
and some 140 photos. In (Milne & Pailing, 2007) pho-
togrammetry is applied for determining the position
and state of internal equipment, and for life-cycle sup-
port.
For our application not only the geometry of the points
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needs to be reconstructed, but also the topology, in the
form of connections between the measured points, but
with the photos at hand the operator has the required
information to do so rather efficiently. The practical
execution of the ship hull measurement method will
be the subject of the next section.

Figure 10 Ship with landmarks, marked and connected
on the photo

4. HULL SHAPE MEASUREMENT IN
PRACTICE

The typical sequence of actions in a photogrammetric
process is as follows:

1. Choosing landmarks as points of measurement. In
this step, first the necessary number of landmarks
is determined, which is dependent on both the
morphology of the object and the objectives of the
measurements. It may be evident that in areas of
high curvature more landmarks will be placed than
in flatter parts. Similarly it will be beneficial to put
landmarks on discontinuities or other features.

2. Placing landmarks on the object. For the measure-
ments, various markings (spots, lines, symbols,
etc.) are placed on the hull surface by e.g. chalk,
paint or stickers, with the help of scaffolding or a
crane, in particular, in the case of large-sized ob-
jects. In addition to the artificial markers, natu-
rally distinguishable points such as corners or vis-
ible intersections between welds can be also used
as marking points.

3. Obtaining the world coordinates of a limited num-
ber of landmarks, the so-called reference points.
In order to fix the object in a Cartesian coordinate
system for a limited number of reference points

(typically four to six in total) the world coordinates
must be established. These coordinates are usually
obtained by traditional methods, such as measure-
ment tape or laser distance meter. It is possible that
for such a reference point not all three x, y and z
coordinates are specified, but only those (x, or y
or z) which can conveniently be measured, or, al-
ternatively, measured distances between landmark
points.

4. Taking photos from different positions. Pho-
tographs of sufficient resolution are taken. The
spatial positions of the landmark points should be
recognizable from the photographs. Furthermore,
each landmark must be clearly visible on at least
two photos.

5. Determining the position of each landmark on
each photo. By pinpointing, which means that
each photo is shown on screen, and each landmark
on each photo must be pointed to with the cursor,
so the processing software is able to determine the
coordinates (in the coordinate system of the photo)
of that point. Should a sticker with a unique pat-
tern be applied as a landmark, it could be possible
to identify the landmarks automatically, but that
requires additional pattern recognition techniques.

6. Creating connections between landmarks. The
purpose of this step is to create a connection be-
tween points that are ’naturally’ connected be-
cause they form a distinctive feature on the hull
surface, or are, more or less, in one of the or-
thogonal planes which play an important role in
the mental representation of the hull shape. These
connections are actually a constituent of the wire-
frame model, which is required, as discussed in
subsection 3.1. Fig. 10 shows a screen dump of
this stage, where on each photo all landmarks are
indicated and connected.

7. Obtaining the position of each landmark point,
with the method as discussed in subsection 3.3.

8. Now the positions of all landmark points are
known, as well as their connections, so basically
the shape retrieval process is completed, and a 3D
model is available, see the example in fig. 11. Al-
though this model is valid, it needs some post-
processing, because the choice and distribution of
the curves on the surface is a ’coincidental’ side-
effect of the measurement process, and not as re-
quired to get a conventional and smooth picture.
The final result is shown in fig. 12.
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It should be emphasized that with this way of opera-
tion the photos serve a double goal; in the first place
they are used as a measurement tool, to reconstruct the
coordinates of the landmark points. But secondly they
are used to create the topology of a network of typi-
cal curves on the hull surface. In this respect, the pho-
tographs are an aid to the human, albeit unconsciously,
in the heuristic process of recognizing and fixing the
character of the surface, and that of typical curves on
the surface.

Figure 11 Hull shape before post-processing

Figure 12 Final result after post-processing

5. MARKET ACCEPTANCE AND PRACTI-
CAL CONSIDERATIONS

The photogrammetric method for the measurement of
3D objects, as described until sofar, exists for a couple
of years, and has been applied on a number of projects,
on hulls of varying size and complexity. In the mar-

ket photogrammetry is often compared with laser scan-
ning, and it depends on the nature of the object and the
circumstances which method is preferred; recently we
had a project at hand where from a motor yacht the hull
shape was measured by photogrammetry, and the inte-
rior by laser scanning. Besides for the measurement
of 3D objects, the market also showed interest in the
measurement of simpler objects, which is the subject
of the next sub-section.

