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Abstract Spatiotemporal variation of velocity is impor-
tant for debris flow dynamics. This paper presents a new
method, the trace projection transformation, for accurate,
non-contact measurement of a debris-flow surface velocity
field based on a combination of dense optical flow and
perspective projection transformation. The algorithm for
interpreting and processing is implemented in C ++ and
realized in Visual Studio 2012. The method allows
quantitative analysis of flow motion through videos from
various angles (camera positioned at the opposite direction
of fluid motion). It yields the spatiotemporal distribution of
surface velocity field at pixel level and thus provides a
quantitative description of the surface processes. The trace
projection transformation is superior to conventional
measurement methods in that it obtains the full surface
velocity field by computing the optical flow of all pixels.
The result achieves a 90% accuracy of when comparing
with the observed values. As a case study, the method is
applied to the quantitative analysis of surface velocity field
of a specific debris flow.

Keywords debris flow, surface velocity field, spatiotem-
poral variation, dense optical flow, perspective projection
transformation

1 Introduction

Debris flows are sudden, complex, superficial processes
that comprise a mixture of soil, rock particles and water
(Takahashi, 1978; Cui, 1992; Iverson, 1997). Surface
velocity field (SVF) and the spatiotemporal variation of
flow velocity are crucial for both the dynamics and
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engineering of debris flows (Arattano and Marchi, 2000;
Marchi et al., 2002; Sederman et al., 2004; Itakura et al.,
2005; Calvo and Savi, 2009).

Debris flow SVFs are primarily studied using flow
measurement instruments. The existing techniques include
image analysis, electromagnetic wave measurement, and
cross-sectional measurement (Ren et al., 2002; Hiirlimann
et al., 2003; Arattano and Marchi, 2005). Image analysis
includes particle image velocimetry (PIV) or large-scale
PIV (LSPIV), spatial filtering velocimetry (SFV), and the
spatiotemporal derivative space method (STDSM) (Gene-
vois et al., 2001; Adrian, 2005). Developed in the late
1970s, PIV and LSPIV consist of instantanecous, multi-
point, non-contact laser measurements of fluid dynamics
(Costa et al., 2000; Kantoush et al., 2008; Dramais et al.,
2011; Zhang et al., 2013). In this method, the measurement
area is divided into a number of interrogation areas (IA),
and obtains the mean velocity by comparing the
characteristics of the search areas (Valentino et al.,
2008). The SVF obtained in the previous studies (Ilstad
et al., 2004; Fujisawa and Oguma, 2008; Lee et al., 2009)
is sparse and of low precision because of the large 1A area
(Fox and Belcher, 2011; Fujita and Kunita, 2011; Kantoush
et al., 2011). Meanwhile, STDSM and SFV provide only
an approximate direction of flow, but cannot provide the
accurate measurements of the velocity (Leitgeb et al.,
2002; Szkulmowski et al., 2008). The result thus provided
gives only a mean velocity field after a certain period of
measurement, rather than a full velocity vector field.

Electromagnetic wave measurement based on the
Doppler Effect obtains only mean flow velocities at one
or a few points, but not the continuous field on the entire
flow surface (Felberg et al., 2002; Kouamé et al., 2003;
Pedersen et al., 2007).

The often adopted flow velocity in practice is actually
the mean velocity determined by timing the flow passing
through two cross-sections using ultrasonic sensors or
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ground vibration sensors, which describes the movement
en masse, but nothing about SVF (Hiirlimann et al., 2003;
Arattano and Marchi, 2005).

Technically, debris flow velocity measurement and
analysis rely on the efficient measurement of SVF and
the accurate image distortion correction. Real-time mea-
surement of surface velocity can be achieved by computer
vision methods, such as dense optical flow (DOF) and
perspective projection transformation (PPT). The DOF
correlates the planar motion in two-dimensional (2D)
images with the objectives and scenarios in three-
dimensional (3D) space, and creates a pattern of moving
optical flow. The resulting optical flow contains informa-
tion of not only the image, but also of the 3D structure
(Bouguet, 2001; Farnebiack, 2003; Shi et al., 2014).
Therefore DOF can be used to measure the optical flow
of all pixels in a fluid motion image as to trace a large
cluster of moving objects on flow surface. PPT is widely
used for approximating real 3D objects by 2D image
(Sidenbladh et al., 2000; Ying et al., 2006; Wang et al.,
2008) and also for image distortion correction of fluid
motion videos recorded at various angles.

