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Space-time image velocimetry (STIV) is a promising technique for river surface flow field
measurement with the development of unmanned aerial vehicles (UAVs). STIV can give the
magnitude of the velocity along the search line set manually thus the application of the STIV
needs to determine the flow direction in advance. However, it is impossible to judge the
velocity direction at any points before measurement in most mountainous rivers due to
their complex terrain. A two-dimensional STIV is proposed in this study to obtain the
magnitude and direction of the velocity automatically. The direction of river flow is
independently determined by rotating the search line to find the space-time image
which has the most prominent oblique stripes. The performance of the two-
dimensional STIV is examined in the simulated images and the field measurements
including the Xiasi River measurements and the Kuye River measurements, which
prove it is a reliable method for the surface flow field measurement of mountain rivers.

Keywords: mountain flash floods, river surface velocity, image analysis, space-time image velocimetry (STIV),
unmanned aerial vehicle (UAV)

INTRODUCTION

The flow velocity and discharge are two important hydrological parameters of the mountain flash
floods. However, accurate real-time field measurement of the mountain flash floods is often difficult
to achieve due to the imperfect infrastructure of the remote mountainous areas and the dangers of the
on-site contact measurement. The flow rates and velocities of mountain flash floods are mostly
estimated based on the disaster remains currently. Therefore, a non-contact remote velocimetry
suitable for the field environment will facilitate the monitoring and research of mountain flash floods.

In recent years, image-based velocimetry such as particle image velocimetry (PIV) and particle
tracking velocimetry (PTV) has attracted much attention and recognition due to its convenience of
non-contact and ability to obtain the two-dimensional flow fields. Some researchers have developed
large-scale PIV and large-scale PTV for the measurement of surface flow fields of rivers and have
some successful applications (Tang et al., 2008; Muste et al., 2014; Lewis and Rhoads, 2015; Le
Boursicaud et al., 2016; Thumser et al., 2017). Early applications of the LSPIV and LSPTV on the
river surface velocity measurement mainly relied on setting up fixed cameras on river banks or
bridges, which is especially unsuitable for the measurement of mountain flash floods. Fujita and
Hino, 2003, Fujita and Kunita, 2011 used a helicopter-mounted camera to shoot the surface of the
river which solved the problem of the need to build fixed camera monitoring facilities, but the cost
was too high to be widely applied. With the development of unmanned aerial vehicles (UAVs), UAV
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has become a more economical and convenient image acquisition
equipment with good performance in flexibility and stability for
the river measurement. (Eraslan et al., 2020; Kose and Oktay,
2020) Currently, the UAV images are widely used in the
measurement of ground topography by the Structure from
Motion (SfM) technique (Bakker and Lane, 2017; Lucieer
et al, 2014; Woodget et al., 2015) and the measurement of the
gravel size distributions by image segmentation techniques
(Detert and Weitbrecht, 2012; Westoby et al., 2012). For the
surface flow field, some researchers have also begun to use UAV
to carry out measurements after the maturity of the UAV fixed-
point hovering technique and the video images stabilizing
technique (Mied et al., 2018; Tsuji et al, 2018; Koutalakis
et al, 2019). The use of UAV will provide great potential
convenience for the measurement of mountain flash floods.
After receiving the flash flood warning, the operator can take
off the UAV from a measurement base several kilometers or even
tens of kilometers away from the flash flood site to carry out non-
contact measurements, while ensuring both the real-time
measurement and personnel safety.

For UAV video processing, the application of LSPTV is greatly
limited due to the reliance on artificial release of tracer particles or
floating branches and other accidental natural tracers. The
fundamental assumption behind LSPIV is that visible texture
which is usually the superposition of turbulence-generated
surface ripples on the water surface acts as a passive tracer
relative to the surface flow. When the effect of wind is
negligible, this assumption has been validated in various field
measurements (Sun et al., 2010; Chickadel et al., 2011; Tsubaki
et al,, 2011; Puleo et al,, 2012 Al-Mamari et al., 2019). LSPIV
measures an instantaneous flow field using a pair of images with a
specified time separation. Given that the time separation is
usually very short, the accuracy of LSPIV is often severely
affected at some river surface areas that lack significant
texture. To overcome this shortcoming, Fujita et al. (2007)
proposed the space-time image velocimetry (STIV) by using
hundreds of continuous images from videos. STIV generates a
space-time image by extracting grayscale values on the search line
set in the direction of main flow from hundreds of continuous
images. The moving textures on the river surface will form
oblique stripes on the space-time images. The average velocity
during the time period of captured continuous images at the
search line can be obtained by extracting the oblique stripes and
calculating the inclination. Many researchers Fujita et al. (2019);
Zhao et al. (2021); Fujita et al. (2020) evaluated the accuracy of
STIV, and found STIV is a technique to measure streamwise
velocity distributions more efficiently and accurately compared
with LSPIV.

