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ABSTRACT considered in terms of speed, but also in term®rdfoard
comfort and environmental impact. Pressure pulsed a
radiated noise, which affect both characteristiasg well
known effects of propeller cavitation.

Many different approaches to treat these phenonagea
present in literature, but they are applicable orsmme
guantities, that are difficult to be assessed, km®@vn. These
approaches, for instance, rely on variation of sloawitation
volume or cavitating vortex diameter knowledge teedict
pressure pulses and radiated noise level resphctive

More precisely, if sheet cavitation is concerned[1] a
relation to predict pressure pulses due to bublbtinve
variation is reported

o OV,

In present paper application of computer visiomtégues
to propeller cavitation experiments is presentechese
techniques are widely adopted in many differentiremvnents
and therefore they are well documented. They amo al
attractive from an economic point of view, due étative low
cost of the hardware involved.

Nevertheless their application to study propellehdvior
in cavitation tunnel is not straightforward, becaws the non-
standard environment. However the adoption of these
techniques may open a wide field of investigatiom aan
result in a deepening of knowledge in propeller itedion
phenomena. In particular, obtained data can beedinko
connected topics, such as propeller radiated nmigeressure B
signature, providing a better understanding on dberces of c 47R atz (1)
these effects, and invaluable information for vatiion of
computer simulations. Wherep, is pressure signature generated by the cavitation

Present paper traces a possible path to develop anvolumeV, variation at a given distanée
experimental technique, covering theoretical poagswell as In the tip vortex case the TVI (tip vortex indexheiques)
data analysis strategies and other practical aspeat provides a mean to predict acoustic presgdria a point at a
techniques are presented through practical apjlicathus distance R once the diameter, Bf the cavitating vortex is

making clearer their points of strength and thbwrcomings. available
Besides achieved results, possible improvements fatute 71
developments are outlined. P, l %Z 0° Z DVZVﬁpn 2)

INTRODUCTION Where Z is the blade numbergVcan be assumed to be

equal to the propeller radial velocity at tip, npsopeller's

Cavitation on propellers and hull appendages isajrtae
most important issues in hydrodynamic ship desighis
importance is due to the increase in ship perfooaanot only

turning rate.

It has to be pointed out that these values couleMatuated
nowadays by means of numerical codes, but besiaegreat
achievement in this field there is still the neddexperimental
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results to validate calculated volumes (and inigaldr their
variation during propeller turn) and diameters.

Computer vision techniques represent a promisingoke
tools, which are nowadays more and more appliethamy
different fields. In this paper techniques for pess/olumetric
reconstruction and active surface reconstructierpaesented.

Volumetric  reconstruction is  obtained through
“stereometry” or “shape from silhouette”. In gengrthis
technique is an image processing and 3D reconitrubsed
procedure to evaluate objects from two or more calfinear
sights, taken by digital cameras. In this particudase, it is
applied to cavitation bubble volume measurementis Th
technique was first applied to a 2D hydrofoil iR.[B should be
noted that since the time that work was produdeel viorld of
image grabbing and processing evolved considerabligrms
of hardware and software libraries available, tfoeee
nowadays this technique seems to be likely to predu
interesting results also in the more complicated BBpeller
environment.

Surface reconstruction is performed through a stehd
stereo triangulation algorithm as described in {@}:5

These procedures are well known computer vision
techniques, but their application to cavitatioraiwater channel
is not straightforward, mainly due to the non staddoptical
path, complex propeller geometry and the limitatiorcamera
position due to tunnel window configuration.

The aim of the present work is to present an agfiin of
these techniques to the propeller case testedwater tunnel,
clearly underlining their advantages, shortcomiagd further
work still needed to consolidate them. The procedig
described from its basis to more specific aspestsl some
results are reported. The paper deals also withptiveipal
experimental set-up problems and with the imagecg®ssing
procedures needed.

COMPUTER VISION BASIS

In present work, different computer vision techrglare
described; for the sake of simplicity, they will bévided in
three groups, in accordance to subsequent stepallyusu
followed when they are applied:

1. Camera/stereo system calibration
2. Image segmentation
3. Reconstruction

Calibration is the step of assessing optical prigeerof
every single camera and of the stereo system. Sihfs is the
same for both techniques and therefore followingcdption
holds for both of them.