This study aims to propose a new method, the trace
projection transformation (TPT), for accurate non-contact
measurement of debris flow SVFs, based on DOF and PPT.
The accuracy of the proposed method is tested via
comparison with data collected from both field observa-
tions and laboratory experiments. Subsequently, it is
applied for characterizing debris flow dynamics and
applications of TPT in variations of debris flow surface
velocity.

2 Methodology
2.1 Accurate SVF measurement using orthographic images

Figure 1 gives the schematic illustration of the coordinate
for SVF measurement. The measurement is iteratively
conducted for the entire image in grids defined by the

positions (x, y). The velocity vectors are then <%,2—J;>,
with At the frame interval. Next, DOF analysis on image
pairs yields instantaneous and time-averaged 2D SVFs.
According to DOF, the gray scale of each moving pixel
within the frame interval remains unchanged (Farnebick,
2003). Therefore, the gray level of the feature point can be
used to trace its position in the next frame (i.e., the next
frame interval). The DOF is subsequently obtained by

Ax A
computing the optical flow of all the pixels, i.e., (E ,A—);)

(Bouguet, 2001; Shi et al., 2014). Fluid motion video
exhibits salient regions with high-contrast colors on the
fluid surface, corresponding to the impurities and floating
debris. The fluid flow can be observed owing to the

Fig. 1 Schematic of the comparator coordinates, xyz, and the

object-space coordinates, x')y'z’. Arrows indicate the direction of

flow; xoy is the imaging plane of the video; x'0y’ is the real plane of
the flow.

presence of these regions in the moving fluid surface.
When a continuous fluid is fully segmented, the surface of
each segment is approximately planar and thereby
allowing for computation of surface velocities. Thus, the
velocity distribution can be obtained by computing the
velocities in all the segments.

2.2 Image distortion correction

Image distortion is corrected by the comparison between
the two coordinate systems. Suppose the video camera is
mounted directly above and perpendicular to the real plane
of fluid flow, x'0y/, which overlaps with the image plane
xoy at a certain height (Fig. 1). It is then possible to
transform the image velocity field of the flow surface to the
real SVF (Wang et al., 2008). In practice, it is difficult to
directly obtain a video orthographic projection of a fluid
surface. Thus, certain algorithms are required to perform a
perspective transformation and to correct the video (Ying
et al., 2006). Here, PPT was adopted for the video image
distortion correction.

3 Development of the trace projection
transformation method

The algorithm for interpreting and processing is imple-
mented in C+-+ and realized in Visual Studio 2012.
Compute unified device architecture (CUDA) is used to
accelerate the calculation. The TPT is used to analyze
debris flow videos and support real-time measurement of
SVF using a digital video camera. These require a high
angle view of the video in continuous proximity to the
flow. Shooting angle in the experiment is as high as
possible and the distance from the point of lens view is as
close as possible. A simpler method for conducting PPT
would be to shoot a slightly distorted image at a higher
view and orthographic projection. In addition, field
surveys before and after the record are necessary to obtain
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accurate on-site data, which provide accurate perspective-
conversion data for the algorithm and parameter references
for establishing video correction and calibration settings.

The procedures for the algorithm implementation are as
follows:

1) Image enhancement and restoration: The video is
preprocessed to meet the desired conditions. Homo-
morphic filtering is then used to eliminate the shadow
interferences and unstable illumination conditions in the
image. Median filtering is then used to eliminate image
noises, finishing with shock filtering or smoothing filtering
to enhance the image. In this final step, filters are used for
image enhancement of the initial video.

2) Image distortion correction and restoration. PPT is
adopted for image distortion correction. A 4-point texture
mapping is applied on perspective transformation by
combining perspective projection and texture mapping.

We set a quadrilateral, 4’B'C’'D/, in xoy in accordance
with a reference rectangle, ABCD. The algorithm is used to
read any static image in the fluid motion video, with ABCD
in space corresponding to the quadrilateral 4'B'C'D'.

