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ABSTRACT

At the same time and location, simultaneous time series of wave slope images and the flowfield beneath water waves were
obtained using an integrated set-up including particle-tracking and wave slope instruments. By an especially developed tracking
algorithm, hundreds of seeding particles can be traced automatically, measuring the flow field. At the the same location the
wave-field was measured with an illumination technique based on shape-from-refraction. Simultaneous flow- and wave-field
measurements allow the investigation of transport processes across the water surface.

1 INTRODUCTION

Figure 1: Experiments were conducted at the circular wind/wave
facility (perimeter 11.6 m, width 0.3 m, water depth 0.3m) of the
institute for Environmental Physics of the University of Heidelberg
(Germany).

In this paper a novel optical technique is described that com-
bines two spatially measuring systems in one setup: wave
slope imaging and flow visualization. Both systems have
already been used individually for some time, but are now
put together for the first time. The wave visualization pro-
vides all relevant parameters of the water wave: the lo-
cal wave number, the frequency, and the phase speed as
a function of the phase and amplitude of the long waves
[Balschbach et al., 95]. From the flow field measurements,
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similar information is gained for the orbital velocities. In
addition, two dimensional velocity fields and later vorticity
fields can be derived, yielding mass flux and Reynolds stresses
[Hering, 96]. The aim of this paper is to describe the imag-
ing techniques for simultaneous flow field and wave measure-
ments. The instruments were mounted at Heidelbergs circular
wind /wave facility, see Fig. 1.

2 PARTICLE TRACKING

aperture

camera cylindrical lens

halogen lamp

Figure 2: Scheme of the optical instrument as used for Particle
Tracking. Due to the integration time of the camera tracer particles
in the light sheet are visualized as streaks.
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Particle Tracking Velocimetry (PTV) was chosen as a
tool for the investigation of wave generated turbulences
and turbulent transport. The flow field was visualized by
small polystyrol particles in a light sheet illumination. The
particles are imaged by a CCD camera as streaks. By
tracking individual particle streaks from one frame to the
next the Lagrangian vector field (trajectories, particle path)
is extracted.

A 1-3cm thick light sheet parallel to the main wave prop-
agation direction is used to illuminate small (50-150 um in
diameter) polystyrol (LATEX) seeding particles. The depth
of the light sheet was chosen such that the particles stay in
the illuminated area long enough to enable tracking. The
light sheet is typically generated from below of the channel
by Halogen lamps. An area of typically 14.0 x 10.0 cm? is
imaged by a digital 200 Hz CCD camera (DALSA CA-DA-
0256) with a spatial resolution of 256 by 256 pixels. Due to
the movement of the particles during the exposure time of
ﬂlm ms, they are imaged as streaks. The image sequences
are stored on CD-Rom for later processing.

2.1 The Tracking Algorithm

Image Formation
o
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Image Sequence |
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Vector Fields

Figure 3: An overview over the different steps of image processing,
required for the evaluation of the vector field.

Several image processing steps are required for the extraction
of the flow field from the image sequences (see also Fig. 3).
First the particle streaks are segmented by a specially
developed segmentation technique. Each object is labeled
and finally the correspondence problem of identifying the
same object in the next image frame is solved by calculating
its streak overlap. Repeating this algorithm will track
segmented particles through the image sequence. Details
can be found in [Hering et al.,95a].

Segmentation The histogram (Fig. 4) of a a streak image
shows two distinct maxima, at the low gray values being faint
particle streaks and the background and at high gray values
being reflections at the water surface and bright particles.
Therefore the intensity of the streaks ranges from the very
low to the very high gray value. Simple pixel based segmen-
tation techniques cannot be chosen as the streak images do
not show a true bimodal distribution in the histogram. A re-
gion growing algorithm was developed for the discrimination
of individual particles from the background. Regions with

232

histogram
12000
10000
>
o 8000
@
& 6000
2 streaks
4000 .
2000
oM : ;
0 50 100 150 200 250
gray value

Figure 4: Top: Original gray value image of polystyrol seeding
particles beneath the water surface. An area of 14.0 x 10.0cm? is
imaged. Middle: Histogram of the above streak image. Although
appearing to show a bimodal distribution, particles cannot be seg-
mented by a threshold. Bottom: Pseudo 3d-plot of 32 x 32 pixels
of the original streak image. Streaks can clearly be identified as
local maxima in the gray value distribution.

similar features are to be identified and merged together to a
connected object.

Firstly the image g(x.y) is scanned through for local maxima
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in the intensity, as the location of streaks is well approxi-
mated by a local maximum gmax(x,y) (Fig. 4). A minimum
search horizontally and vertically from gmax(x,y) enables the
calculation of the peak height:

Ag = min(gmax = gmin,i) , (1)
Emin,i being the minima revealed by the minimum search. In
addition the half width is measured. Both peak height and
half width are required to lie above a threshold to prevent
random noise being a seeding point for the region growing.
After these germ points are identified the growing algorithm
segments the object following two rules: Firstly, a pixel is
accepted as an object point only when its gray value is
higher than an adaptive threshold, which is calculated from
Emini by interpolation. For details regarding computation
the threshold see [Hering et al., 95b]. Secondly only those
pixels forming a connected object are considered. A result
of the described segmentation algorithm is shown in Fig. 5.
Each object identified by the segmentation is then labeled
with a flood fill algorithm borrowed from computer graphics.
The size of each object can then be determined, and thereby
large objects (reflections at the water surface) removed.