Image segmentation is the procedure of extracting
information from the acquired images, with the aifrfinding
object of interest inside the frames. Image segatiemt is not
strictly part of the vision algorithm, and applitsthnique and
results are affected by illumination, cameras sesuject of
interest etc. Besides this clarification, howeyegblems that
arise in image processing in a cavitation tunnelcammon for
most cases. As a consequence, an exposition ofuetered

problems and of solutions applied in our specifase; are
deemed interesting in general. In particular anvacand a
passive technique are proposed in present paper.

The most important difference between active arstipa
strategy, is that in the active case the light seus meant to
eliminate or reduce significantly the image prooassstep,
whereas in the passive case the image processmg@fpthe
procedure becomes predominant on the other. Inwtbi& for
the active surface reconstruction a triggered léight source
has been adopted, which results in a reduced dfforitmage
segmentation, whereas the light source for volumetr
reconstruction was a standard stroboscopic ligkedualso for
visual observations.

Reconstruction differs significantly between stenetry
and stereo triangulation, being the first one a ®D2D
projection, whereas the second one a 2D to 3D peaajection,
as explained in the following.

It must be noted that both techniques are basedeosame
camera mathematical model. The image processing and
reconstruction procedures implemented in presepémpmake
large use of the OpenCv computer vision library6]5Next
paragraph will deal with the camera model used lpgnCy,
which is the standard pinhole model.

THE PINHOLE CAMERA MODEL

The pinhole model is a largely used camera mod#ipagh
being simple it is able to represent correctly Hehavior of
standard cameras (for instance, catadioptric canara not
included). This model is valid if light rays pathfree and, as a
consequence, world points are projected onto inthgaugh
straight lines. Unfortunately this is not true imetcavitation
tunnel environment, due to the presence of a douéeface
water-glass-air. This topic will be deepened latehe paper.

If this model holds, denoting world and the camesardinate
by M and m respectively the projection of a scene view
formed by projecting 3D points into the image plarsing the
perspective transformation (3):

m=Ce|l o]{s H M

is

®)

Where C is the so called camera matrix which, faramera
working in a homogeneous mean, is an intrinsic ergpl is

the 3x3 identity matrixR is the rotation matrix and is the
translation vector. Rotation and translation aratinee to an
arbitrary world frame of reference. More in detiieé camera
matrix has the form reported in (4)

f, 0 c,
C=l0 f, ¢ 4
0 0 1

Wheref, andf, are the focal lengths along the x and the y
axes respectivelyc, and c, the optical centers. If these
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properties are expressed in pixel units, the riegpitectorm is
the image indexes couple.

The model presented above is valid for an idealera,
which is a camera fitted with lenses which do noadpice
optical distortions. Real lenses, on the contraliyays produce
some optical distortion that can be divided in teaiegories:
radial and tangential. The OpenCv provides toolsat@ into
account effects of lenses.

The camera matrix and the optical distortion arbeda
intrinsic parameters, because they do not chantferespect to
the camera pose, whereas rotation and translatercaled
extrinsic parameters. This holds, as mentionedrbefmtil the
pinhole camera model basic assumption of straight tays is
valid. In the cavitation tunnel environment the dieuinterface
water-glass-air causes the above assumption toobenare
correct. In figures 1 and 2 the projection desdibe the
pinhole model and the tunnel case are presented.

object

image p\om%;7

half field
ot view

Figure 1 Projection in the pinhole camera model

glass

air wdater

image chmi;7

I

Figure 2 Cavitation tunnel optical path

As it can be seen from figure 2 the optical patimfrthe
3D object to the image plane is not straight, lmdargoes two
refractions according to Snell’'s law. This issuen che
overcome by considering the image provided by Hreara as
a photo of a virtual image, produced by the turwieldow, as
shown in figure 3.

With this assumption, an image captured by the camcan

be considered as a “photo of a photo”, in which the

transformation between the first and the secondtigl® a
homography or projective transformation.

A homography, in the pinhole framework, represdhts
transformation between two images of the same plainjact.

If we denote the 3x3 homography matrix wilhthe image
coordinate m obtained through (3) will be remapped in
coordinatem’ by relation (5):

m=Hem (5)

image D\Gmi;7

image

Figure 3 Virtual image plane

Therefore the homography for a particular cametapsean be
computed by images of the same planar object lffsrgurpose
the calibration pattern was employed) inside thgitation
tunnel, at first when water is not present and thdren the
tunnel is filled. Figure 4 shows the calibratiorttpen in the
tunnel without water (left), with water (right) artthan the
results of applying the homography to the one witlter in
order to eliminate double interface effect, showitige

considerably good result. It can be pointed outt ttias
transformation holds for a particular calibratiorattern
position, or only for a limited space around thasipion: The
same holds also for extrinsic parameters of theegteystem,
as it will be clarified later, and therefore no fmarar
restriction to the setup is added.