A projection rectangle, A"B”"C” D", is set in xoy (Fig. 2),
which overlaps A'B'C’'D’ along the sides, i.e., with
A" (x{,y{) overlapping A'(x{,y;) and B"(x}).,y3) over-
lapping B'(x} .y ).The length of 4”B” is then determined.
The length of B"C” and the coordinates of C” (x5 ,y3 ) and
D”(x},y{) can be determined by using the equation;
AB  A"B”
BC B'C”
matrix (PPM) from x'0)’ to xoy, with a scaling scalar w
(Sidenbladh et al., 2000).

. Then we define p; as the transformation

/
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3) Screenshots from the video are read, with intensities
assigned to the grid points.

4) The velocity of characteristic point, ¥}, is calculated
using DOF. Optical flow is based on the assumption that
object points have the same brightness over a short period
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Fig. 2 (a) Positioning of quadrilateral, (b) projection mapping of
the projection rectangle’s area in the perspective projection
transformation algorithm.

xw=poo-X +poi-¥ + P

and w = pyo X' +pyy + 1. 2)
Egs. (1) and (2) yield

X =poo-X +po1Y + Por—Pa XX —py-x-y, 3)

y=pioX +puy +po-poy¥ -puyy. @
For the transformation above, only four pairs of
observation points were required to solve the coefficient
matrix (i.e., PPM).
Similarly, the PPM of the projection rectangle 4”B"C”
D" and the quadrilateral 4’B'C'D’ is defined as

E N

0 —xix;  —x{y X1

L —yixp =y »

0 —xix; —x3y; x5

I =yix; —yinm » s
0 —x3x3  —x3y;3 x3 ®
L —yixy —y3ps B

0 —xgx; —x4y4 xy

L —yyxy —yiyyl Lyg |

of time (Atz). Consider point (x, y) in an image f;(x,y) at
time ¢, then

fi(xy) = firalx + Axyy + Ay). (6)
Ax A
The optical flow is (E ,ﬁ) Computing the flow
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vector at every point in the image gives the dense optical
flow field (Farnebick, 2003). The displacement for a
POInt (XeurenssVeurrens) €@n be defined as the displacement
(Ax,Ay) which minimizes the residual error & between the
images:

Xeurrent 7W  Veurrent +W

S(AxaAy) = ft(xay) 7ft+At(x +Ax,y + Ay)a

=Xeurrent = WJ=Veurrent =W

where a small {(2w + 1) by (2w + 1)} rectangular region
around the current point is used to assess the similarity of
images.
This actually implies that
o o o

Z A+ —Ay+—=At =0 8
P +ay v+ , (®)

which can be rewritten as

Ax
oA of\| a | o
(m) N )
At
of of of

Analyzing the fluid motion video: ’@ “pr vield’s the

data matrices, for which the pseudo-inverse matrices A

A
K)t} define the pixel-level flow velocity field (i.e., V; in xyz).

5) Determination of V' in xoy by V,, through coordinate
transformation. Ground reference points (GRP) were set on
both sides of the channel. Real time kinematic (RTK), or
total station, was used to measure terrain and obtain the
relative coordinates. By using the geometric transforma-
tion relation between the object-space coordinates and
image coordinates of the control points, image geometric
distortion correction was adopted by perspective projection
transformation. Additionally, pixel parameters and actual
displacement conversion ratios have been used to adjust
the size of the image resolution.

6) Determination of surface velocity in x'0)’ using PPT.
If the height difference between the correction plane and
real plane is taken into account, then the object-space
coordinates of any point in x'0) can be obtained by
transforming the comparator coordinates of the point in
xoy through the PPM. In the comparator coordinates xyz,
V' was converted to the actual velocity ¥ in the object-
space coordinates x'y'Z', namely, the real fluid surface
velocity field.

7) Velocity correction. The noise of an image signal
often leads to errors and wrong direction in the calculation
of velocity. Therefore, it is necessary to correct the velocity
field with median filtering after obtaining results. Different
from step 1, in which the purpose of filtering was to
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improve the quality of video images, the filter in step 7 was
primarily used to conduct the velocity correction.

