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Abstract. Observation of incomplete particle hops in imaging-based
experiments with bed-load transport does not just occur with hops that are
longer than an area of observation. Even short hops can be in fact
incompletely measured if they cross the boundaries of the focus area.
Experimental censorship biases the statistical distribution and moments of
bed-load particle hops. This paper presents: a theoretical quantification of
an expected effect of experimental censorship; based on this quantification,
a method to correct the statistical distribution of hop lengths; an application
of the method to experimental data. Applying the correction leads to
significantly different values of the mean hop length, compensating the
biasing effect of censorship. By contrast, nothing can be done for
experimental truncation that is associated with hops longer than an applied
area of observation. Experimental truncation must be avoided a priori, by
appropriate design of the measurement method.

1. Introduction

Bed-load sediment motion can be analyzed from an Eulerian viewpoint (referred to the
properties of the process at some control locations, [1, 2]) or taking a Lagrangian approach
(following individual particles as they move, [3, 4]). Key quantities under consideration in
the latter case are the characteristics (length, duration and mean velocity) of particle motions
from entrainment to disentrainment, frequently named as particle hops. Parameterizing the
particle hop properties as functions of the hydro-dynamic flow has been the object of
extensive investigation during the last decades ([5-10]).

Experimental measurement of particle motions is unavoidably related with a field of view,
that can be represented by a river reach under investigation (for example, in field studies on
transport of tracer pebbles, e.g., [11]) or by an area of observation within a laboratory flume
([12-14]). Even though the two kinds of experimentation have very different size, they share
similar shortcomings in relation to the possibility to perform Lagrangian measurements. We
focus on the more numerous laboratory studies. Potentialities and affordability of video
imaging techniques have made them very popular for the analysis of sediment transport (e.g.,
[1, 3-4, 8-10, 12-13]), making large data sets available for physical interpretation of the
process. However, a Lagrangian observation would be ideally required to be totally
independent of a field of view. By contrast, many hops may be only incompletely observed:
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hops longer than the area of observation cannot be measured, this effect being called
truncation in the present manuscript; hops shorter than the focus area but crossing its
boundaries will also be incomplete, this effect being called censorship. Measured probability
distributions and statistical moments of the hop properties can be thus biased by the
occurrence of incomplete hops ([12]). It is again remarked that the effect of a finite area of
observation involves censorship of all hop lengths (even the shortest in a population) and not
only truncation of hops longer than the focus area, because particle entrainment events can
occur close to the boundaries of the measuring window.

The paper discusses the expected effects of hop censorship. Then, experimental
censorship is demonstrated with reference to recent data. A bias to experimental data may be
avoided by appropriate experimental strategies or finding post-processing means to correct
the statistics of hop properties by removing the effect of experimental censorship. Removing
censorship of particle hops can significantly change the values obtained for the statistical
moments of the key quantities.

2. Concept

We consider an observation of a statistically stationary and uniform bed-load process.
Particle hops are assumed to have all the same length Ly, with starting points uniformly
distributed in space and time. For the sake of simplicity, we initially assume that the
observation is infinite in time. By contrast, an area of observation is employed with a stream-
wise length L4. It must be guaranteed that L, > Ly because, otherwise, the hops will be
truncated and will not be observable. Now, let one assume that a finite sample of particles
travels along the system and that N entrainment events take place within the area 4. This
would ideally enable N hops to be observed. However, this will not be the case, because hops
starting close to the downstream boundary of the area (at a distance shorter than L) will not
be completely observed. The number of hops that will be completely observed is:

Nobs:NX(l'LH/LA) (1)

based on an assumption of starting points uniformly distributed in space. The occurrence of
hop censorship is depicted in Fig. 1.
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Fig. 1. Schematic diagram showing the occurrence of spatial censorship for uniform bed-load particle
hops with length Lx. Motion is rightwards and the rectangle defines an observation area with length La.
Black hops (lines bounded by diamonds) will be completely observed while grey hops will be
incompletely observed.

It is well known that particle hops do not have the same length, as bed-load transport is a
stochastic process. To adapt the above concept to a more realistic situation, one can apply
eq. (1) to the observed hops for any possible length. In other words, Ni(Lx;) is now intended
as the number of hops with a certain length Lg; starting within L. The combination of Lg;
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and V; defines a distribution of hops starting within L. However, for a certain hop length Lg;,
one will observe a number of hops:

Nobsi = Nix(1-Lpi/L4) 2)

due to spatial censorship. The distribution of observed hop lengths will be, therefore, different
from the distribution of all the hop lengths for particle entrainment within L. This is
qualitatively depicted in Fig. 2, where the occurrence of hop truncation is also retrieved,
assuming that there will be also some hops with Ly; > L4. Truncation, that is the impossibility
to observe particle hops longer than an area of observation, takes place in the right part of
Fig. 2, while censorship, that is the impossibility to observe particle hops shorter than L, if
they start close to the boundaries of the area, is related with the left part of Fig. 2. The
quantitative impact of censorship varies with Ly;, being negligible for very short hops and
increasing up to 100 % for Ly; = Ly.
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Fig. 2. Schematic diagram showing the occurrence of truncation and censorship, and how they affect
the Cumulative Number (CN) of observed hops (dashed line) compared to the real number of hops
(continuous line).

What is proposed in this manuscript is that, if one can quantify the N,/ ratio as equal
to 1-Lui/L4, then the latter quantity can be used as a correction factor to reconstruct a real
distribution of hop lengths starting from an observed one. In the following, this correction
will be applied to the Cumulative Number (CN) and the Probability Density Function (PDF)
of particle hops in a bed-load transport experiment.