Figure 4 The homography assumption

It can be noticed that in this procedure distogiaaused
by tunnel window are neglected, but at this prefany stage
the important point is that now the pinhole modelds for
virtual images pairs.

CAMERA CALIBRATION

Camera calibration is the procedure used to oluptital
properties of a single camera, which means findmgnsic
and extrinsic parameters. Second ones are rotaiod
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translation referred to an arbitrary world coorden&rame of
reference. This aspect will not be covered in tldiacause
OpenCv offers full support to perform both intrinsand
extrinsic calibration. Only the steps to be accast@d will be
exposed.

As a first step, optical properties of each singéemera
must be assessed, i.e. camera matrix and opticabriibn
coefficients have to be computed. This task isiedrout by
mean of a set of images of an object whose geonsekmyown
(named calibration pattern or calibration rig). Thmages
should cover the full camera field of view (FOW), érder to
obtain reliable results. Although the calibratiattprn could be
arbitrary the OpenCv provides built-in support fplanar
chessboard as shown in figure (5).

"

Figure 5 Calibration pattern

Once intrinsic parameters are known, extrinsic aasbe
calculated. As mentioned before camera rotationteantslation
could be referred to an arbitrary world frame derence. If a
stereo system is concerned, as in present cas&gapussible
choices the most common is to refer coordinatehefgecond
camera to the first one. With this choice extrinscameters of
reference camera are fixed, being rotation thetitjematrix
and translation the null vector. Calibration isriat out by
taking a large set of images in which the patternisible by
both cameras, with different poses. It must becedtithat, even
if from a theoretical point of view extrinsic paratars are
determined for every scene that the stereo systemidc
capture, in reality only a finite volume is calited correctly.
This is due to the fact that an optimization alton is
embedded in every calibration algorithm, and thranefbest
results will be obtained only in the region of spdattached to
camera reference frame) in which the pattern wasucad.
This explains the fact that adding the homograpbythe
projection procedures does not limit substantitily technique,
being both limited to a region in space.

These general considerations are valid for bothriegcies,
but some specific aspects must be analyzed. Orieomost
important features is the distance between camepd€al
centers, generally addressed as base line. A lzage line is
important to obtain good reconstructions, but cochlise
problems in the case of stereo triangulation, b&eanatching
corresponding points in the two images could becdiffieult
if the two scenes differ significantly. On the athend, when
stereometry is adopted, the two scenes must pragdeany as
possible different information, thus they shouldffedi
significantly one from the other. As a result, aodocamera
setup for stereometry is not generally good forreste
triangulation and vice versa. This leads to thep#do of
different cameras setup according to the techniguese, as
reported schematically in Appendix A.

STEREOMETRY: TECNIQUE OUTLINE

“Stereometry”, also named “shape from silhouetis”a
technique that enables a volumetric reconstructiyn the
knowledge of two or more different sights of anealtj In other
words it is a reconstruction based on the projestiof the
object on multiple planes, similar to technicalwiray, which
is a particular case where projections are orthabas well as
planes relative position and orientation. In figudea 2D
representation of the technique is given.

Figure 6 “Stereometry” 2D representation

By observing figure 6 it can be pointed out thae th
reconstruction error can be high for flat objecugsi 2D
object). Nevertheless, it must also be noticed tthiattechnique
does not suffer from the occlusion issue and toeeet is able
to provide some information also in regions that mot directly
accessible by cameras. The reconstruction errachaan be
high, could be theoretically reduced by increadimg number
of views. This, however, presents some practicablems,
because an increase in camera number requires leerhig
precision in calibration parameters, which is cntise very
difficult to achieve. This explains the reason why,
notwithstanding the fact that several attempts veargied out
during present research, in this paper only resolisined
adopting two cameras were used. Cameras humberaselis
still a research topic under study.