Figure 3 shows the procedure used in the TPT method.
The hypothesis of perspective projection transformation is
a plane. In the plane, surface velocity field is calculated by
orthographic projection. In practice, if the gradient of the
debris-flow channel bed significantly changes, the channel
of debris flow should be divided into separate planes
according to different gradients. With corresponding
ground reference points set on different planes, and the
PPM relationship established within each plane, we can
conduct corresponding perspective projection transforma-
tion in the different planes.

4 Application
4.1 Application to natural debris flow

These methods were applied to debris flows in Jiangjia
Gully, a well-known observation and research site for its
active debris flows (Cui et al., 2007; Guo et al., 2013; Li
et al., 2015). The flows were then simulated in flume
experiments. With the fault intricately distributed, the
ravine is deeply cut, steeply sloped, and strongly impacted
by frequent tectonic activities. Proterozoic weakly meta-
morphosed rocks are the most common type found in this
ravine, where approximately 80% of the outcrops are
highly weathered and are very weak. Phyllite, sandstone
and slate are distributed widely in the source areas,
resulting in large amounts of loose materials, up to
12.3x10° m? (Cui et al., 2005). According to the materials
distribution and the channel slopes, the main channel is
classified into an erosion zone, a transport zone and a
deposition zone.

More than 400 debris flows have occurred since 1965,
each consisting of numerous surges, at magnitudes varying
from thousands to millions of cubic meters, and exhibiting
a variety of flow types. Real-time monitoring of debris
flow is carried out every rainy season (between May and
September) at the Dongchuan Debris Flow Observation
and Research Station (DDFORS). The measured para-
meters include flow depth, velocity, discharge, sediment
yield, and so on. Among these, the velocity is traditionally
measured as an average value of the surge passing through
two fixed cross sections (i.e., the sections 4-4” and B-B’ in
Figs. 4 and 5). For that reason, only the mean velocity of
debris flow is measured in observation (Li et al., 2015).

Here we have completed a case study on debris flow
events on July 8, 2001 and August 25, 2004, using the
proposed TPT method. Both events contain surges of high
(1.8-2.2 g/em?®) and low densities (1.3-1.8 g/cm?®) (Hu
et al., 2011b). The traditional mean velocity was obtained
by observing the surge fronts passing through two fixed
cross-sections in the stream channel (Figs. 4 and 5). Digital
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Image enhancement and restoration

Y

Image distortion correction and restoration

Y

Read the original images

I

Obtain the speed of feature points /, in the comparator
coordinates xyz using DOF
Obtain /" in the comparator coordinates xyz using the
pixel parameter and actual displacement conversion ratio

Y

Obtain the real velocity / in the object-space coordinates
using PPT

Output of computation results;
continue the next computation or not

Velocity correction

End

Fig. 3 Flowchart of the trace projection transformation algorithm (loop computation).

Table 1 Comparison of velocities measured by TPT and field
observations for the debris flow event on July 8, 2001 (Wei et al., 2002)

In field observations, homomorphic filtering was
adopted to eliminate the shadow interferences and unstable

Surg number Vi/(m-s ) Vo/(m-s ) Error illumination conditions, median filtering was used to
1 6.19 6.44 T+ 4.04% eliminate the noises, and in the end, smoothing filtering or
5 6.30 6.01 4.60% shock ﬁltering was employed to gnhance the image. Four
5 67 6.50 3560 GRPS in total were set on both s@es of the channel. Real
) ) : Time Kinematic (RTK) or total station was used to measure
4 N/A. 6.22 N/A terrain and obtain the relative coordinates. Image distortion
5 N/A 6.25 N/A correction and restoration was conducted with the help of
6 6.02 6.43 1 681% the PPT method. As the GRP were set on the bank, there
; N/A 611 N/A was a height difference between the correction plane and
the real plane. In order to eliminate the error, height
8 687 656 “451% difference (that was the water level value) was taken into
9 6.68 643 —3.74% consideration. As a result, the correction plane was similar
10 5.24 5.51 +5.15% to the real plane.
11 6.36 6.20 -2.52%

4.1.1 Debris flow on July 8, 2001

Videos with an image resolution of 720x 576 pixel and a
frame rate of 25 fps were used to obtain the mean velocity

video cameras were set facing upstream to record the
debris flow motion.