Figure 5: Segmented image of original gray value picture (Fig. 4
top). 501 objects were found. The reflections at the water surface
were eliminated by the labeling algorithm.
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Figure 6: The temporal overlap § of the exposure time in two
consecutive fields of the same frame yields a spatial overlap of
corresponding streaks.
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Image Sequence Analysis After segmentation, the corre-
spondence problem of identifying the same particle in the next
image frame is solved, by calculating its image field streak
overlap: Some cameras (e.g the Pulnix TM640) show a sig-
nificant overlap 8 of the exposure in two consecutive fields
of the same frame. The overlap of the exposure time yields
a spatial overlap of the two corresponding streaks from one
image to the next (Fig. 6). An AND operation between two
consecutive segmented fields calculates the overlap fast and
efficiently [Hering et al.,95a]. In addition as the temporal or-
der of the image fields is known, the sign of the vector is
also known and no directional ambiguity has to be solved.
However most cameras do not show such a temporal overlap
in the exposure time. In these cases corresponding particles
will only overlap due to their expansion in space. Artificially
this expansion can be increased by the use of a morphological
dilation operator. The binary dilation operator of the set of
object points O by a mask M is defined by:

OeM={p: Mp,nO#0}, (2)

where Mp denotes the shift of the mask to the point p, in
that way that p is localized at the reference point of the
mask. The dilation of O by the mask M is therefore the
set of all points, where the intersecting set of O and Mp
is not empty. This operation will enlarge objects and typi-
cally smooth their border. For more details see [Jdhne, 95].
To avoid unnecessary clustering of the objects the dilation is
not calculated simultaneously for all objects in an image but
for each object individually. In most cases, in particular for
low particle concentration(< 300 particles/image), each par-
ticle shows only the overlap with the corresponding particle
in the next frame. At higher particle concentration, particles
however show overlap with up to typically four particles in
the next frame. Therefore additional features are required
to minimize false correspondences. ldeally the sum of gray
values for each streak in the image series should be constant,
due to the equation of continuity for gray values [Hering, 96]:

Z g(z,y) = const.sigma . 3)
z,y€Q

This implies a particle at low speed is visualized as a small
bright spot. The same particle at higher speed is imaged as a
fainter object extending over a larger area. The sum of gray
values in both cases should be identical. Deviations from
this ideal situation are caused by segmentation errors. Better
results are therefore gained by normalizing the sum of gray
values with the segmented area. The normalized sum of gray
values being G} for the first frame and G2 for the second are
required to lie above a threshold of the confidence interval C:

_ 1Gn ~GiJ

C =
|Gh + G2

—  [0,1]. 4)

A similar expression can be derived for the area of the
objects.  Finally the expected position of a particle is
predicted by interpolation, from the vector field of previous
time steps [Hering et al., 95b]. A x®—test evaluates the
probability that a pair of particles match. Minimizing x? will
maximize the likelihood function.

Calculation Of The Displacement Vector Field
[Hering, 96] showed that the center of gray value &,
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of an isotropic object represents the timely averaged two
dimensional location (&) ,,, thus:

(5)

j"‘c = <£)At 3

where Z. is calculated from the sum of all n segmented pixels
of a streak:

Yo zig(wi,y:)
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=1
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=1

(6)

Now the knowledge of the location of the same particle in
the previous frame (at the time £ — 1) enables the first-order
approximation the velocity field #(t):

—

(t) E&_A@;ﬁu @)

Repeating the described algorithm will automatically track
all encountered seeding particles from one frame to the next.
The segmentation and tracking algorithms have been imple-
mented on an i860 board to achieve maximum performance.
Typical evaluation time of one image including digitization,
segmentation and tracking is 10's. Long image sequences
(200-1000) images can therefore be processed. Individual
particles can be tracked up to a concentration of 1000 parti-
cles/image.
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Figure 7: Trajectories of tracer particles measured by the PTV-
algorithm. Only a small fraction (less than 1 %) of all trajectories
plotted. The velocities are encoded as intensity.

3 COLOR IMAGING SLOPE GAUGE

Measurements of the spatial variations of the water surface
slope at Heidelbergs wind/wave facility performed using a
Color Imaging Slope Gauge (CISG).

234

towards camera

Water surface

Fresnel lens

Color lilumination

Figure 8: Rays refracted under the same angle (same surface
slope) are focused on one point of the screen, independent of the
position on the surface and the water height. The slope of the
waves is imaged.