STEREOMETRY: SEGMENTATION

This step corresponds to locating in the imagesottject
to be reconstructed, in our case the cavitatiorbleub

Many general techniques are available for segmentat
but there is still the need to customize them is particular
application, since these algorithms are commonlgliag in
completely different situations. If we consideruig (7 left)
sheet and tip vortex cavitation are clearly visibbat the
incoming flow carries a number of passing bubbléscty are
not linked to propeller cavitation. These traveilioubbles must
be eliminated, since otherwise the image gradiemilavresult
in a noisy map (7 right), where it is almost impbksto trace
propeller cavitation. A common set of image proogss
algorithms have the aim of finding objects whichwadn static
scene (consider for example a video surveillanceraffic
surveillance camera). This explains the need ofatorg
customized tools for the cavitation tunnel enviremm
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Figure 7 Typical effect of taking the image gradient

An important point is the illumination. Illuminatio
determines the strategy in carrying out segmemtatiopresent
work a common gas flash lamp was used, triggeretth wi
propeller turning, illuminating the bubble from aeattion that
was approximately perpendicular to camera sighthis T
configuration was chosen because it provided satisfy
results. It is believed that improvements can b&aiabd if
more light sources are adopted; this matter willobgect of
future investigations.

Once satisfactory images have been taken, firall dfis
necessary to eliminate propeller blades, shaftlétis. can be
done by subtracting a background image of the meitating
propeller to each single image.

Figure 8: Acquired image (left) background (right)

Resulting images are generally noisy, thereforeealiam
filter is applied.

As already pointed out, in water tunnel there dse bubbles
in the incoming flow, which are not easy to distifgh from the
propeller bubbles, because they share identicalicaipt
properties. These bubbles can be eliminated byyaingl the
mean of several images instead of a single onesiadering the
fact that bubbles move while cavitation bubble tigtisnary.
The resulting image is named as “mean bubble”. Thialso
consistent with the research aim of analyzing dlaal time
averaged effects. Typically, depending on the arhooh
passing bubbles, the mean is performed over 5 im&fes.

Figure 9: Mean bubble

At this stage a good image is obtained but it labd
noted that the image is still a grey level imagee Tiext step is
to precisely define the region of the image whére bubble
extends. A simple threshold of the image would lead noisy
image, if the threshold is too low, or to leave duibble’s

boundaries, if the threshold is too high. A solaties to
combine by means of fuzzy logic these two facts:

« On the boundaries the image gradient is high.
« In the bubble interior the gray level is higherrtha
the mean image grey level.

The fuzzy logic core is the membership functiont,ttiar
both criteria, was chosen to be the sigmoid rightegported in
equation (6) and shown in figure (10)

_ 1
'U(U’V) - 1+e—(g|—M—a)/a

O<u(uv)<l

(6)

Where(u,v) are pixel coordinategl is the pixel grey level,
M is the image mean grey level amdthe image standard
deviation. As it can be seen from figure (10) timiembership
function acts as a threshold for low level of imajandard
deviation, whereas is more conservative for naisgge where
the standard deviation is higher. A value of 0.a3signed to a
pixel having a grey level equal to the mean imaggy devel
plus the image grey level standard deviation.

08 :\[ /
/ &
07 Increasing standard
deviation

/ \
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Figure 10 Sigmoid right membership function

Once the fuzzy set is created, it must be de-fuZine
technique employed here consists in applying afikeeshold
to weighted sum of two criteria. This results ibiaary image,
which is an image where bubble pixels are whitegnghs other
pixels are black.

Figure 11: Segmented image

STEREOMETRY: RECONSTRUCTION

Reconstruction is carried out in two subsequerpssté
rectangular 3D point grid is created in the worldnie of
reference. These points are projected onto theemptane; if a
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point is projected onto a white pixel it is keptherwise it is 306 L
cancelled. Repeating this procedure for every cayraly grid T
points belonging to the bubble survive the profattprocess. _— ¢ volume j 0.9
With this first step, an initial estimation of tB® bubble shape ' A #-volume j 1.0
and of its volume is obtained. The grid for memozgson at _ N & volume j 1.1
this stage is coarse as it can be seen from fid@ebeing g 2E08 N\
typically formed by 18voxels (i.e. volume elements). g
S 1E-06
AN
5.E-07 - N\
~ —
0.E+00 T ] = \
2 25 3 35 4 45 5 55 6

On
Figure 14 Sheet cavitation volume at different advance
coefficients and cavitation index

Figure 12: Coarse grid
Volume variation seems to be captured although, as

This first grid has the only aim to define the wmagiof
space belonging to the bubble. As a second stegfireed grid
is created using the coarse one as basis. Thishgsadh spatial
step chosen according to coarse bubble volumen&efyrid is
defined following subsequent steps:

mentioned before, this technique is not suitabledoasi-2D
objects. Reconstruction error could be high anéicdit to be
assessed, but being manly linked to cameras sietapuld be
considered constant for objects with similar shapence
stereometry may be used in this case not for actaaime

measurement, but for comparison of volumes condetbe
different propeller geometries.