At first we corrected and enhanced the videos taken by
DDFORS, which were taken at a side-view and distorted
due to the filming equipment on the bank, with shadow
interferences due to the unstable light source.

for each surge. A short shooting distance of 3 m will only a
slightly distort an image. The noise of an image signal is
weak if the filming spot is located in a deposition zone, and
the debris flow is less turbulent. Thus, we corrected the
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Fig. 4 Schematic diagram of the measurement of surge 1 on July 8, 2001, obtained by using the method described in the text ((a) stands
for channel sections; while (b), (c), and (d) represent flow patterns with surface velocity vectors of the surge front at sections 1-1', 2-2',
and 3-3', in the observation video, respectively).
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Fig. 5 Schematic diagram of the measurement of the surge 19 front on August 25, 2004, obtained by using the method proposed in this
study ((a) represents sections in the channel, while (b), (c), and (d) represent the flow pattern with surface velocity vectors of the surge
front at sections 1-1', 2-2', and 3-3', in the observation video, respectively).

velocity through median filtering. surge front between sections 4-A’ and B-B' were
In field measurements, the mean velocity of the surge  calculated by:
front is measured based on its travel time between two

channel sections, e.g., A—A4" and B-B’, as shown in Table 1. 1 L
Figure 4 indicates the velocity field and the flow pattern V= 2 f V(x)dx, (10)
with surface velocity vectors of the surge front as measured 0

by TPT from image sequences. The mean velocities of the
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where, V(x) is the velocity of the surge front at different
sections (m/s); and L is the distance between A-A4" and B—
B’ (m). The surge front of the debris flow displayed a
typical front-slope shape. As per convention, we defined
the length of the surge front as 2 m (Hu et al., 2011a).

The velocities of the surge front were not uniformly
distributed. For example, the mean velocity of surge 1 was
6.02 m/s at section 1-1', and increased along the channel,
finally reaching 6.67 m/s at section 3-3' (Fig. 4). Based on
the velocity field, the mean velocity of surge 1 is 6.44 m/s,
following Eq. 10. The TPT test result indicated a deviation
of 4.04% when compared with the measured mean velocity
of surge 1. The detailed comparison between TPT test
results and observation data are listed in Table 1. The result
showed that the largest deviation is 6.81%.

4.1.2 Debris flow on August 25, 2004

The event on August 25, 2004 was observed at the end of
the transport zone. The channel with a gradient of 123 %o
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and width of 20 m was relatively narrow.

With similar resolution and frame rate, the image of this
event differs from the aforementioned one in that: 1) the
image was more distorted because of the long shooting
distance of 6 m, and 2) the noise was more severe because
the turbulent motion and mud splash were more sig-
nificant. Therefore we combine smoothing and median
filtering for velocity correction.

Forty-nine surges were identified from eye-witness
reports and videography, 42 of which were measured by
a field method (Hu et al., 2011b). The velocities of the
surge front between sections A-A4' and B-B' were
calculated by TPT as V, in Table 2. If we take surge 19
as an example, the mean velocity of the surge front is found
to be 8.41 m/s at section 1-1', reaching to 8.97 m/s at
section 3—3' (Fig. 5), while the mean velocity was 8.73 m/s.
A deviation of 3.93% was shown between the TPT test and
measured mean velocity of surge 19. The comparison of
the overall process between the TPT test results and
observation data are listed in Table 2. The results show that
the largest deviation is 9.20%.

Table 2 Comparison of velocities measured by TPT and by field observations for the debris flows on August 25, 2004 (Hu et al., 2011b)

Surge number Timing/(H:M:S)  Vi/(m-s ') V>/(m-s ) Error Surge number Timing/(H:M:S)  Vi/(m-s ') Vo/(m-s ) Error

