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Preliminary results from an application of PTV to bed-load grains
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R. Nokes
University of Canterbury, Dept. of Civ. and Nat. Res. Eng., Christchurch, New Zealand

ABSTRACT: Recent studies on the dynamics of sediment transport have progressively highlighted the
need to explain the link between the turbulent near-bed boundary layer and the processes of particle en-
trainment and transport. As a result, a proper way to recognize and measure the entrainment and motion
of individual particles is necessary for joint analysis with water flow field data. In this work we show the
results obtained from the application of Particle Tracking Velocimetry (PTV) to bed-load plastic grains in
a “natural” bed. Here “natural” means that the particles, though plastic, were not artificially coloured and
moved over a background of similar loose ones, with no significant difference from the case of natural
sand. Recognition of the moving grains was achieved by means of image subtraction and filtering, while
particle tracking was made using the Fluid Stream software. The manuscript documents the results ob-
tained from the application to a bed load experiment, as well as the measurement validation. The present
limitations of the measurement are acknowledged and some strategies to improve its quality are proposed.
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1 INTRODUCTION al., 2006) providing several results on sediment
dynamics (e.g., Radice & Ballio, 2008; Radice,
Recent studies on the dynamics of sediment trans- 2009; Radice et al., 2009). Yet it has been recog-

port over a plane bed have demonstrated a grow- nized that an Eulerian analysis does not yield in-
ing interest for the link between the near-bed tur- formation about entrainment, motion and dis-
bulent structure and the resulting particle motion. trainment of a single particle. To obtain these

As known, the near-bed velocity fluctuations are pieces of information, which are most needed for
organized as a succession of events with a certain correlation with the turbulent dynamics of the
degree of coherence (burst cycle, first documented near-bed boundary layer, a Lagrangian analysis of
for rough beds by Grass, 1971). At larger scale, the single particle motion is needed.

the presence of macroturbulent structures has been Some examples of such analyses have recently
recognized (e.g., Shvidchenko & Pender, 2001). appeared in the literature. Particle identification is
Some evidence on the turbulence-sediment inter- the crucial aspect of similar works. In some cases,
action has been produced (e.g., Drake et al., 1988; this has been achieved using very large target

Nelson et al., 1995; Sechet & Le Guennec, 1999), stones (as done, for example, by Booij & Hofland,
yet the results are far from being synthesized in 2004, or Hofland & Booij, 2004). In other cases,

comprehensive conceptual frameworks. an artificial contrast was created releasing parti-

Process visualization and following image cles over a smooth surface (e.g., Sechet & Le
processing have proved to be useful for the small- Guennec, 1999; Frey et al., 2003 ) or using
scale investigation of bed load transport (e.g., painted particles moving over still ones with dif-

Fernandez Luque & Van Beek, 1976; Drake et al., ferent colour (e.g., Papanicolaou et al., 1999;
1988; Lee & Hsu, 1994; Nikora et al., 2002, Schuyler & Papanicolaou, 2000).

among others). For example, in recent years the In this manuscript, an attempt is made to fol-
authors of the present manuscript have developed low the motion of individual particles in a “natu-
a methodology for the Eulerian measurement of  ral-like” bed. With this definition we mean that a
sediment transport at intermediate scale (Radice et bed of loose particles is considered, with no artifi-
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cial contrast but with a grain chromatic distribu-
tion similar to that of natural sand beds. Such con-
figuration obviously complicates the particle iden-
tification, but is of larger generality compared to
those previously described. In the following, the
measuring method is described; some preliminary
results are presented, together with the strategies
used for measurement validation; potentialities
and limitations of the approach are discussed; fi-
nally, possible future developments are outlined.

2 EXPERIMENTAL DATA USED

The findings presented here have been obtained
using a sample visualization that refers to a bed-
load experiment performed by Radice & Ballio
(2008). The experiment was conducted in a pres-
surized duct with transparent walls and lid. The
cross section of the duct was 0.40 m wide and
0.16 m deep. The sediments were uniform PVC
grains with a specific density of 1.43 and a repre-
sentative size d = 3.6 mm. Additional details are
provided in the referenced paper.

The experiment considered was made with a
bulk water velocity of 0.35 m/s, corresponding to
1.14 times the threshold velocity of beginning of
motion. The experiment was filmed using a black
and white CCD with a resolution of 576x763
pixel at a rate of 50 fps. A picture from the movie
of the experiment is presented in Figure 1.

3 MEASUREMENT

3.1 Particle identification and tracking

The bed-load particles move over a layer of simi-
lar loose ones. Therefore, a crucial step, prelimi-
nary to particle tracking, is a proper distinction
between the moving grains and those remaining
still at the instant of observation.