In order to overcome this problem, considering ttaet
cavitation by its nature adheres to propeller bladewas
deemed possible to obtain a volume estimation derisig the
volume between bubble surface and blade surfads.|&ti to
the development of the stereo triangulation apgrpadich
will be covered in the last part of paper.

When cavitating tip vortex is concerned it is pbhsito
employ stereometry as a useful research tool. Birsll, tip
vortex is a 3D object, being mostly cylindricalughbeing more
suitable than a predominantly 2D object for steretmyn
application. Secondly it develops in the propetlewn stream,
so it does not adhere to any object, resultingifficdlties for
application of other techniques. In this case, rooee some
operational advantages make this technique atteacti

» Coarse bubble is cut into sections

» Each section is analyzed finding area center and
convex hull

» Each section is re-meshed according to previously
defined spatial step

Once the fine grid has been defined, this is reaedl
following the procedure described for the coarse. &esult of
the procedure is shown in figure (13).

e The background is in general
tunnel’s walls if visible).

* The sights are free from blade occlusion, and
therefore cameras can be set more freely.

limited (only

Figure 13: Reconstruction (refined grid)

FIRST APPLICATION Besides these advantages, however, some problésts ex
The outlined technique was applied to a stock dlepe
tested in the cavitation tunnel of the UniversifyGenoa (see
Appendix A).
In figure 14 sheet cavitation volumes against edidh
index at a fixed advance coefficient are presented.

e Tip vortex is less stable than sheet cavitation,
especially at inception, fluctuating in space. As a
consequence, the mean of a large set of images
could cover a region of space more extended than
the real one, resulting in a diameter over-
estimation

e« More than one coil could be visible in a single
image, leading to reconstruction ambiguity.

The first point leads to reduce the number of insagsed
in defining the so called mean bubble; as a corescpl
travelling bubbles could remain after image segutéort.
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The second point can be avoided if a Region ofréste
(ROQI) is applied to each image. In figure (15) tteginal
acquired images are reported, showing that thedraakd is
almost totally absent and that sights are not obtd by
propeller blade, shaft, etc. On the other hand,enmtban one
coil is visible, apparently intersecting, limititige region where
reconstruction is possible. Figure (16) reports thsult of
segmentation without setting a ROI, while in figtg) a ROI
is chosen.

i

Figure 6ented images left and right camera

Figure 17 Segmented images with ROI left and right camera

The reconstructed vortex is presented in figure:(&8 it
can be seen, the shape is reasonably well captured.

As stated in the introduction main interest is deteation
of vortex diameter, but at this stage only a voltrine
reconstruction is available, hence some post psitgsis
required. In present work, a preliminary attemptnteasure
diameter from the reconstructed bubbles is predefitee basic
idea is that the area of a bubble section is ptap@l to the
square root of the vortex diameter which generatied
Therefore bubble is cut into sections and eachicseds
analyzed evaluating sectional area and area céntes to be
remarked that area center is necessary in thisepsobecause
the vortex axis is needed for a correct analysispdrticular,
being grid sections referred to the cameras referdrame,
sectional area must be projected on a plane thallyois
perpendicular to vortex axis.

Figure 18 Reconstructed vortex

Results are reported in figure 19, where the vortex

diameter dependence on propeller load (throughatheance
coefficient J) and on cavitation indey is clearly visible. This
is in accordance to what is physically expectedspide
preliminary nature of the procedure applied to wbteortex
diameter from reconstructed volume. Future workK imitlude
a validation with objects of known diameter in arttequantify
measurement errors.

7.0E-03 | | |
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Figure 19 Vortex diameter against cavitation index

Standard deviation of diameter provides an estintdte
vortex instability. Figure (20) shows that high itation
numbers, near inception, are connected to larged hariation
of diameter, while scatter decreases with the asirgy vortex
stability. This is also confirmed by the dependeocegropeller
load.

40 I I I

—+—Std Mean j 1.0 /
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—& :Std Meanj 1.1
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15
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Figure 20 Vortex diameter standard deviation
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ACTIVE STEREO TRIANGULATION: INTRODUCTION

Stereometry, despite  performing a  volumetric
reconstruction directly, has the shortcoming thaieeimental
error can be high and moreover difficult to asséss stated
before error could become unacceptable for quasil#Bcts. A
solution to this problem is to adopt a techniquéctenables a
surface reconstruction. Obviously, if a volume &eded, two
limiting surfaces are necessary. If sheet cavitaisoconcerned,
these two surfaces are represented by bubble aade bl
surfaces.