STIV is essentially a one-dimensional velocimetry because it
only gives the magnitude of the velocity while the velocity
direction depends on the search line. It requires a
predetermined velocity direction for setting a search line. It
will encounter the problem of determining the direction of
velocities when applying the STIV to videos of mountain
rivers taken by UAV. Different from the analysis of the fixed
camera videos on the river bank, most mountain rivers are
meandering and the flow direction changes from place to
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place thus it is impossible to determine the specific flow
direction before measuring. To overcome the shortcoming of
STIV, a two-dimensional velocimetry, space-time volume
velocimetry (STVV), is proposed by Tsuji et al. (2018). In
STVV, the time evolution of image intensity distribution
within a rectangular area set on a river surface is expressed as
a space-time volume (STV) having three axes with two image
coordinate directions and the time direction. The surface velocity
vector is obtained by identifying the space angle of the oblique
stripes in the STV. Since the recognition of the space angle is
more difficult than that of the plane angle, the accuracy of STVV
depends heavily on the angle recognition error. In this study, the
authors proposed the two-dimensional space-time image
velocimetry (2D STIV) for surface flow field of mountain
rivers based on UAV videos, which determine the velocity
direction by rotating the search line to find the space-time
image which has the most prominent oblique stripes. In the
following Methods, the algorithm of this two-dimensional
velocimetry and the solution to the technical problems of
UAV will be presented in detail. In Results and Discussion, the
new method is evaluated in simulated images and the field
measurements. Finally, the conclusions are summarized in
Conclusion.

METHODS

The two-dimensional space-time image velocimetry (2D STIV)
proposed here is an improved method based on STIV. The
magnitude of the velocity in this method is determined by the
STIV and the velocity direction is obtained by rotating the search
line to find the space-time image which has the most prominent
oblique stripes. A brief introduction of STIV is given for the
complete description of the 2D STIV, and the details of STIV can
be found from Fujita et al. (2007), Fujita et al. (2019).

Magnitude of the Velocity

STIV supposes that different scale turbulent structures in the
river interact with the free surface and cause a large number of
ripples, boils and bubbles, which produce visible surface textures.
The surface textures move with the flows and can be used as
tracers to obtain the river surface velocities. In STIV, a search line
needs to be set along the flow direction firstly as shown in
Figure 1. The red arrow in Figure 1A is the direction of the
flow and the red line segment represents the search line for STIV.
The grayscale values of each point on the search line from the
videos can be extracted and arranged in chronological order then
a space-time image is generated as shown in Figure 1B. The
vertical length of the space-time image is the same as that of the
search line, and the horizontal axis is the number of frames which
stands for the time delay. The oblique stripes in the space-time
image are produced by the surface textures moving with the flow.
The average flow velocity along the search line during the time
period can be obtained by calculating the tangent value of the
inclination angle. As a result, the key of STIV is to identify the
inclination of the stripes on the space-time image. The Eq. 1.1
proposed by Fujita et al. (2019) is used to detect the inclination:
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FIGURE 1 | Principle of STIV. (A) A search line set along the direction of the river flow. (B) A space-time image generated from the search line.
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FIGURE 2 | Process of obtaining the magnitude of the velocity. (A) An original STI. (B) The autocorrelation coefficient R. (C) A polar coordinate system converted
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where f (x, t) is the grayscale value of the space-time image, (7,, 7;)
are the displacement parameters, R (7, 7;) is the two-dimensional
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autocorrelation function. R (7,, 7,) will get a relatively large value
when (7,, 7,) is along the direction of the stripes on the space-time
image. Fourier transform is usually used in the actual calculation
and R is normalized. The large R value area will be gathered to the
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the first search line

FIGURE 3 | A search line is rotated at one point to be measured from the horizontal in a UAV video and the rotating angle is ®.