1 12:56:00 6.19 6.54 +5.65% |26 13:53:22 6.71 6.90 +2.83%
2 13:07:00 6.19 6.01 -291% |27 13:53:58 10.62 11.20 +5.46%
3 13:09:33 6.74 6.50 —3.56% |28 13:56:29 6.95 6.53 —6.04%
4 13:11:09 7.44 6.84 —8.06% |29 13:59:30 6.79 6.47 —4.71%
5 13:12:19 6.25 6.56 +4.96% (|30 14:01:41 5.99 6.52 +8.85%
6 13:14:26 6.02 6.43 +6.81% |31 14:03:04 5.88 6.01 +221%
7 13:15:05 6.34 5.91 -6.78% ||32 14:04:06 6.45 6.40 —-0.78%
8 13:16:36 6.87 6.40 —6.84% |33 14:05:41 6.52 6.80 +4.29%
9 13:19:08 6.68 6.54 -2.10% |34 14:06:25 5.61 6.06 +8.02%
10 13:21:57 5.24 5.61 +7.06% |35 14:08:04 6.11 6.43 +5.24%
11 13:22:30 6.36 6.62 +4.09% (|36 14:10:25 5.04 4.81 -4.56%
12 13:23:30 6.76 6.20 -8.28% ||37 14:10:59 N/A. 5.27 N/A.
13 13:25:12 6.59 6.60 +0.15% |38 14:11:23 5.70 6.00 +5.26%
14 13:27:18 8.40 8.00 -4.76% |39 14:12:09 5.75 6.14 +6.78%
15 13:29:12 6.47 6.01 —7.11% |40 14:13:03 5.88 5.51 -6.29%
16 13:30:12 8.11 8.32 +2.59% ||41 14:14:33 N/A. 6.17 N/A.
17 13:33:22 6.39 6.01 -5.95% (|42 14:15:22 6.58 6.50 -1.22%
18 13:34:35 5.79 5.50 —5.00% |43 14:16:19 N/A. 6.01 N/A.
19 13:37:24 8.40 8.73 +3.93% ||44 14:17:44 491 5.20 +591%
20 13:39:48 6.82 6.96 +2.05% ||45 14:19:01 N/A. 5.67 N/A.
21 13:41:26 6.59 6.43 —2.42% ||46 14:20:16 N/A. 6.31 N/A.
22 13:43:38 6.88 6.51 ~5.38% ||47 14:21:42 5.73 6.16 +7.50%
23 13:45:58 7.00 7.20 +2.86% ||48 14:43:12 N/A. 5.13 N/A.
24 13:46:48 11.79 11.54 -2.12% |49 15:00:00 N/A. 5.32 N/A.
25 13:51:07 7.72 7.01 -9.20%

Note: ¥} and ¥, represent the mean velocity of the surge front observed manually and measured by TPT, respectively.
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4.2 Application to flume experiments

We have also applied this method to flume experiments.
The flume was 47.3 m long, 0.7 m wide, and 1.2 m high,
with a gradient of 20%. The experiments were designed to
simulate debris flows from the co-seismic landslide
deposition area in Wenjia Gully, located in the Wenchuan
earthquake area. The materials taken from the landslide
deposit were placed in the flume, and the water was then
released upstream to initiate debris flow (Tang et al., 2013).
A digital video camera at the flume outlet recorded the
entire process. The mean velocity of the surge front was
measured by the travel time of the water flow from section
A-A' to section B-B'. The length of the surge front was
identified as 0.2 m.

The image resolution is 1,920x 1,080 pixel, the frame
rate is 25 fps, and the image distortion is ignorable in
comparison with the observation. Given the short shooting
distance was measured at 1 m, the correction was
conducted with four boundary points of the flume as
GRPs. The experiments were initially designed for dam-
breaking debris flow formation. Five dams were piled

(©

Velocity magnitude/(m-s™)
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along the flume resulting in extremely turbulent motion
and mud splash. In this case, both the median filters and
smoothing filters were used in the velocity correction.

If we take Experiment 2 as an example, the mean
velocity of the surge front that was calculated by the TPT
method gave 4.21 m/s at section 1-1', which increased
along the channel to 4.87 m/s at section 3—3’, resulting in
a mean velocity of 4.53 m/s based on the velocity field
(Fig. 6). As compared with the practical observation, the
error was about 7.86% of the second experiment. The
calculated velocities and the compared results are listed in
Table 3, indicating the acceptable accuracy of TPT
method.