3. Application to experimental data

We now consider the particle hop data of [14]. The experiment was performed in a
pressurized duct with a cross section of 0.40 x 0.11 m?. A fixed, rough bed was employed,
which was made of glued Polybutylene-Terephthalate particles with a density of 1.27 g/cm?
and a size of 3 mm. The bulk flow velocity was equal to 0.32 m/s and corresponded to 1.4
times a threshold flow velocity for sediment transport. Bed-load particles were fed at the
upstream inlet of the flume. The motion of the transported particles was recorded from the
top using a CCD camera with a frame rate of 32 fps. The area of observation was 270 mm in
the stream-wise direction and 200 mm in the transverse direction. The duration of the movie
was 50 s. The tracks of the bed-load particles were obtained by Particle Tracking Velocimetry
using the Streams package (http://www.civil.canterbury.ac.nz/streams.shtml), followed by a
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manual repairing of tracking errors. After the tracking procedure, 321 particle tracks were
obtained, which in turn furnished 680 hops, 240 of which were complete. The statistical
distribution of the hop length is the key object of investigation in this manuscript.

The CN of the hop length is depicted in Fig. 3. We first consider the distribution obtained
from the hops that were completely measured. This distribution obviously reaches a
maximum CN value of 240. The tail of the distribution arrives at 231 mm, corresponding to
86 % of the stream-wise size of the observation area. A significant effect of censorship shall
then be expected for this experiment (furthermore, it was reported in [14] that the PDF for
all the measured hops — including also those that were incompletely observed — presented a
peak at 270 mm, demonstrating a major occurrence of track truncation). If the proposed
correction is applied to the number of observed hops, a new curve is obtained that presents a
different shape and arrives at a maximum CN value of 324.7, thus one obtains a non-integer
value that must be interpreted as a statistical approximation. Furthermore, it is evident that
the weight of the correction increases for larger L, because for the smallest Ly; values the
correction factor is negligibly less than 1.
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Fig. 3. Cumulative Number (CN) of particle hop length: observed (dashed) and corrected (continuous)
numbers for the data of [14].
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Fig. 4. Probability Density Function (PDF) of particle hop length: measured (dashed) and corrected
(continuous) distributions for the data of [14].

The same approach is applied to the PDF of observed hop lengths in Fig. 4. The shape of
the PDF was quite irregular due to a relatively limited sample size and was thus smoothed by
an appropriate choice of bins, to make the observation of the diagram easier. Again, the
probability of the shortest hops is negligibly modified by the correction, while the importance
of the correction increases for increasing hop length, and the tail of the distribution is
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appreciably modified by the correction factor. The change of the shape of the PDF changes,
in turn, the mean value of the hop length, that increases from 41 mm to 79 mm applying the
correction (with a 93 % increase).

4. Discussion

Experimental data used for analysis and interpretation of natural phenomena need to be as
accurate as possible. On the other hand, experimental truncation and censorship may bias the
probability distributions obtained for bed-load particle hops, thus flawing phenomenological
interpretation by unreliable data. Censorship cannot be avoided, but the bias it induces can
be corrected after the measurements. The correction proposed in this manuscript is very
important for future analyses of weak bed-load processes considering the particle hops.

The proposed correction only accounts for censorship of particle hops (corresponding to
hops that are shorter than an observation area but are not observed completely because they
intersect the boundaries of the area), whereas nothing can be done for truncation (that
corresponds to hops longer than the observation area). In the presence of a significant
truncation of hop data, the correction may not return a good value. In this respect, [14]
proposed to compute a mean hop length by pooling all the observed tracks together and
dividing a total length by the number of entrainment events observed. For the same
experiment used in this work, they obtained a hop length of 177 mm, indicating that the
correction of the PDF in Fig. 4 only retrieved 45 % of the hop length, due to truncation.

The method proposed by [14] can be seen as more powerful than the correction introduced
in this work, because it is able to cope with truncation and censorship, while the present
correction only accounts for censorship. However, in the presence of suitable (i.e., not
truncated) data, the present correction is able to return the entire PDF of the quantities and
not only their mean value. This strongly stimulates the realization of experiments where
truncation is avoided using a long observation window (e.g., [15, 16]).

Even though conceptually sound, the correction proposed in this work is not ‘validated’,
because a perfectly uncensored sample of particle hops will never be available. A first check
can imply the comparison between the mean values obtained from corrected PDFs and those
obtained from track pooling, but this requires using data without truncation, as mentioned
above. Another aspect to be considered is the interplay between spatial and temporal
censorship. In this paper, the duration of an experiment was considered much larger than the
typical duration of particle hops. However, hop length may suffer from indirect censorship
in space and vice-versa. Further work will be, however, devoted to generalizing the approach
and providing more examples of its performance.

5. Conclusions

Experimental censorship, as a consequence of the incomplete observation of bed-load
particle hops due to particle tracks crossing the boundaries of a focus area, biases data
samples. The statistical distribution of, for example, hop lengths, is distorted and not
representative of a real one for all the hops starting within the area of observation. Censorship
affects particle hops of all lengths from the shortest to the length of the focus area. However,
under a statistically stationary process, different hop lengths are differently prone to
censorship.

In this paper, the length-dependent bias from experimental censorship was quantified
theoretically. It was also proposed to invert the relationship between real and biased
observation, to infer the former from the latter. In this way, it was possible to estimate a real
probability distribution of hop lengths from a measured one. The quantitative impact of the
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proposed correction was demonstrated by an application to experimental data. The correction
of censorship changed the mean hop length by almost 100 %.

In practice, censorship acts together with truncation, as a consequence of the use of a
measuring area that is shorter of the longest hops. The effect of truncation cannot be
compensated a posteriori, thus truncation must be avoided by appropriate experimental
strategies.
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