In present work, therefore, a study on the feasjbif a
surface reconstruction technique is presented.

Stereo triangulation is a widely adopted technigoe
reconstruct 3D surfaces and it is theoretically gem but
suffers from the difficulty of the so called sterewatching,
which is the procedure of finding corresponding n®iin
stereo images. In order to perform stereo matchimgges
texture or some conspicuous points are requirefbrtimately,
sheet cavitation does not provide, in general, @nthem. To
overcome this problem a conspicuous point can bgcely
created, and hence the technique is active, bygiinp a light
ray or a texture with a coded light pattern. Altbbuhe second
is preferable, since it can reduce experimentaktiin the
cavitation tunnel environment it is difficult to bealized, due
to light absorption caused by water. A concentrdiggd is the
easiest and cheapest solution, therefore a lasecesdriggered
with propeller rotation, was adopted.

The proposed procedure, which
preliminary stage and still lacks an extensive dation
campaign, can be described as follows:

« At a given blade angle a blade surface
reconstruction is performed, in non cavitating
conditions.

e At the same blade angle a bubble surface

reconstruction
cavitation index

is performed at a particular

» Bubble volume and thickness are computed by

considering the space wrapped by the two
surfaces.

In present work only a first application is preszht
showing that this technique is promising.

It must be noted that reconstruction errors in théhnique
are easy to be determined and that they are méikgd to
base line length and calibration quality. In aipnélary phase a
campaign, meant to determine reconstruction errgvas
carried out, showing that, taking the calibratioattern as
reference, its geometry is reconstructed with aorethat is
always less than 6% and in most cases lower thanT2fi§
error is defined as the ratio between reconstrudisthnce of
two adjacent corners and the actual one. In fig2i¢ the error
defined before is reported as a map over the eaidor pattern.
Since the procedure does not depend in this casebjatt
shape, it is reasonable to consider a comparalleracy also
for blade and bubble reconstruction.

It must also be noted that this error is relativéhie shorter
baseline used in present study. Reconstructiorsepted later

in the paper were obtained with a larger baseliimse effect
is to reduce reconstruction error.

Figure 21 Reconstruction error

ACTIVE STEREO TRIANGULATION: GEOMETRY

Stereo triangulation is an application of triangiolia in the
framework of computer vision. If the pinhole camenadel
holds, stereo triangulation consists in finding ersection
between light rays which are recognized as prajastiof the
same 3D point on the two image planes. The perlsgect

is currently at a projection, in the most general case considerethbypinhole

model, can be expressed by the so called Perspdetojection
Matrix (PPM). Considering the projection transfotioa in (3)
the PPM has the expression reported in (7):

PPM=C-«|l 0]{5 T} 7)

1

For a given pixel, projection of a 3D point M, defd by
coordinate (u,v) in the image plane, the equatibnaoray
passing through camera center is:

(pl_Ups)TM =0

. ®
(pz _Vps) M =0
Wherep, denotes the'hrow of PPM and T the transposed
matrix. This set of equation could be written disothe second
camera denoted in (9) by an apex. Combining theeesets of
equations a linear system of 4 equations in 4 uwkisois
obtained.

9)
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The solution of this system provides world coortisaof
the 3D point, whose projection are pixel (u,v) &agv’) in the
first and in the second image plane respectivéhak to be
noticed that the adoption of these equations imghat the two
pairs of coordinates are recognized in some wayejgctions
of the same world point. Next paragraph will couis
problem.

ACTIVE
MATCHING

STEREO  TRIANGULATION: STEREO

Stereo matching is the operation of finding coroegting
points in a stereo pair, projection of the same@®&int. This
operation is simplified if an active light source adopted. In
present work a laser source, triggered with prepdilirning
rate was used. The light source creates a lighbddhe surface
to be analyzed. No illumination is present in ortieobtain a
dark frame with only the dot visible. Neverthelessme
problems were encountered, as explained in theviallg.

First of all, the laser beam, in correspondencesdme
positions, was reflected by tunnel windows, witk tlesult that
more than one dot was visible in one image. Thibiguity can
be avoided applying a property of stereo cameddreased as
epipolar constraint.