»

center of the image during this process as shown in Figure 2B.
The tilt angle of the large R value area is directly related to the
inclination of the stripes in the space-time image in Figure 2B. To
identify the tilt angle of the large R area, the coordinate system is
converted to a polar coordinate system (see Figure 2C), and
absolute R is integrated along polar axis at different angles:

max( )

F(6) = j IR (p, 6)|dp (12)

0
where

max (p) = min(max (z,), max(z,)) (1.3)

R (p, 0) is the autocorrelation coefficient under polar
coordinate system. F(6) is the integral value of R (p, 0) at
different angles. 8 is calculated by Eq. 1.4, which means F(0)
will reach a maximum value p when 0 equals to the tilt angle
of the large R value area, as shown in Figure 2D. The
magnitude of the velocity along the search line will be
obtained further by involving the frame rate and image
spatial resolution of the video after the inclination 8 of the
stripes on the space-time image is determined.

0 = argmax[F (0)] (1.4)

Direction of the Velocity

To determine the flow direction, the search line will be rotated
around the point to be measured, and then the line with the
highest correlation coefficient will be picked out as the
direction of velocity. The search line located at the point to
be measured is rotated from the horizontal (see Figure 3). We
can get a related space-time image at each angle @. If the
direction of the search line is different from the flow direction
at the point to be measured, the surface textures moving with
the flow will cross the search line straightly and cannot form

remarkable stripes in the space-time images. In contrast, if the
direction of the search line is the same as the flow direction,
the surface textures will move along the search line for a
relatively long time thus form remarkable stripes in the space-
time images. Figure 4 shows the space-time images of search
lines in Figure 3 at 6 typical angles. It can be seen clearly that
there are remarkable oblique stripes in Figure 4A yet the
stripes become shorter and blurry as the angle increases. From
Figure 3, the main stream direction at the point to be
measured should be roughly 0°<®<45°, which coincides
with the phenomena in Figure 4. Hence, the angle @ of
the search line which makes the stripes most remarkable in
the space-time images can be regarded as the velocity
direction. In view of the correlation coefficient is the
measure of the significance of the oblique stripes in the
space-time images, the velocity direction can be
determined by comparing the p value for each ®. Figure 5
plots the p value for 0°<®<180°. The rotation angle @ is
calculated by:

® = argmax (P) (1.5)

Here, @ = 11.5° so that the velocity direction at this point is 11.5°
rotated clockwise from the horizontal. In the space-time image
for the search line at 11.5% the tilt angle of the stripes 0 is 59.7",
thus the magnitude of the velocity 1.71 m/s can be obtained from
0 by involving the frame rate and image spatial resolution of
the video.

RESULTS AND DISCUSSION

To examine the performance of the proposed method, two-
dimensional STIV is applied to simulated images and two
UAYV videos which were taken from the Xiasi River and the
Kuye River. The magnitudes and directions of the velocities in
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FIGURE 5 | the p value for 0°<®<180°. The rotation angle @ corresponding to maximum p is the direction of the flow velocity at this point to be measured.

100 120 140 160 180

the simulated images are known, thus the accuracy of the 2D
STIV can be accurately estimated. The Xiasi River and Kuye
River are typical mountain rivers, and the UAV videos from
them are used to demonstrate the effect of 2D STIV in
practical application. The results of 2D STIV, LSPIV and
propeller flow meter are compared to explain the difference
between the three methods.

Simulated Images

The simulated image sequences of a river are prepared as shown
in Figure 6. A small part of an image is cut out as the object of
analysis. Every time the next image is cut out, we will move a
certain distance from the last one. Thus, the river surface has a
velocity in the combined video. The moving distance along the

horizontal and vertical directions is artificially set, so the
magnitudes and directions of the velocities in the simulated
images are known precisely as shown in Table 1. There are 3
simulated image cases. The magnitudes of the velocities change
from 1.41 pixels/frame to 3.16 pixels/frame and the directions
change from 45° to 71.57".