5.1. Easier methods, for objects of lower
complexity

Typical applications of photogrammetry are in the ship
repair and conversion industry, and with this back-
ground a large south-European ship repair yard de-
cided to investigate its merits. Two of our employees,
both msc. level naval architects, went to the yard, in
order to investigate and demonstrate the possibilities.
It was our intention to focus on the 3D measurement
of entire hulls, or parts of it, the latter being a typi-
cal ship repair issue, where the shape of damaged steel
parts can be measured on the other, intact, side of the
ship, and then be mirrored, see fig. 13 for an example
worked out at that shipyard.
But it appeared that this 3D exercise was not com-
pletely what the yard required. Of course, whenever
work on the 3D outer hull needs to be done it will prove
to be handy, but on the other hand, in the ship repair
business the majority of parts are flat; such as origi-
nally flat, but ruptured hull parts, or flat internal con-
struction elements, such as brackets, floors and gird-
ers, which may need renewal because of damage or
corrosion. This particular requirement for reconstruct-
ing the shape of 2D elements stroke us as a kind of
odd; after all for an academic 2D is not more that a re-
stricted kind of 3D. It took a while before we realized
that our present 3D measurement and reconstruction
method is powerful, but also laborious, while it also
requires quite some skills from the people who apply
it.
As soon as we realized the potential of the question,

we started to develop simpler methods, for simpler el-
ements, which are more robust and less sensitive to
errors. The specific developed methods are:

• 3D stereo photography. With this method a dual
photo can be shot, with 2 cameras on a beam, see
fig. 14 for the principle. This method is intended
for parts which are so small that they fit on a sin-
gle photo, such as the plate of fig. 13. The advan-
tage of this method is its simplicity, compared with
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Figure 13 Measurement of single hull plate

the full-blown block bundle adjustment of subsec-
tion 3.3, the related fact that the camera positions
and rotations do not play a role anymore, and con-
sequently the fact that with this method the ’danger
cylinder’ is avoided.
Contrary to the block bundle adjustment method,
this stereo method does not rely on convention-
ally measured reference points. This is an ad-
vantage, but the backside is that the stereo setup
must be properly calibrated, in order to determine
the distance and relative positions of the two cam-
eras. Also a quite firm beam construction is re-
quired, so that differences in relative positions are
minimized. Furthermore, there is a balance be-
tween accuracy and practicality; For a high accu-
racy the distance between the two cameras should
be rather large, but a large beam is difficult to han-
dle, and vulnerable with those delicate cameras at
both ends.

• 2D stereo photography, which is similar to its 3D
counterpart, but where coordinates are explicitly
projected in the plane which fits best, in least-
squares sense, through the measured points.

• 2D mono, where with a single camera a single
photograph is taken. In order to determine the
dimensions of the object, four reference points
on the object should be measured, and processed.
However, if this 2D mono mode is frequently em-
ployed, it might pay off to prepare a number of
reference objects of known dimensions, which can
quickly be sticked upon the object.

Figure 14 Principle of stereo vision

5.2. Cameras and calibration
The photogrammetric theory presented until sofar is
idealized, but in the real world the light rays travel
along a less ideal path. Each camera has some dis-
tortion, which can be modeled theoretically with cali-
bration parameters. These parameters represent a me-
chanical non-perfectness (for example that the film or
light-sensitive chip is not exactly located in the central
axis of the lens), or an optical abberation (the well-
known effect that with wide-angle lenses straight lines
at the edges of the picture are not perfectly straight
on the image). Specifically for photogrammetric ap-
plication, the industry has developed special cameras
where this distortion is as low as reasonably possible,
these are the so-called metric cameras. But even with
a metric camera some distortion remains, for which
can be compensated with some theoretical compen-
sation formulae, in combination with some camera-
specific calibration coefficients. However, the recent
years have shown the emerge of high-resolution am-
ateur Single Lens Reflex (SLR) cameras, which are
modestly priced. We have applied such an ordinary
camera as well for photogrammetry, in combination
with the same calibration procedure as applied for a
metric camera, and have found the results to be com-
parable with our dedicated metric camera1. A condi-
tion for the application of an ordinary SLR is that a
fixed-focus lens is used (because for zoom lenses the
calibration factors are dependent on the focal length).
Because it cannot be ruled out that the camera dis-
tortion varies over time2, or with the circumstances,
such as temperature or moist, the calibration parame-