Figure 8 shows the schematic setup of the imaging slope
gauge which was first proposed by [Jdhne et al., 94] using
a black and white CCD camera. A CCD camera is observ-
ing the water surface from far above. Therefore all the rays
that enter the camera are nearly vertical i. e. perpendicular
to a flat water surface. A single light emitting point on the
screen at the bottom of the system is in the rear focal plane
of a Fresnel lens. Therefore all rays emitted are parallel in
the water. This spot can be seen on an image pixel, if the
refraction for the corresponding point at the surface leads to
a vertical beam in the air. So each pixel of the CCD sees
a certain point of the screen, depending on the slope of the
corresponding imaged surface element. With an intensity or
color pattern on the screen, the slope of the imaged water
surface is encoded in gray value or color information respec-
tively. " .
The relation between surface slope s = tan(a) at a certain
point and the color imaged in the related pixel is independent
of:

e the location at the surface and

e the height of the surface

Rays crossing different locations on the surface ( or at
different heights) with the same slope have the same angle
of refraction and are therefore focused on the same screen
point, imaging the same color (see fig. 8). Analyzing the
color information in the digitized image, for each pixel the
slope of the corresponding location on the water surface can
be computed. One of to major advantages using this color
technique instead of the black and white one previously used
is that both slope components (streamwise and spanwise)
are measured simultaneously.

3.1 Energy of Capillary Waves

Of especial importance for the process of air/sea interaction
is the determination of the mean energy of a wave. According
to [Phillips, 80] the energy E. of a capillary wave with slope
§is given by:
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Figure 9: Imaginary part of the transfer function of an optimal
Hilbert filter (a), transfer function of the approximations (b) *H,
2H and 3 (see text).

sigma denoting the surface tension and p the density of wa-
ter. The wave energy was calculated from the wave slope
images using a multi-scale Hilbert transformation technique.
A Hilbert filter converts a signal in its Hilbert transform. It
does not change the amplitude of the different spectral com-
ponents, but shifts their phase by /2. Therefore the magni-
tude of the transfer function is one [Jihne, 93]. Because of
the /2 phase shift, the transfer function is purely imaginary,
of odd symmetry, jumping from —i to ¢ at the wavenumber
k = 0, see Figure 9. The starting point for the design of a
Hilbert filter is the observation that the convolution kernels
of a first-order derivative operator (! of figure 9) is odd and
shows already the main features of a Hilbert filter. For the
construction of better approximations a series of sine func-
tions with odd wave number is expanded at |k| = , yielding
(see [Jahne, 93]):

1
1 fonsnad —— —
Ho= o -1
1
2 — - —
H o= 1090 -90 1] 9)
o= ——2; 302501500 —150 0 —25 0 —3]

The transfer functions of theses three Hilbert filters are shown
in Fig. 9. Simulations have shown, that these ordinary fil-
ters are only able to transfer a signal in its Hilbert-transform
in a limited bandwidth from 2.5 to 10 pixels. Therefore
all images were bandpass decomposed by a Laplace pyra-
mid [Burt und Adelson, 83]. On each level of the pyramid
the Hilbert transform can be computed effectively. By this
multi-grid approach structures with wavenumbers from 2.5 to
40 pixels can be phase shifted effectively. Fig. 10 shows the
energy extraction algorithm on a ring test pattern.
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Figure 10: Test ring pattern (a), Hilbert transformation (b), En-
ergy of test pattern (c), energy profile (d).

Figure 11: Sketch of the integrated flow- and wave visualization
set-up. One camera is observing the waves from above, a second
camera is looking from the side on a light-sheet, visualizing seeding
particles.

4 SIMULTANEOUS FLOW- AND
WAVE-VISUALIZATION

Due to the presence of the color wedge of the wave visualiza-
tion the light sheet (flow visualization) cannot be generated
from below of the channel. Thus it is produced from the sides
of the wave visualization and then coupled into the channel
through a prism (see Fig. 11). An optical system consist-
ing of a spherical lens (f = 200mm). and a cylinder lens
(f = 90 mm) generates the light sheets. An immersion oil as
an optical coupling medium links the prisms with the bottom
window of the channel. As shown in Fig. 1 two illumination
systems are combined to increase intensity and homogeneity
in the image sector of 17 x 20 cm?, The oblique illumination
angle has been chosen so that most of the light is totally
reflected at the water surface. Only in rare cases - for steep
waves - the light is refracted in such a way at the water sur-
face that bright spots are observed in cameral for the wave
slope imaging. This residual interference was eliminated by a
blue Corion interference short wave pass filter (cut-off wave-
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length A = 550 nm) in the light beam of the Xenon arc lamp
and a red Schott glass filter (cut-on wavelength A = 600 nm)
on cameral (Fig. 12).

Figure 12: Typical image of the combined flow and wave-field
visualization. '

5 RESULTS

The combined flow- and wave-visualization allows the study
of transport processes near the water surface. Fig. 13 shows
three consecutive images taken 5= s apart of breaking wave.
Energy is transported from the wave-field to flow-field, a tur-

bulent wake behind the wave is established.

‘energy lsi2

vorticity [1/5]

vorticity [1/s]

Figure 13: Sequence of the simultaneously measured wave- and
flowfield. For each time step: First stripe shows original wave
slope image, second the energy extracted from wave images, third
the energy in the flowfield, and fourth the vorticity. Due to wave
breaking energy is transported from the wave field to the flow field.

. [Jhne, 93] J3hne,
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