The results including the mean velocity magnitude, direction
and error by 2D STIV and LSPIV are listed in Table 1. The biggest
error of 2D STIV in velocity magnitude and direction is 0.32%
and 0.64% respectively. The error is small enough that the 2D
STIV can be considered as an accurate velocity measurement
method. It is worth noting that the flow velocity errors of 2D
STIV in various cases are less than that of LSPIV, which is similar
to the results of other researchers comparing STIV and LSPIV
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to M when mis 1 pixel, n is 1 pixel.

FIGURE 6 | Simulated images of river sequence. The Areal represents a 1760 x 2,425 part on a 2,160 x 3,840 image extracted from the UAV video of the Xiasi
River. The AreaM is obtained from Areal moving m pixels horizontally and n pixels vertically on the frame of image. The red arrows are velocities of the simulated images 1

TABLE 1 | Results of analyzing simulated images by 2D STIV and LSPIV.

Case C1 Cc2 C3
Velocity Direction Velocity Direction Velocity Direction
(pixels/frame) (pixels/frame) (pixels/frame)
Ground truth 1.41 45° 2.24 63.43° 3.16 71.57°
By 2D STIV 1.41 44.96° 2.23 63.54° 3.16 71.53°
By LSPIV 1.40 45.01° 2.22 63.51° 3.15 71.64°
Mean error (2D STIV/LSPIV) 0.27%/0.86% 0.64%/0.29% 0.28%/0.54% 0.49%/0.16% 0.32%/0.38% 0.4%/0.12%

(Muste et al.,, 2014; Fujita et al., 2019). This is because the
information of only two adjacent images is used in each
calculation of PIV while multiple pieces are used in 2D STIV
at the same time so that the calculation of the average velocity of
2D STIV will be more accurate. However, the reason why the
direction errors of LSPIV are smaller than that of 2D STIV is that
the 2D STIV depends on the angular resolution when rotating the
search line to determine the angle @. The direction errors of the
2D STIV will be further reduced as the angular resolution
increases. Besides, it can be seen that the error of 2D STIV
varies with the flow velocity and direction. In fact, the
measurement parameters such as the frame rate and image
spatial resolution when shooting the video, the length of the
search line and selected frames of the video are all related to error
and the final manifestation of these factors is the inclination 6 of
the stripes in the space-time image and the inevitable error « in
the detection of the inclination. The measurement error can be
controlled by changing the measurement parameters.

The Xiasi River Measurements
The Xiasi River is located in Guangyuan city, Sichuan Province. It

is a typical mountain river at an altitude of 800 m in the upper
reaches of the Yangtze river in southwest China. The length of the
river reach within the measurement area is about 55 m and the
narrowest river width is 4.9 m while the widest is 17.7 m. The
measurements were conducted in October 2018. There was no
wind and the temperature was 16°C on the day of measurement.

The UAV video was taken by a DJI Mavic 2. Table 2 lists the
specifications of the UAV. The selected frame rate of the video
was 60 fps. When capturing the videos, the UAV was hovering
stably and shooting the river surface from a perpendicular view.
The affine transformation was utilized to stabilize the video.
There will be jitters of the image sequence due to the shaking of
UAV in the wind. All measurements were carried out in a windless
or breezy weather to avoid large-scale jitter in the UAV video. The
affine transformation is utilized to eliminate the remaining inevitable
jitters. The specific process of affine transform is:
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TABLE 2 | The DJI Mavic2 specifications (from https://www.dji.com).
Drone specifications

Takeoff weight:
Expansion dimension:
Satellite positioning:
Hover accuracy range:

907 g
322 x 242 x 84 mm
GPS + GLONASS
Vertical + 0.1 m Horizontal + 0.3 m

Max takeoff altitude: 6,000 m
Max hover time: 29 min
Working temperature: -10-40°C

Two-Dimensional Space-Time Image Velocimetry

Camera specifications

Sensor: 1" CMOS

Lens: FOV 7728 mm

ISO range: Video:100-6,400

Video resolution: 3,840 x 2,160

Format: MP4 / MOV (MPEG-4 AVC/H.264, HEVC/H.265)

25
2
15
~ —. — ' 1
0.5
0
m/s
FIGURE 7 | Flow field of Xiasi river surface from the UAV video using 2D STIV. The color and length of the velocity arrows. The grid spacing is 2 m.