The epipolar constraint states that in a stereg ipai point
m is recognized as projection of a world poilt, its
corresponding point in the other image lays onna,linamed
epipolar line. In figure 22 the epipolar lirds the intersection
between the plan&l which contains the base lire and the

stereo candidaten in the first image, and the second image

plane.

Figure 22 Epipolar geometry

In figure 23 a stereo pair is presented, showiegeibipolar
line for left image, corresponding to white dotiight one.

At this preliminary stage finding the dot inside flmage is
an operation carried out by the operator (thus deime
consuming and possibly affected by errors), butfuture
machine learning algorithm are likely to replaces tistep
improving process quality. The epipolar constrancrucial in

finding matching points, because it reduces thélpro to a 1D
problem, instead of a 2D problem.

Figure 23 Epipolar constraint application

Once the dot is found inside the image, its aredecds
calculated and than used, together with the onwidgrfrom
the other image, to reconstruct the 3D point.

ACTIVE STEREO
RECONSTRUCTION

TRIANGULATION:

In order to obtain a good reconstruction of progrelilade,
at least 100 points are needed, whereas the nurhipeint for
bubble reconstruction depends on
corresponding points are found in the virtual imate. Once
the homography is applied the reconstruction carcdreied
out.

System (9) does not have in general a solutioresitige to
calibration errors, the two rays do not interseathe other.
Solution is found, in a least squares sense, byutin value
decomposition of coefficient matrix.

In figure (24) the reconstructed blade back sidghimwn. It
must be noted that blade was reconstructed oniy fraradius
of about 0.5 R to the tip, because cavitation wgseeted in
that region.

Figure 24 Propeller blade reconstruction

In figure (25) the two sets of points (for left amight
camera) used for generating surface blade in figady are
plotted, showing refinement near propeller leadidge (left in
both images) and towards propeller tip.

its extension. s@he
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ACTIVE STEREO TRIANGULATION: CONCLUSIONS

Active stereo triangulation technique presentea lestill
at a preliminary stage; nevertheless some considerean be
already made.

Being an active technique, the effort in image
segmentation is limited, thus resulting in a shodevelopment
time. Currently, segmentation is performed mostly the
human operator. A possible improvement of the teglercan
be the development of a machine learning algorituitable
for this application.

Reconstruction error, for a quasi-2D object, isitén and
easily controllable, being linked to calibratiorrgmeters.

The biggest issue is that cavitation bubble, in squints,
seams to be transparent to laser beam, or particglansitive
to beam incidence angle. Due to lack of time, atersive
study on this subject cannot be presented herehlsuproblem
has certainly to be considered with particular ¢arfeture.

Another issue is that if a single laser beam igpteth the
experimental time is rather high. For this reasarotlaer
research topic is the creation of coded light patten the
propeller and on the bubble.

Stereo triangulation could also be merged with
strereometry. If sheet cavitation is considered,e th
reconstruction error arising from strereometry dolog reduced
if the propeller blade surface is set as limitingrface, as
presented schematically in figure (27). In thisecti®e resulting
technique could be less precise than stereo triatign, but
faster from the experimental point of view.

Figure 25 Left camera points set (up) — right camera set
(below)

The same technique was applied to sheet cavithtibble.
Once the two surfaces are available bubble thickmas be
computed. First step is to perform a Delaunay tedim of
the blade, in order to define planes which appratémocal
geometry. The second step consists of finding terest plane
to each bubble point. Finally, local thicknessasrfd as point
distance from the nearest plane. In figure (26)nmmoted
thicknesses are reported, showing, for instanc, ttiickness
increases in the tip region (bottom left).

Figure 27 Stereometry with limiting surface

CONCLUSIONS

- In the present work, two different vision algoritanare
' presented, analyzing them both from theoreticahpof view
and in their practical application. Specific aspertlated to
their use in a cavitation tunnel are covered, shgwiheir
merits and shortcomings.

Figure 26 Sheet cavitation thicknesses
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Results are considered promising, since it wasilplesto
obtain reasonable results in terms both of tip esodiameter
and of sheet cavitation volume reconstruction. &rtipular,
active stereo triangulation seems to be the mostiging
technique for sheet cavitation measurement, whéseemetry
seems more suitable for tip vortex diameter.

Both procedures still present some shortcomings
discussed in the paper, and in future they will foether
investigated.

Moreover, both methods rely on the pinhole camevdet)
which is one among a set of possible choices. Mefimed
models are available, for instance some catadoptrodel
could be useful in representing correctly the dctag path
inside the cavitation tunnel.