In this work, the identification of individual
moving particles has been performed using the
subtraction between consecutive frames. The sub-
traction produces a third image, which is black
(zero difference) for the still particles and differ-
ent from zero where motion has occurred in the
time interval separating the two original frames of
the film. More specifically, the image of a moving
particle corresponds to a couple of regions, the
first of which assumes negative values while the
other assumes positive values. The negative-
valued region corresponds to the start position of
the particle if the latter is lighter than the local
background and vice-versa. The opposite holds
for the positive-valued region. Grain duplication
is eliminated, for example, considering only the
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positive values in the difference image. After ob-
taining the difference image, the latter can be
processed eliminating image noise, in order to ob-
tain a clearer representation of the moving parti-
cles. In this work, two different types of refined
images have been used. In the first case, greyscale
images have been obtained where the pixels with
an intensity lower than a certain threshold have
been filtered to zero. In the second case, the filter-
ing procedure by Radice et al. (2006) has been
used, which is based on image binarization and on
a subsequent selection of the particle blobs ex-
ceeding a certain threshold for blob size. Figure 2
presents sample difference and blob images for
the movie analyzed in this work.

The second stage of the measurement is the
Particle Tracking Velocimetry of the images of
particles, either for the greyscale or for the white
blobs. The particle tracking has been performed
using the Fluid Stream software, developed by the
second author (Nokes, 2005). The software has
been successfully used for application of Particle
Tracking Velocimetry to fluid flows (Nikora et
al., 2007; Maxworthy & Nokes, 2007; Taylor et
al., 2010). Application to bed-load sediments
represents a novel frontier for the package. Fluid
Stream identifies the centre of mass of each parti-
cle in the image and then enables a variety of PTV
analyses to be made, with different algorithms for
the process of particle matching. State-based
tracking and velocity-based tracking are possible.
For the images of the present bed-load experi-
ment, which are characterized by low density of
the moving particles, the strategy (distance cost in
the suite) was chosen that evaluates the most
probable particle match as that with minimum dis-
tance between the particle positions in two suc-
cessive images (that is, in two successive in-
stants). Figure 3 depicts some sample trajectories
obtained with Fluid Stream for the greyscale im-

ages.

“ A e

Figure 1. Picture of the sediment bed taken durin the bed-
load experiment. The metal plate and the black lines are dis-
cussed in sub-section 3.2.



Figure 2. Difference image (top) and blob image (bottom)
obtained from two frames of the experiment film.
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Figure 3. Example of particle trajectories obtained with
Fluid Stream (grayscale images). The isolated points corre-
spond to unmatched particles.

3.2 Methods for validation

A proper methodology for measurement valida-
tion has been sought, to check the reliability of the
obtained results. In the following, two strategies
will be shown, namely (i) an integral validation
and (ii) a trajectory-based validation.

For the integral validation, the particles that,
during the experiment, progressively cross the two
black lines in Figure 1 have been manually

counted. The resulting number has been compared
with the number of crossings obtained through the
PTV analysis. The first line used is at the up-
stream edge of a metal plate placed at the sedi-
ment level, while the second one is an imaginary
sediment-embedded line.

For the trajectory-based validation, a set of par-
ticle trajectories has been randomly selected and
the corresponding successive particle positions
have been manually extracted from the movie.
The ability of the PTV analysis to detect these tra-
jectories has been used as a qualitative indicator
of measurement reliability.

4 RESULTS OF PTV VALIDATION

The outcome of the integral validation of the
measurements is depicted in Figure 4. In general,
the PTV measurement underestimates the number
of particle crossings. A better behaviour of the
greyscale images is evident compared to that of
the blob ones. Furthermore, the number of parti-
cles crossing the sediment-embedded line is better
reproduced than that of the particles crossing the
line at the edge of the plate. It is believed that this
difference is caused by the colour of the plate,
which corresponds to a grey intensity similar to
that of many of the moving particles. The number
of particles crossing the sediment-embedded line
is correctly reproduced if the grey difference im-
ages are used for the PTV analysis.

manual count, plate line

PTV plate line, blob images

PTV plate line, difference images
=—®— manual count, sediment line
—&—PTV sediment line, blob images
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Figure 4. Integral validation of PTV measurements.
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Figure 5. Sample trajectories used for the trajectory-based
validation of the PTV measurements (top). Sub-sample of
the obtained trajectories (only those with duration larger
than 0.2 s) with the blob (middle) and grey images (bottom).

The particle trajectories from Fluid Stream
have been compared to the sample trajectories ob-
tained from the manual analysis. The sample tra-
jectories are shown in Figure 5, highlighting the
peculiar features of sediment transport: the parti-
cles frequently move and stop (as a result, no tra-
jectory spans the entire focus area); the trajecto-
ries present highly variable length; even though
most paths are directed downstream, several
transverse movements are present (see, for exam-
ple, trajectory number 8). The validation is set out
in Figure 5. Parts of the sample trajectories are
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caught by the automatic measurement, but paths
are often split and merged incorrectly, due to in-
terception between the motion of couples of parti-
cles. Figure 5 presents only the particle trajecto-
ries with a duration larger than 0.2 s. Particle
density is larger for the greyscale images than for
the blob ones. Indeed, in the former case, a larger
number of particles has been detected, with typi-
cally larger durations.