1) Pick at least four ground control points (GCPs) on the river
bank which have distinctive features and unchanged
characteristic on the first image of the video;

2) The areas at GCPs of each image in video is cross-correlated with

the first image to obtain the displacements of GCPs in each image;

Calculate the affine transformation matrixes between the first

image and other images according to the displacements of GCPs;

The affine transformation matrixes are used to transform each

image, so that the coordinates of the GCPs in each image are

unchanged.

3

~

4

~

In the 2D STIV analysis, 201 frames (3.35 s) are used and the
length of a search line is 165 pixels. The image spatial resolution
is 60 pixels/m, thus the grid spacing of vectors is 2 m. The step of
rotation angle @ was taken as 0.5° thus the resolution of velocity
direction is 0.5°. The calculated results are shown in Figure 7. It
can be seen that the main flow directs to the lower right in the left
half image and the upper right in the right half image when
checking the velocity direction carefully. The velocity directions
are correct in generally as the river is U-shaped. In addition, there
is a backflow area in the upper right part of the image, and part of
the flow in the mainstream will enter the backflow area. The
enlarged view in Figure 7 shows that the velocity vectors reflect
the backflow phenomenon well in the backflow area.

In order to verify the numerical results by 2D STIV, LSPIV
analysis was also applied for this video. The grid spacing of
vectors is 0.83 m and other parameters remains in 2D STIV.
Flow fields obtained by these two methods with the same
parameters and grid coordinate system for comparison are
shown in Figure 8. As can be seen from the figure, the
general results of the two methods are consistent. We
performed statistical analysis on the velocity vectors at the
same position of the two methods, and found that the average
absolute difference of the flow velocity calculated by 2D STIV and
LSPIV is 0.3477 pixels/frame and the standard deviation is
0.1002 pixels/frame, and the average absolute difference of
flow directions is 6.2408" and the standard deviation is 2.5401".

The Kuye River Measurements

The Kuye River is located in Yulin city, Shanxi Province. It is a typical
mountain river in the middle reaches of the Yellow river in northwest
China. The altitude of the measurement location is about 1,100 m.
The UAV videos were taken in September 2019. The measurement
day was breeze, light to moderate rain, and the temperature was 20°C.
The selected frame rate of the videos was 24 fps. The affine
transformation was also utilized to stabilize the video. The length
of the search line is 165 pixels and 165 frames (5.5 s). The image
spatial resolution of this video is 300 pixels/m, thus the grid spacing
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pixels/frame

(B) Flow field of the Xiasi River surface from the UAV video using LSPIV.

FIGURE 8 | Flow fields obtained by the two methods at the same grid coordinate system. (A) Flow field of the Xiasi River surface from the UAV video using 2D STIV.

pixels/frame

the velocity. Grid spacing of vectors is 0.67 m.

FIGURE 9 | Velocity distribution derived from the Kuye River surface based on UAV video using two-dimensional STIV. The color and length indicate magnitude of

2.5

-~

S T e LRSS TR e

0.5

0
m/s

of vectors is 0.67 m. The resolution of velocity direction is also 0.5".
The velocity distribution by the two-dimensional STIV are shown in
Figure 9 indicating that the velocity is relatively low near the bank
while is relatively high in the center of the river, and the typical
velocity is about 1m/s. The maximum velocity is 2.36 m/s and
located at the lower border of the image due to the interference of
stones downstream. The results above are consistent with the
experience of on-site visual observation.

The average width of the river is about 10 m, and the water
depth is relatively shallow, thus it is possible to operate hand-held
device measurement to measure the river surface velocity for
comparison (Figure 10A). The manual measurement was carried
out at 6 points of a cross-section by Jinshuihuayu LS300A
propeller flow meter. The Jinshuihuayu LS300A propeller flow
meter demands to judge the velocity direction manually in
advance and its velocity band is 0.01~4 m/s. Moreover, the
measurement error is less than or equal to 1.5%. The station
pole is placed 0.45 m underwater during the measurement. The