1Where the remark can be made that this comparison is not
strictly honest, because our metric camera is already a bit elder,
and has a lower resolution than the SLR camera.

2Although the variation of calibration seems less likely with a
metric camera, because it is more rugged.
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ters should be re-determined on a regular basis. One
possibility is to co-determine the calibration parame-
ters with an ordinary bundle block adjustment mea-
surement, because the system of equations can be quite
over-determined, so there is room for a couple of ad-
ditional unknowns in the form of the calibration co-
efficients. However, we never had really the courage
to apply this method in a practical measurement, af-
ter all there are quite some possibilities for human er-
rors (such as measurement errors with the reference
points, or identifying the wrong landmarks) and with
free camera calibration parameters such errors would
be ’smoothed out’ in the end solution, and therefore be
less recognizable. For this reason we have made a cal-
ibration board, with known coordinates, which is used
as object for a regular calibration.

5.3. Does photogrammetric ship mea-
surement pay off?

The answer to this question is dependent on the partic-
ular constellation, e.g. how frequent are objects mea-
sured, what is the knowledge level of the personnel,
are the objects good visible and accessible etc. Con-
ventionally, in our industry the measurements are done
on an ad hoc basis; by one or two men, with mea-
surement tape, sometimes aided with a wooden frame
or something alike. For different objects the costs in-
volved with method is estimated in table 1, where also
the payback period of the investment for photogram-
metry is listed3.
A second comparison is between photogrammetry and
laser scanning. In subsection 3.2 a general comparison
is given, but those subjects with a particular relevance
for our application are summarized in table 2.

We end this sub-section with the remark that none of
the two technologies can be considered as the abso-
lute favorite. Each method has its own merits, and
the choice also depends on the frequency of measure-
ments, and the organizational structure of the applying
company. Anyway, our company is quite satisfied with
the capabilities of the photogrammetric method, with
flexibility as prime reason.

6. PRESENT STATE
At this moment we now have four measurement meth-
ods fully implemented:

• 3D mono photography, the bundle block adjust-
3With the investments including instruction and training, and

the processing time including post-processing and input in a CAE
system.

Object

Man-
hours
conven-
tional
measure-
ment

Man-
hours
pho-
togram-
metry

Invest-
ment
pho-
togram-
metry

Payback
period
pho-
togram-
metry

Complete hull
(one side only,
because of
symmetry)

200 32 e25000 3 projects

A single
curved shell
plate

24 3 e15000
12 shell
plates

A single flat
bracket 1 1/2 e15000 500

brackets

Table 1 Estimated costs of different measurement meth-
ods

Figure 15 Hole after damage, to be re-engineered and re-
paired

ment method of sub-section 3.3. This method is
applied in practice on a regular basis, see e.g. the
project in fig. 15, which shows a vessel with a large
hole in its side (due to a collision), and where the
shape of the area around the hole is reconstructed
in order to re-engineer the curved shape of the
missing part.

• 3D stereo photography, as discussed in sub-
section 5.1, which is (much) easier to use than the
3D mono method, albeit only for objects which
fit on a single stereo photo. With this method all
landmarks points on both stereo photos need to be
pinpointed, in order to establish their spatial co-
ordinates.

• 2D stereo photography, which is the candidate
method to be applied on a larger scale for flat con-
struction parts, e.g.the bracket as shown in fig. 16.
Compared with the 3D stereo method, this 2D
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Laser scanning Photogrammetry

Data acquisi-
tion

Automatically, without
human intervention

With human
intervention (attaching
stickers, pinpointing
on-screen). Suf�cient
light required.