5 Discussion
5.1 Distribution of surface velocity
There are advantages to using the TPT method in the

quantitative analysis of the spatiotemporal distribution of
surface velocity. As an example, this method was applied

(b)

Velocity magnitude/(m-s™")

@

Velocity magnitude/(m-s™")

Fig. 6 Schematic diagram of the measurement of the surge front in the second experiment of a series of large-scale flume experiments,
measured using the method proposed in this study ((a) denotes channel sections, while (b), (c), and (d) represent flow patterns with surface
velocity vectors of the surge front at sections 1-1’, 2-2" and 3-3, in the observation video, respectively).
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Table3 Comparison of observed and TPT-measured data in large-scale

flume experiments

Experiment number v/ (m-s™h Vsl (m-s™h) Error

1 4.11 4.42 +7.54%
2 4.20 4.53 + 7.86%
3 5.60 5.18 —7.50%
4 2.80 3.03 +821%
5 4.70 4.54 —3.40%
6 4.80 5.09 + 6.04%
7 4.90 5.03 +2.65%
8 3.80 3.82 + 0.53%
9 3.34 3.26 —2.40%
10 5.50 5.25 —4.55%
11 543 5.01 -7.73%
12 5.12 4.89 —4.49%
13 5.56 5.72 +2.88%
14 5.00 4.81 ~3.80%
15 4.54 4.75 +4.63%

Note: V; and V; represent the mean velocity of the surge front observed manually
and measured by TPT, respectively.
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to section S-§" (Fig. 6(a)) in the flume experiment. The
section was 0.7 m wide, 0.5 m from the outlet, and
perpendicular to the lowest plane of the flume. S-=§
represents the section selected for velocity measurement.
The coordinate set was established in the S-S’ section. The
coordinates of the y-axis were not obtained since only the
surface velocity was measured.

Figure 7 indicates the distribution of surface velocity at
section S—§', varying from point to point (Fig. 7(c)), and
corresponding to the velocity field at the 2™ and 6
seconds.

TPT measures the surface velocity field in one section at
any time and obtains the mean surface velocity by integral
operation of the velocity distribution in that section. The
temporal variation of the mean velocity in section S-S’ was
obtained (Fig. 7(d)). The maximum velocity reached the
2.0 s mark.

5.2 Advancement in the measurement of SVF

Numerous difficulties have been associated with the use of
traditional measurement methods of debris flow velocity,
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Fig. 7 Spatio-temporal distribution of debris flow surface velocity at section S—S" in Fig. 6(a) ((a) represents spatio-temporal distribution
(3D) of debris flow surface velocity; (b) represents a two-dimensional map of the spatio-temporal distribution in debris flow surface
velocity; (c) represents the surface velocity at time 2.0 s and 6.0 s; and (d) represents variations in mean surface velocity measured by the

proposed method (TPT)).
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yet a more accurate measurement method has not yet been
determined. 1) The measurement requirements for PIV are
steep, typically requiring that tracer particles be manually
added. The measurement of debris flow velocity in the field
is typically inaccurate, and the velocity field information is
often missing. 2) The common method for calculating the
mean velocity is to divide the flow distance by time;
however, this method cannot measure the temporal and
spatial variations. 3) TPT is obviously advanced when
compared with traditional measurement methods (Hiirli-
mann et al., 2003; Kouamé et al., 2003; Arattano and
Marchi, 2005; Pedersen et al., 2007), because it is able to
measure the complete velocity field of the debris flow
surface and has been verified in prototype observation and
laboratory experiments. It can also achieve the temporal
and spatial variations of the surface velocity of debris flow.

TPT strongly depends on the stability of the light source
and the camera lens, which is also sensitive to errors
generated due to shadow interferences. Therefore, image
enhancement and restoration are necessary procedures
when using this method.

6 Conclusions

The new TPT method was proposed for an accurate, non-
contact measurement of debris flow SVF based on a
combination of DOF and PPT. The principle is that the
SVF in space can be derived by converting image SVF
measured by DOF into the real space of flow through PPT.

TPT was applied using data on natural debris flow
processes and large-scale flume experiments. A compar-
ison of this method with the observed values revealed
errors of less than 10%, indicating that it can be used to
measure the surface velocity of debris flow. TPT will
compensate for the inability of the current method to
accurately measure the surface velocity fields of the debris
flow.
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