UAYV videos shooting and the propeller flow meter measuring
were conducted simultaneously. The duration of the whole
measurement was less than half an hour, so it can be
considered that the flow rate of the river and other conditions
remained unchanged during the entire measurement period. The
cross-section and the specific measurement points are shown in
Figure 10B. The 6 measurement positions were set at 1.2, 2.4, 3.6,
4.8,6,and 7.2 m away from the control point on the right bank of
the river, respectively. Six search lines were set at the same
positions to yield the results by the 2D STIV. The results by
propeller flow meter and by 2D STIV are provided in Table 3 and
Figure 11. The difference is less than 0.24 m/s (minor difference
can be understandable given that the propeller flow meter is used
below the water surface while results by 2D STIV are surface
velocities) except for the first point, which is 0.35 m/s. There are
two main reasons for the large error of the first point. Firstly, there
had been raining during the measurement making it impossible for
surveyors to control the position of the measurement point very
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FIGURE 10 | Manual measurement by propeller flow meter. (A) Scene of manual measurement. Two people cooperate to determine the points to be measured,
one of whom holds a propeller flow meter to measure the surface velocity. (B) Cross-section and measurement positions. The red triangles 1-6 represent the
measurement positions 1.2, 2.4, 3.6, 4.8, 6, and 7.2 m away from the right bank of the river, respectively.

TABLE 3 | Results of propeller flow meter and 2D STIV.

Distance from the
right bank (m)

Depth of water (cm)

1.2 22
2.4 35
3.6 30
4.8 21
6 16
7.2 13
2 e
O by propeller flow meter
by two-dimensional STIV
15F
@
g
2 1r
3 o}
= O
s o]
051
(]
0 . . . . . . . )
0 1 2 3 4 5 6 7 8

distance from the right bank (m)

FIGURE 11 | Comparison of the results by propeller flow meter and 2D
STIV.

accurately. The estimated error is at least 0.5 m for the
measurement position. Secondly, the propeller flow meter
demands to judge the velocity direction manually but the
velocity direction is affected by the bed topography seriously
near the river bank and not necessarily parallel to the bank. If
there are errors in the determination of velocity direction, it will
have a great impact on the velocity magnitude from the propeller

Velocity by propeller Velocity by 2D STIV

flow meter (m/s) (m/s)
0.25 0.6
1.07 1.09
0.98 0.99
0.93 0.99
0.76 1
0.61 0.54

flow meter. Regarding these two factors may also affect the other 5
points, the error of the 2D STIV is less than 0.24 m/s here in fact.

CONCLUSION

An improved STIV method, 2D STIV, is proposed to overcome
the shortcomings of the STIV, which needs velocity direction
information before measurement. The method determines the
velocity direction by rotating the search line to find the space-
time image which has the most prominent oblique stripes. The
performance of the 2D STIV is examined in simulated images and
the field measurements. All results prove the method is reliable so
it can be an alternative method in the future. The conclusions can
be summarized as follows:

1) When the direction of the search line is the same as the flow
direction, the surface textures will move along the search line
for a relatively long time and form the most significant stripes
in the space-time images. The autocorrelation coefficient of
space-time image can be used as the measure of significance of
the stripes. Hence, the velocity direction can be determined by
rotating the search line to find the space-time image which has
the most prominent oblique stripes based on the
autocorrelation coefficient.
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2) The 2D STIV was applied to analyze the simulated image
sequences of a river and are compared with LSPIV. Since the
actual velocity and direction are known, the error of two
methods can be calculated and compared. The biggest error
of 2D STIV in velocity magnitude and direction is 0.32% and
0.64% respectively, which are small enough and the flow velocity
errors of 2D STIV in various cases are less than that of LSPIV.
The 2D STIV was applied to analyze the UAV videos taken
from the Xiasi River and compared with LSPIV. Firstly, it can
obtain the correct flow direction from the curved river case.
Secondly, the average absolute difference of the flow velocity
calculated by 2D STIV and LSPIV is 0.3477 pixels/frame and
the standard deviation is 0.1002 pixels/frame, and the average
absolute difference of flow directions is 6.2408" and the
standard deviation is 2.5401".

The 2D STIV was applied to analyze the UAV videos taken from
the Kuye River and compared with the propeller flow meter. The
results show that the difference between them is less than 0.24 m/
s. Considering the results of propeller flow meter also exist errors,
the measurement accuracy of 2D STIV is relatively high.

3)

4)
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