Complexity
of objects

Limited to objects
within line of sight.
Otherwise more
complex composition
of measurements,
possibly with human
intervention

No limitation

Accuracy Suf�cient (millimeters
to centimeters)

Suf�cient (millimeters
to centimeters)

Feature or
discontinuity
recognition

Not guaranteed,
possibly human
intervention

Included in process

Investment Signi�cant Modest

Equipment Relatively large and
vulnerable

Small, not particularly
vulnerable, but not
rugged

Requirements

Line of sight, proper
distance to object, little
obstruction (e.g.
scaffolding)

Visible, more or less
clean surface

Table 2 Qualitative comparison between laser scanning
and photogrammetry, focussed on application in
the shipbuilding industry

method is more ef�cient, because only a few (typ-
ically three or four) landmark points have to be
pinpointed on both stereo photos, while all other
points only need to be pinpointed on one of the
two photos.

² 2D mono photography, which can be employed
for �at items which are too large to �t on a sin-
gle stereo photo, but which has the disadvantage
that additional reference objects or measurements
are necessary to determine the proper size of the
object.

Figure 16 Flat bracket in a bulk carrier

7. CONCLUSION

In this industrial tutorial we have discussed the mar-
ket demand for the measurements and modeling of a

variety of objects which may be encountered in the
shipbuilding and repair business, ranging from partial
or complete ship hulls to �at construction parts. In
particular we have evaluated laser scanning and pho-
togrammetry, and found that, although laser scanning
might potentially be more powerful thanks to its high
resolution, ingeneralthe subsequent data processing
and geometric modeling steps are too complex to be
performed fully automatically. Photogrammetry also
requires a human postprocessing step, but here the pic-
tures not only serve the determination of the 3D coor-
dinates, but are also an aid in the recognition of speci�c
parts and features of the object. So, photogrammetry
was chosen as our preferred measurement method, and
as much as possible integrated within our existing H-
rep-based design and modeling software.
For the measurement of �at objects dedicated ap-
proaches have been developed, where modeling plays
a less important role (after all, this world is 2D), and
where the measurement process is aided by the as-
sumed �atness of the objects.
We hope these applications can serve as inspiration for
similar industrial tasks.
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many: D̈ummler.

Milne, D. & Pailing, G. (2007). Photogrammetry, a picture
of the future. In 13th International Conference on Com-
puter Applications in Shipbuilding.

Pernot, J.-P., Moraru, G.-F., & V́eron, P. (2006). Fill-
ing holes in meshes using a mechanical model to sim-
ulate the curvature variation minimization. Computers
& Graphics, 30(6), pp. 892–902.

Rabbani, T. (2006). Automatic reconstruction of industrial
installations using point clouds and images. PhD thesis,
Delft, The Netherlands.

Remondino, F. & El-Hakim, S. (2006). Image-based 3D
modelling: a review. The Photogrammetric Record,
21(115), pp. 269–291.

Remondino, F., Guarnieri, A., & Vettore, A. (2005). 3D
Modeling of close-range objects: photogrammetry or
laser scanning? In Videometrics VIII, Proceedings of
the SPIE-IS&T Electronic Imaging, volume 5665 San
Jose, CA, USA.

van den Heuvel, F. A. (1999). A line-photogrammetric
mathematical model for the reconstruction of polyhedral
objects. In El-Hakim & Gruen (Eds.), SPIE Proceed-
ings, Videometrics VI.

Vergeest, J., Horv́ath, I., & Spanjaard, M. (2001).
A methodology for reusing freeform shape content.
In 2001 Design Theory and Methodology Conf.,
DETC'01/ DTM-21708 ASME, New York.

Vieira, M. & Shimada, K. (2005). Surface mesh segmenta-
tion and smooth surface extraction through region grow-
ing. Computer Aided Geometric Design, 22(8), pp.
771–792.

Zeng, Z. & Wang, X. (1992). A general solution of a closed-
form space resection. Photogrammetric Engineering &
Remote Sensing, 58(3).

SHAPE RE-ENGINEERING BY PHOTOGRAMMETRY: FROM APPLIED RESEARCH TO INDUSTRIAL PRACTICE 13