Once the techniques will be consolidated, they \v#i
applied to different propeller geometries with thén of
deepening the knowledge about relations betweepefier
cavitation patterns and resulting radiated presguises and
noise.
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APPENDIX A

Experiments have been carried out at the Cavitatiomel
facility of the Department of Naval ArchitecturedaMarine
Engineering of the University of Genoa (DINAV), repented
in figure 28. The facility is a Kempf & Remmers st water
circuit tunnel with a squared testing section &70m x 0.57 m,
having a total length of 2 m. Optical access to tbsting
section is possible through large windows.

Contraction
ratio = 4,61

max §5 m/s

| Direction of flow |
in the measuring section
|

Figure 28: DINAV Cavitation Tunnel

The nozzle contraction ratio is 4.6:1, and the mmaxn
flow speed in the testing section is 8.5 m/s. Yettidistance
between horizontal ducts is 4.54 m, while horizbudiatance
between vertical ducts is 8.15 m. Flow speed in tdsting
section is measured by means of a differential Wemeter
with two pressure plugs immediately upstream andrdtream
of the converging part, or by Pitot tube (the latt®rmally
adopted when surface piercing propellers are testéd
depressurization system allows obtaining an atmersph
pressure in the circuit near to vacuum, in ordesitoulate the
correct cavitation index for the tests.

Video cameras used for stereo vision are two standa
Allied Vision Technology Marlin 145B2. Cameras getu
adopted in present work for
triangulation are schematically reported in figz@ and 30
respectively. From these figures, the large bameddopted for
stereometry, in order to reduce reconstructionremad the
shorter base line for stereo triangulation, whoga & to
facilitate stereo matching, can be noticed. Thebstscopic
lamp is positioned slightly upstream the propelleder the
lower tunnel window. On the contrary the laser seuwas
positioned approximately between the two camerasned
on a three axes computer controlled traverse systéiose aim
is to provide high resolution movements.
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Figure 29 Cameras setup for stereometry

za

%S; stroboscopic |amp

laser sourcs

Figure 30 Cameras setup for stereo triangulation

IR c/D sk [q fake P/D t/c f/c
0.2 0.2192 | 0.0000 | -0.0131] 1.3299 | 0.1979 [ 0.0000
0.25 | 0.2479 | -1.0000 | -0.0204| 1.3591 [ 0.1649 | 0.0076
0.3 0.2714 | -1.6860] -0.0262] 1.3883 | 0.1361 | 0.0121
0.4 0.3184 | -1.6430] -0.0329] 1.4426 | 0.0907 | 0.0179
0.5 0.3706 | -1.4510] -0.0393] 1.4927 | 0.0598 [ 0.0206
0.6 0.4222 | -1.2990 | -0.0463] 1.5177 | 0.0381 [ 0.0213
0.7 0.4353 | 0.0000 | -0.0482] 1.5094 | 0.0258 [ 0.0213
0.8 0.4091 | 2.7520 |-0.0413] 1.4743 | 0.0165 | 0.0212
0.85 | 0.3653 | 4.9210 | -0.0351] 1.4426 [ 0.0144 | 0.0218
0.9 0.3027 | 7.2280 | -0.0290] 1.3967 | 0.0124 [ 0.0230
0.95 | 0.2009 | 9.8530 | -0.0204| 1.3382 [ 0.0124 | 0.0235
1 0.0500 | 13.2040] -0.0111] 1.2505 | 0.0124 [ 0.0000

Table 1 E033 parameters

The propeller used for experiments is the E033 gltep
designed by Cetena, whose main geometrical parasnate
reported in table (1).

The propeller has a diameter of 0.227 m and it tgated
at a constant turning rate of 22.5 Hz. Shatft iratlon was set
to 4° Open water
conditions presented in the paper, are reportdidjime 31 and

characteristics,

relative to ofega

table (2)
J Kt 10xKo |No
0.90 0.323 0.735 0.630
0.95 0.297 0.684 0.656
1.00 0.274 0.641 0.680
1.05 0.247 0.593 0.699
1.11 0.224 0.551 0.718
Table 2 Open water characteristics
O =TT 1 1
0.7 ‘—‘QJK(‘ - ; i
= ~B- 10xKQ
0.6
— =*n0

0.5

04

0.3

0.2

0.1

0.8 0.85 0.9

Figure 31 Open water characteristics
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