5 POTENTIALITIES AND LIMITATIONS

The application of PTV to bed-load particles
yields a variety of results. For example, Figure 6
depicts the cumulative frequency distribution of
the duration of particle trajectories. According to
the plot, the most frequent durations are the short-
est, and the distribution presents a long tail on the
right-hand side. Similarly, Figure 7 shows the fre-
quency distribution of the average particle veloc-
ity during a motion event. The distribution is not
symmetrical, with the modal velocity being
around 50 mm/s while the mean velocity equals
90 mm/s. The last value is consistent with the
Eulerian measurement of velocity made by Radice
& Ballio (2008) for the same experiment. The
right tails of both distributions reflect the nature of
path duration and particle velocity as intrinsically
positive quantities being bounded below by the
zero value and virtually unbounded above. Fi-
nally, Figure 8 presents the temporal evolution of
the particle velocity within some of the measured
trajectories. Such pieces of information may be
useful in development and verification of prob-
abilistic (e.g., Einstein-like) theories of sediment
transport.

On the other hand, at the present stage of de-
velopment the measurement is still affected by too
much uncertainty. In this respect, it may be
pointed out that bed-load particles represent a
tougher challenge for PTV compared to particle
tracers in a fluid flow. For example, as seen, the
motion is not continuous, with frequent starts and
stops. Furthermore, the particle trajectories are of-
ten not smooth, due to collisions between the
moving and the still grains. Finally, a technique
like that presented here suffers from another prob-
lem, which is related to the temporal resolution of
the measurement: since the identification of the
moving particles is made by means of a subtrac-
tion between consecutive frames, a single match-
ing process requires two difference images and
thus three frames of the original movie. Wang et
al. (2009) proposed to apply the PTV to two dif-
ference images, with the first difference image be-
ing the first frame minus the second (1-2) while
the second difference image is the second frame



minus the first (2-1). In this case, this procedure
could not be applied since the particles used were
variable in colour. In some cases the moving par-
ticles were lighter than the local background and
in other cases they were darker. As a result, there
was no systematic correspondence between the (1-
2) difference and the particle start positions and
between the (2-1) difference and the particle stop
positions.

6 STRATEGIES FOR DEVELOPMENT

The Lagrangian measurement of particle motion
described here is a combination of two steps,
namely the particle identification and the match-
ing process. Both these phases can be improved to
obtain a more reliable measurement. In this sec-
tion some strategies are outlined.

Particle identification is a crucial step in the
measurement. The choice to work releasing parti-
cles over a smooth bed or releasing coloured par-
ticles over a fixed bed of non-coloured ones may
surely help this step. Yet, at the same time, it
seems undesirable, since in this way the motion of
the released particles would be measured, instead
of that of the grains that are entrained by the flow
field (with all particles eligible for motion). It
should be possible to avoid the image subtraction
working with colour images. In this way, the par-
ticles (still or moving) may be identified based on
their colour and afterwards the moving particles
may be tracked. In such a way, the use of the
original movie frames would also avoid the need
for three frames for a single measurement of par-
ticle velocities.

The particle matching algorithm may be also
improved. In this respect, for example, the second
author is presently developing a method to con-
sider the shape of the particles as a further crite-
rion to choose the best matches.

Of course, proper validation strategies will be
devised. In this respect, the integral validation
used here had a satisfactory outcome even if the
trajectory-based validation had evident faults.
This likely indicates that the integral validation
may be quite insensitive to the correctness of the
matching process in PTV.

7 CONCLUSIONS

The present manuscript has presented a tentative
application of Particle Tracking Velocimetry to
bed-load particles, as a step towards obtaining La-
grangian measurements of particle motion to sup-
port the development of probabilistic models for
bed load.
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Figure 8. Evolution of longitudinal velocity in some sample
jumps for the grey images. Symbols in the temporal plot and
in the plan view correspond.

The PTV analysis has been applied to a bed-
load experiment conducted during earlier work.
The moving particles have been identified by im-
age subtraction and the match between the parti-
cles in subsequent difference images has been
made using the Fluid Stream software.



The sample results have shown the unquestion-
able potentialities of a Lagrangian analysis of par-
ticle motion. On the other hand, some flaws of the
measurement as it presently is have been high-
lighted. Even if the results are encouraging, reli-
ability of the measurement is still not enough for
robust conclusions to be drawn. Proper strategies
for improvement of the measurement have been
sketched.
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